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Summary

Bioactive glass as bone graft substitute
In vitro assessment of the mechanical and biological properties

Bioactive glass (BAG) was invented in the early ’70s and was observed to bond to bone rather
than being encapsulated by the human tissue. Since then, many di�erent compositions
have been developed. One of them is the S53P4 composition, which is not only to be able
to bond to bone, but it also has shown antibacterial properties against clinically relevant
bacteria (this topic is further introduced in Chapter 1). Granules of the S53P4 composition
have been used in the clinic to treat bone infections (osteomyelitis) and good results have
been achieved with a one-stage procedure. The conventional treatment for osteomyelitis is
a two-stage method, using antibiotic-loaded-beads. In a �rst surgery, a cortical window is
created and all the dead and infected bone is removed (debridement). The large cavity that
remains is then �lled with the antibiotic-loaded-beads. These beads need to be removed
and replaced by a bone graft in a second surgery. With the use of S53P4 BAG granules, the
osteomyelitis treatment can be reduced to one surgery since the material can treat the
infection and simultaneously graft the bone. The material has shown good clinical results in
osteomyelitis (and in other clinical indications, as reviewed in Chapter 2). While the material
was successfully used in the clinic, new questions arose about the use of the material
in load-bearing defects. This started with a clinical case, where one unexpected fracture
was observed a few days after the implantation of BAG granules. It remained unclear if
the fracture could be related to the implanted material. In addition, surgeons identi�ed
suboptimal handling properties of the material, as they would prefer an injectable material
over loose granules. Therefore new S53P4 BAG formulations have been developed. These
were the main reasons to start the research described in this thesis.
As a �rst goal, we aimed at a better understanding and predicting the load-bearing capacity
of S53P4 BAG granules. Osteomyelitis is a disease that often occurs in load-bearing bones
and for the treatment the surgeon needs to create a large defect, which will weaken the
whole bone. It has been shown that BAG granules can withstand high compressive forces
without subsiding into bone in con�ned compression. We hypothesized that BAG granules
should be able to contribute to load-bearing in con�ned defects. In Chapter 3, we created
and de�ned a micro �nite element model to describe the decrease in estimated failure
moment and bone bending sti�ness due to the defect. This showed the relation between
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the geometry of the defect and the decrease in sti�ness and failure moment. In addition,
the load sharing of BAG and bone morsels/BAG mixtures in a more realistic clinical case
was studied. A pragmatic modeling approach was used and showed a partially restored
sti�ness with the virtual implantation of either BAG granules alone or in a 50-50 vol%
mixture with bone morsels. Moreover, it was observed that the granules carried about
25% of the applied load in simulated compression with optimal load-transfer conditions.
These results indicate that the mixtures can contribute to the load-bearing in bones that
are weakened due to a large defect with cortical window.
As a second goal, we aimed at de�ning how the incorporation of a synthetic binder, to
create an injectable and moldable BAG putty, would a�ect the mechanical properties
of the material. Chapter 4 describes evaluated compressive mechanical properties of
�ve formulations with increasing binder content in a con�ned compression setup. The
results showed that for load-bearing applications a putty with a low binder content and
consequently high granule content would be bene�cial over a putty with a high binder
content. The results described in Chapter 4 were only obtained for dry samples, not taking
into account the dissolution of the water soluble binder. This was determined in vitro in
Chapter 5. Micro computed tomography revealed that the binder was dissolved within
12 hours, which would lead to a large un�lled volume (depending on the binder content
used). This con�rmed the conclusion of Chapter 4 that a material with a very low binder
content could only be used in load-bearing cases. Also in the treatment of osteomyelitis, a
fast dissolution of a high binder content may be detrimental, as the success rate of the
treatment with BAG has been described to be dependent on the degree of �lling. Just like
an improper debridement, an improper �lling could lead to reinfections.
A fast dissolution of the binder would leave loose granules. In Chapter 5 we therefore also
studied the degradation mechanisms of the glass itself. The granules have been reported
to degrade very slowly in vivo, but it remained unclear what mechanisms could play a role.
In Chapter 5 we observed that granules lost more weight and more ions in a solution with
a pH of 4.6 compared to the physiological 7.4. Osteoclasts can also create such a low pH
underneath their ru�ed borders to degrade bone and were therefore hypothesized to be
able to degrade BAG as well. The di�erentiation of human monocytes from blood (bu�y
coats) into osteoclasts was not impaired by the presence of ions from BAG when the cells
were cultured on BAG surfaces for 18 days. Actively resorbing osteoclasts were observed
with scanning electron microscopy after the culture period, but energy-dispersive X-ray
spectroscopy suggested that the osteoclasts were not able to resorb the full material. The
resorption pits observed on the BAG surface had a very smooth appearance compared
to hydroxyapatite controls, which suggests that the cells were hindered by the silica in
resorbing the complete material.
The results described in Chapter 5 were obtained with a relatively simple in vitro model,
where a monoculture of cells cultured on BAG discs in the presence of di�erentiation
medium. Although this shows that osteoclasts can play a role in the degradation of BAG
in vitro, it remains unclear if that is also representative for the in vivo situation. It has been
indicated that in vitro and in vivo results correlate poorly. It was hypothesized that this
might be the result of the simplicity of the in vitro models compared to the complexity
one would �nd in vivo, where more than only one cell type is present. Therefore the aim in
Chapter 6 was to evaluate whether a novel approach could be used as a more complex
test method to test for bone formation stimulated by (osteoinductive) biomaterials, in vitro.
The approach entailed a culture platform for porcine osteochondral explants in which a
critical sized bone defect was arti�cially created. Currently, no new bone formation was
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observed. The results in Chapter 6 provided clues on how to potentially enable new bone
formation in the further experiments that are currently ongoing. When bone formation
�nally can be achieved, it will hold promise that this ex vivo 3D arti�cial grafting platform
may be used to test the potential of newly developed biomaterials on their bone forming
capacity, in the near future.
Apart from the mechanical properties (Chapter 4), it was also expected that the antibacterial
properties would change with the incorporation of a synthetic binder to create the injectable
putty material. This was also observed in Chapter 7 where the antibacterial properties
of two putty formulations were tested against �ve di�erent clinically relevant bacteria.
The tested materials were not able to fully eradicate the tested pathogens in one week
cultures. We also observed that previously obtained results with the S53P4 glass granules
could not be reproduced easily. We suggest that this also has to do with the granule sizes
and correlated surface area, and the dose dependency of the ion release. This chapter
underlines the importance of a better understanding of the antimicrobial mechanism of
the S53P4 material, in vitro.
The results obtained in this thesis are further discussed in Chapter 8. Overall, this thesis
provides an overview of the load-bearing capacity of S53P4 BAG granules and newly
developed putty formulations. The loose granules can contribute to load-bearing in bones
that are weakened by the creation of a cortical defect. The putty, in the current form,
possesses mechanical properties and a degradation pro�le less suitable for load-bearing
applications. The antibacterial properties of the newly developed putty formulations can
also not be guaranteed yet. A better understanding of the antibacterial properties of the
S53P4 BAG in general is needed to enable new materials that can serve as antimicrobial
bone graft substitutes based on BAGs. In addition, degradation of the S53P4 granules
has been studied and showed that osteoclasts can play a role in this degradation, in vitro.
Whether this is representative for the in vivo situation remains to be studied. More complex
3D in vitro models may be used to study that in more detail and a �rst step of a new
approach has been made.





Samenvatting

Bioactief glas als biomateriaal voor de opvulling van botdefecten
In vitro evaluatie van de mechanische en biologische eigenschappen

Bot is een weefsel dat zichzelf kan repareren bij schade. Deze eigenschap is echter
afhankelijk van de grootte van de schade. Bij een te grote schade (defect) is het bot
niet meer in staat zichzelf te repareren en is een chirurgische ingreep noodzakelijk. Het
defect in het bot wordt dan opgevuld met een implantaat. Het meest gebruikte opvulma-
teriaal is bot van de patiënt zelf (autoloog bot). Dit wordt op een andere locatie in het
lichaam weggenomen en in het defect geplaatst. Eén van de grote nadelen is dat dit een
tweede chirurgische ingreep vereist, wat extra risico’s met zich meebrengt. Bovendien
is de kwaliteit en kwantiteit patiëntspeci�ek. Daarom wordt er in veel gevallen gebruik
gemaakt van donorbot. Dit bot is van mindere kwaliteit dan het autologe bot omdat het
gesteriliseerd en opgeslagen moet worden in botbanken. Om deze reden worden nieuwe
materialen ontwikkeld en de eigenschappen ervan onderzocht zodat het kan dienen als
botimplantaat. Eén van deze materialen is bioactief glas. Sinds het begin van de jaren 70
zijn er veel verschillende samenstellingen van dit bioactief glas ontwikkeld, waaronder de
speci�eke S53P4-samenstelling (53% SiO, 20% CaO, 23% Na2O en 4% P2O5). Dit glas heeft
aangetoonde botbindende en antibacteriële eigenschappen. Deze eigenschappen worden
waarschijnlijk veroorzaakt doordat het glas ionen (calcium, fosfaat en natrium) uitwisselt
met de vloeistof waarin het zich bevindt (dus ook met vloeisto�en in het lichaam). Deze
ionen zorgen voor een plaatselijke verhoging van de zuurtegraad en de osmotische druk,
wat mogelijk het mechanisme is waar bacteriën door gedood worden. Daarnaast zorgt de
afgifte van ionen ervoor dat er calcium en fosfaat terug neerslaan op het glasoppervlak.
Calcium en fosfaat komen ook voor in natuurlijk botweefsel en dat is de reden dat het
bot kan binden aan het bioactieve glas. In Hoofdstuk 1 van dit proefschrift wordt een
uitgebreide introductie over het materiaal gegeven. Doordat het S53P4 bioactieve glas
goede botbindende en antibacteriële eigenschappen heeft, wordt het momenteel succesvol
gebruikt om o.a. chronische botinfecties (osteomyelitis) mee te behandelen. Een overzicht
van alle klinische toepassingen wordt gegeven in Hoofdstuk 2 van dit proefschrift.
Door het klinische gebruik van het materiaal zijn er nieuwe vragen ontstaan. Zo was het
bijvoorbeeld onduidelijk of het materiaal ook geschikt is om te gebruiken in krachtdragende
defecten. Een voorbeeld hiervan zie je in het ziektebeeld van chronische osteomyelitis:
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dit is een ziekte die vaak voorkomt in de onderste ledematen, wat de delen van het
lichaam zijn die het lichaamsgewicht moeten kunnen dragen. Daarnaast werd duidelijk
dat het materiaal in de huidige vorm (losse glaskorrels) niet gebruiksvriendelijk is voor
de orthopedisch chirurgen. Daarom zijn er nieuwe injecteerbare, vervormbare materialen
ontwikkeld (de zogenaamde putty: korrels omgeven door een synthetisch bindmateriaal).
Of deze putty-materialen dezelfde eigenschappen bezitten als de losse glaskorrels was
echter nog niet onderzocht. Bovenstaande vragen waren aanleiding om het onderzoek, dat
wordt beschreven in dit proefschrift, te starten.
Eerst focusten we op het verkrijgen van een beter begrip van de krachtdragende capacitei-
ten van losse bioactieve glaskorrels (Hoofdstuk 3). Voor het behandelen van osteomyelitis
is een orthopedisch chirurg genoodzaakt een groot gat te maken in het bot, wat het
bot ernstig zal verzwakken. Resultaten uit een eerder onderzoek leerden ons dat de
korrels hoge compressiekrachten kunnen weerstaan en daarom veronderstelden wij dat de
korrels zouden kunnen bijdragen aan het dragen van de krachten in de grote defecten. In
Hoofdstuk 3 van dit proefschrift wordt een computermodel beschreven dat laat zien dat
het maken van een gat in het bot de stijfheid van het totale bot en het geschatte moment
van falen sterk doet afnemen. De mate van afname hangt sterk af van de geometrie van
het gat. Daarnaast ontwikkelden wij een computermodel dat de klinische situatie beter
representeert. Hieruit bleek dat korrels bioactief glas de verloren stijfheid (door de creatie
van het botdefect) gedeeltelijk kunnen herstellen. Ook dragen deze korrels ongeveer 25%
van de totale opgelegde kracht in het geval van ideale krachtoverbrenging. Deze resultaten
tonen aan dat het bioactieve glas in korrelvorm inderdaad mechanisch kan bijdragen in
gewichtdragende botdefecten.
Om te begrijpen of de nieuw ontwikkelde injecteerbare materialen (putty) ook een bijdrage
zouden kunnen leveren in krachtdragende botdefecten, is in Hoofdstuk 4 onderzocht
wat de verhouding is tussen de mechanische eigenschappen (in compressie) van de
putty en de hoeveelheid synthetische binder in die putty. Hiervoor zijn vijf verschillende
putty-samenstellingen met oplopende binder-hoeveelheden getest op de mechanische
eigenschappen in compressie. De resultaten lieten zien dat de toevoeging van de binder, in
de huidige samenstelling, de putty verzwakte ten opzichte van losse glaskorrels. Daarom
is de putty minder geschikt om te gebruiken in krachtdragende defecten. De conclusie
van dit onderzoek was dan ook dat alleen een putty met een laag bindergehalte en hoog
glaskorrelgehalte overwogen zou kunnen worden voor toepassing in krachtdragende de-
fecten. Deze resultaten zijn verkregen door het materiaal in droge toestand samen te
drukken. Het materiaal waarvan de binder gemaakt wordt, is echter oplosbaar in water.
Hoe snel dit gebeurt is onderzocht in Hoofdstuk 5. Uit dit onderzoek bleek dat de binder
binnen een dag is opgelost in een zoutoplossing die bloedplasma nabootst. Wanneer een
putty met een hoog bindergehalte wordt gebruikt, zal er snel na implantatie een grote
lege ruimte ontstaan. Dit vormt een gevaar voor de mechanische stabiliteit van het bot
in het geval van toepassing in krachtdragende botdefecten. Deze bevinding bevestigde
de conclusie uit Hoofdstuk 4: alleen een putty met een laag bindergehalte kan gebruikt
worden in deze situaties. Bovendien is in de literatuur beschreven dat wanneer een defect
in de behandeling van osteomyelitis met S53P4-glaskorrels niet goed is opgevuld, de kans
groter is dat de infectie terugkeert.
In Hoofdstuk 5 hebben wij ons niet alleen beperkt tot het onderzoeken van het oplossen
van de binder, ook is gefocust op het onderzoeken van de mechanismen die het glas zelf
zouden kunnen afbreken in het lichaam. Daarvoor is gekeken naar de afname van gewicht
van het materiaal in twee oplossingen: een met een zuurtegraad gelijk aan de zuurtegraad
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in het menselijk lichaam (neutraal) en een met een zuurtegraad gelijk aan de zuurtegraad
die botresorberende cellen (osteoclasten) produceren om bot af te breken (zuur). Het bleek
dat het gewicht van het glas sneller afnam en dat meer ionen werden afgeven in de zure
oplossing. Daarom veronderstelden we dat osteoclasten ook in staat zouden moeten zijn
om het materiaal af te breken. Osteoclasten vormen door fusie van monocyten, dat zijn
cellen die zich o.a. in het bloed bevinden. Allereerst hebben we aangetoond dat de fusie
van menselijke monocyten niet werd verhinderd door de aanwezigheid van korrels bioactief
glas en de daardoor verhoogde lokale zuurtegraad en osmotische druk. Daarna kweekten
we dezelfde cellen op oppervlakken van het bioactieve glas en hebben we aangetoond dat
deze cellen in staat waren om het oppervlak gedeeltelijk te resorberen. De osteoclasten
resorbeerden het materiaal op het oppervlak (calciumfosfaat) en lieten een gat achter. Dit
wordt een resorptiepit genoemd en is kenmerkend voor actieve osteoclasten. We merkten
op dat deze zogenaamde resorptiepits op de glasoppervlakken veel gladder oogden dan de
pits op een controlemateriaal. Daaruit veronderstellen wij dat de osteoclasten het materiaal
alleen gedeeltelijk kunnen afbreken omdat ze gehinderd worden door de silica in het glas
die zich onder het calciumfosfaat bevindt.
De resultaten die beschreven worden in Hoofdstuk 5 zijn behaald door middel van en
relatief simpele aanpak in het lab (in vitro). Hierdoor kan niet worden uitgesloten dat de
osteoclasten in het menselijk lichaam (in vivo) op dezelfde wijze in staat zijn om geïmplan-
teerd bioactief glas af te breken. Het is in de wetenschappelijke literatuur ook aangetoond
dat resultaten uit in vitro-experimenten slecht correleren met de in vivo-situatie. De
veronderstelling is dat dit aan de simpliciteit van de in vitro-experimenten zou kunnen
liggen. Daarom presenteren we in Hoofdstuk 6 een complexere aanpak om botformatie,
gestimuleerd door botimplantaten, in vitro aan te tonen. Deze aanpak maakt gebruik
van een systeem waarin een stukje bot met kraakbeen (osteochondraal weefsel) in leven
kan worden gehouden in het lab. Het stukje bot wordt verkregen uit varkensbotten die
overblijven na slachting voor vleesconsumptie. Een groot botdefect kon worden gemaakt en
dit kon vervolgens opgevuld worden met een implantaat. Met micro-computertomogra�e-
analyses (microCT) konden we wekelijks evalueren of er nieuw bot was gevormd. Dit was
in de huidige experimenten, met zes weken kweken, niet het geval. Wel heeft deze studie
aanknopingspunten gecreëerd om de aanpak verder te ontwikkelen en ver�jnen. Lopende
experimenten zullen moeten aantonen of deze aanpak in de toekomst geschikt is om
materialen te screenen op hun botvormende capaciteiten.
Het gebruik van de synthetische binder om een injecteerbaar en vervormbaar materiaal
te ontwikkelen (putty) zal niet alleen e�ect hebben op de mechanische eigenschappen
(Hoofdstuk 4). Wij veronderstelden dat dit ook e�ect zal hebben op de antibacteriële
eigenschappen van het glas. Dit onderzochten wij in Hoofdstuk 7 van dit proefschrift.
Hiervoor zijn twee putty-samenstellingen en twee controles getest door ze te kweken in
combinatie met vijf verschillende, klinisch relevante bacteriën. De resultaten lieten ons
zien dat de geteste putty-samenstellingen niet in staat waren om de bacteriën volledig
te doden. Bovendien konden wij eerder beschreven resultaten met de positieve controle
(S53P4-glaskorrels) niet reproduceren. Dit heeft waarschijnlijk te maken met de gebruikte
korrelgrootte. In eerdere studies werden kleinere korrels S53P4-glas gebruikt. Met een
kleinere korrelgrootte ontstaat een groter materiaaloppervlak, waardoor er meer ionen
kunnen worden losgelaten uit het glas. Hierdoor zal lokale zuurtegraad en de osmotische
druk hoger worden dan met een grotere glaskorrel. Mogelijk heeft dit een e�ect op de
e�ectiviteit om bacteriën te doden. Met het onderzoek beschreven in dit hoofdstuk
onderstrepen wij dat er meer onderzoek nodig is om beter te begrijpen hoe S53P4 bioactief
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glas bacteriën doodt.
De beschreven resultaten in dit proefschrift worden verder bediscussieerd in Hoofdstuk 8.
In zijn algemeenheid geeft dit proefschrift nieuwe inzichten in het gebruik van bioactief
glas en putty-samenstellingen in gewichtdragende botdefecten. Daaruit blijkt dat losse
glaskorrels in staat zijn bij te dragen aan het dragen van de opgelegde krachten, maar
dat putty-materialen in de huidige vorm niet geschikt zijn voor toepassingen in dit soort
defecten. Bovendien kunnen de antibacteriële eigenschappen van de putty-materialen
momenteel niet worden gegarandeerd. Hiervoor is beter begrip nodig dat zal moeten volgen
uit vervolgonderzoek. Verder hebben we in dit proefschrift laten zien dat osteoclasten
in vitro een rol kunnen spelen in de afbraak van bioactief glas. Of dit ook representatief
is voor de in vivo-situatie moet nog worden onderzocht. Mogelijk kunnen complexere in
vitro-testmethoden bijdragen aan dergelijk onderzoek. Een eerste stap voor een nieuwe,
complexere aanpak is in dit proefschrift gezet.



Chapter 1

General Introduction
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1.1 Bone tissue

The human body counts 206 separate bones and these contribute to supporting the
body, protecting vital organs and soft tissue, storing minerals and stem cells, and making
movement possible. Bone, or osseous tissue, consists of bone matrix with a strong and
brittle inorganic component (minerals, mainly hydroxyapatite) and a �exible and tough
organic component (mainly collagen type I). This matrix is maintained and remodeled by
the bone cells: osteoblasts (bone forming), osteoclasts (bone resorbing) and osteocytes
(regulating) (Figure 1.1) (Wittkowske et al., 2016). These cells remodel the bone to adapt to
mechanical loading, to replace old and damaged bone, or to sustain calcium homeostasis
of the body (Marieb and Hoehn, 2010; Owen and Reilly, 2018).
To adapt to loading, the structure and orientation of the bone matrix and tissue is constantly
remodeled, which is known as Wol�’s law (Chen et al., 2010; Christen et al., 2014; Wagermaier
et al., 2015; Wol�, 2010). The structure and orientation of the bone matrix and tissue
determines the amount of stress the bone can take before it breaks, at a certain location
in a certain direction (Christen et al., 2014; Wagermaier et al., 2015; Wittkowske et al.,
2016). For example, cortical bone is thicker where the mechanical stress is higher, and
in trabecular bone the trabeculae are oriented in the direction of the stress (Marieb and
Hoehn, 2010).

Figure 1.1: A schematic overview of the process of bone remodeling

1.2 Bone defects

In case of microdamage, the bone will be remodeled, but also in case of larger fractures,
bone is capable of healing itself without the formation of scar tissue, in healthy conditions.
In case of among others; disease, age, or a large (< 0.8 mm) gap between the bone ends,
the bone healing may be delayed, incomplete or absent (Marsell and Einhorn, 2011; Nandra
et al., 2016). As these large bone defects do not heal themselves, surgical repair procedures,
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or bone graft procedures, are needed. It has been reported that annually about 2.2 million
of these bone graft procedures are performed worldwide, which lead to high costs and
patient morbidity (Campana et al., 2014; Polo-Corrales et al., 2014; Greenwald et al., 2001).
With an aging population, these numbers are expected to grow.

1.3 Bone grafts and bone graft substitutes

Bone graft materials can be divided in several groups. A bone graft is usually referred
to as a bone transplant from the patient itself (autograft) or from a donor (allograft). If
other materials than bone are used, these are referred to as bone (graft) substitutes
(Campana et al., 2014; Polo-Corrales et al., 2014). Bone grafts and bone graft substitutes
should be biocompatible and support bone formation in de�ned ways. An osteoinductive
material induces osteogenesis (bone formation), also in non-bone environments (ectopic
bone formation). Osteogenic grafts provide cells with the direct ability to form new bone.
Osteoconductive material serves as a sca�old for the new bone to grow along it, from
adjacent bone tissue (Van Heest and Swiontkowski, 1999; Albrektsson and Johansson, 2001;
Schlickewei and Schlickewei, 2007; Barradas et al., 2011).
For orthopedic applications, the ideal bone graft material is osteoinductive, integrates well
in the bone with a direct connection to the bone, without encapsulation (this integration
is referred to a osseointegration), can degrade in vivo (biodegradable), stimulates blood
vessels to grow in (angiogenesis) as a nutrient and oxygen supply for the cells and for waste
disposal, can mechanically support the bone and the weight and loads that are applied to
it (while avoiding stress shielding), and is cost-e�ective. Many options can be considered
and some of them will be discussed below.

1.3.1 Autografts

Autograft bone is in most of the cases obtained from the iliac crest of the patient, although
other locations, like the �bula or parts of the skull, may serve as donor sites as well
(Dimitriou et al., 2011). The autograft material still is considered the gold standard for bone
grafting procedures, as it is osteogenic and the material is not related to risks regarding
immune responses or disease transmission. However, a second surgical procedure is
needed, which increases surgical times and costs. Autografting is also related to donor
site morbidity, with among others chronic pain, risk of infection, and blood loss. Moreover,
the availability of autograft material is limited and the quality is patient speci�c (Dimitriou
et al., 2011; Campana et al., 2014; Fernandez de Grado et al., 2018). These are the main
reasons why other options are being developed and studied.

1.3.2 Allografts

An alternative to autografts id bone graft material from human donors, or allograft, which
is in�nitely available. Donor bone can be harvested from donor organs or from e.g. femoral
heads from patients that receive hip replacements. Allografts are stored in bone banks
(Greenwald et al., 2001). In contrast to autografts, allografts contain the risk of evoking
immune responses and transferring diseases. To reduce these risks, allografts are sterilized
and processed for (long-term) storage. This negates its osteogenic properties as well as
a�ecting its mechanical properties and osteoinductive capacity. Due to the processing,
the growth factors and proteins are deactivated in the allograft tissue, which is the reason
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why allografts are mostly osteoconductive (Abjornson et al., 2018; Greenwald et al., 2001;
Campana et al., 2014).

1.3.3 Xenografts

Instead of human tissue, donor bone can also be obtained from other species (e.g. porcine
or bovine). These so-called xenografts usually are not used directly in the clinic, because
of the severe danger of transmission of zoonotic diseases and a high chance of rejection
(Oryan et al., 2014).

1.3.4 Bone graft substitutes

Because of the described drawbacks related to auto- and allo- and xenografts, other
biomaterials have been proposed to serve as bone graft substitutes (Abjornson et al., 2018;
Schlickewei and Schlickewei, 2007; Campana et al., 2014; Polo-Corrales et al., 2014). Among
others: metals like titanium alloys, ceramics like calcium phosphates and bioactive glasses,
natural polymers like collagen, synthetic polymers like poly(lactic-co-glycolytic acid) (PLGA)
and combinations of the aforementioned as composite materials (Polo-Corrales et al.,
2014). All these di�erent biomaterials have their advantages and disadvantages, which is
extensively reviewed by Polo-Corrales et al. (2014) and Campana et al. (2014) (Campana
et al., 2014; Polo-Corrales et al., 2014). Since it is the focus of this thesis, only bioactive
glasses will be discussed in more detail here.

1.3.5 Bioactive glasses

Bioactive glasses were invented by prof. Larry Hench in the early 1970’s, a material scientist
that aimed to create a material that could bond to bone instead of being encapsulated
(Hench, 2006). As the problem with the materials that were available at that time were
bioinert, he focused on a material in the phase diagram for ceramics (Na2O−CaO−SiO2,
with 6% P2O5) (Figure 1.2) (Hench, 2006). This contains a region with compositions that is
bone bonding, due to hydroxyapatite layer formation. This phosphate-containing-silicate
glasses, contains two oxides that deliver the important components for hydroxyapatite
(CaO and P2O5 for Ca

2+ and PO 3–
4 delivery) and two oxides consisting of elements that

can also be found in the human body (Na2O and SiO2) (Hench, 2006; Jones, 2015; Hupa,
2018).
Several compositions were designed, but the most interesting one turned out to be the
45S5 composition, also known as the Hench glass or Bioglass® (Table 1.1). Bioglass was
found to strongly bond to the host bone; when it was implanted in rat bone, it could not
be removed without breaking the bone (Hench, 2006; Jones, 2015). This bone bonding is
believed to be the result of the formation of a hydroxyapatite layer on the glass surface,
as a result of the dissolution of the glass upon contact with (body) �uid (Jones, 2015). This
layer formation has been described as the result of �ve subsequent reactions that take
place when the material gets in contact with (body) �uid (Jones, 2015; Hupa, 2018):
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1. Rapid exchange of Na+, Ca2+ with the H+ and H3O
+ in the �uid, leading to an increased

pH of the solution and Si−OH (silanol) groups at the glass surface.

2. Breakage of the Si−O−Si (siloxane) bonds by the OH– in the alkaline solution, leading
to a loss of Si(OH)4 to the solution and more Si−OH bonds at the glass surface.

3. Condensation of the Si−OH groups close to the glass surface: repolymerization of
the SiO2-rich layer (siloxane bonds), resulting in a water containing silica gel layer.

4. Migration of Ca2+ and PO 3–
4 ions from the solution onto the surface, to form an

amorphous calcium phosphate layer.

5. Crystallization of the amorphous calcium phosphate layer into hydroxyapatite, by
the incorporation of OH– and CO –

3 from the environment.

Figure 1.2: The phase diagram for ceramics with bone bonding region (B). Adapted from (Hench,
2006). Reprinted with permission. Copyright© 2006, Springer Science Business Media, LLC.

Table 1.1: Compositions of Bioglass® and Bonalive®

Oxides in wt% and (mol%)
Glass Na2O CaO SiO2 P2O5

45S5 Bioglass® 24.5 (24.4) 24.5 (26.9) 45 (46.1) 6 (2.6)
S53P4 Bonalive® 23 (22.7) 20 (21.8) 53 (53.6) 4 (1.7)
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The hydroxyapatite layer can adsorb proteins and growth factors and serves as an at-
tachment site for osteoprogenitor cells, which can proliferate, di�erentiate and deposit
bone matrix (Hupa, 2018). However, these cellular responses are not well understood
(Jones, 2015). What is known, is that bioactive glasses do not form ectopic bone and are
therefore not osteoinductive (Jones, 2015). However, it has been described that once the
hydroxyapatite layer has formed, the material attracts (osteoprogenitor) cells and they will
be steered into the osteogenic lineage, also in vitro (Xynos et al., 2000, 2001; Bosetti and
Cannas, 2005; Jones, 2015). Therefore, the term osteostimulation (sometimes referred to
as osteoproduction) was introduced and approved by the FDA. It refers to the ability of a
material to promote proliferation and osteoblastic di�erentiation of progenitor cells and
produce bone, but in an osseous defect only (Hu and Zhong, 2009; Hench and Jones, 2015;
Jones, 2015).
Over the years, many other bioactive glass compositions have been developed, studied
and sometimes even marketed (Baino et al., 2018). S53P4 bioactive glass is one of them,
marketed by Bonalive (Bonalive® Biomaterials Ltd, Turku, Finland) (Table 1.1). The focus of
this thesis is this S53P4 bioactive glass and will therefore be described in more detail in
Section 1.4. Compositions of bioactive glasses are not only changed by variations in the
contents of Na2O, CaO, SiO2, and P2O5, but also by incorporation (by substitution or doping)
of other oxides, like SrO, B2O3, CoO and CuO, in attempt to enhance bone formation or
the angiogenic potential of the bioactive glasses (Azevedo et al., 2010; Gentleman et al.,
2010; Hoppe et al., 2011; Isaac et al., 2011; Kaur et al., 2014; Stähli et al., 2015; Kargozar et al.,
2018). For sca�olds for bone tissue engineering and for applications in other �elds such as
wound healing, other types of bioactive glasses have been produced. These include but
are not limited to mesoporous bioactive glasses, composites, coatings, and nanoparticles
(Rahaman et al., 2011; Miguez-Pacheco et al., 2015; Baino et al., 2016).

1.4 S53P4 bioactive glass

The S53P4 bioactive glass is available in various formulations: granules of various sizes
and as injectable composite (putty). These are discussed in this section.

1.4.1 S53P4 bioactive glass granules

The S53P4 bioactive glass composition was brought to the market by Vivoxid Ltd in 2001
and is currently fabricated by Bonalive® Biomaterials Ltd. in Finland. It received CE
approval for bone cavity �lling and the treatment of chronic osteomyelitis in 2011. The
S53P4 composition is very promising for bone regeneration applications, because it is not
only bone bonding, but it has also been reported to have e�ective antibacterial properties
against di�erent clinically relevant bacterial strains (Leppäranta et al., 2008; Munukka et al.,
2008; Zhang et al., 2010). Clinically it also proved to be good in the treatment of bone
infections (osteomyelitis), in di�erent clinical centers in Europe (Lindfors et al., 2016).
The main advantage of the use of the S53P4 bioactive glass in the treatment of osteomyelitis,
compared to the gold standard treatment with poly(methyl methacrylate) (PMMA) beads
loaded with antibiotic agents, is the fact that patients can be treated in a one stage fashion
(Geurts et al., 2016). In case of osteomyelitis treatment, the primary aim is to eradicate
the infection, but when that has succeeded, the bone still needs to be reconstructed. In
the conventional treatment with antibiotic loaded PMMA beads, the site of infection is
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exposed by the creation of a cortical window and the bone is then extensively debrided
and washed to clear away all the infected and necrotic tissue. As many chains of antibiotic
loaded beads as possible are placed in the infected area to treat the infection. After a
couple of weeks, these beads need to be removed in a second surgery. If the infection is
eradicated, the bone is reconstructed with a bone graft (substitute) material (Walenkamp
et al., 1998; Geurts et al., 2011).
With the use S53P4 bioactive glass granules (Figure 1.3), the infected bone is exposed with
a cortical window and debrided as well. But as the bioactive glass granules can both treat
the infection and reconstruct the bone in the same time, there is no need for a second
surgery (Lindfors et al., 2010a, 2016; Geurts et al., 2016). This ensures shorter hospital
stays and it has been evaluated as being cost e�ective over the conventional treatment
with PMMA beads.

(a) (b) (c)

Figure 1.3: The stages during the treatment of osteomyelitis. (a) the creation of a cortical window
to expose the infected bone, (b) debridement to remove all dead and infected bone and, (c) the
implantation of S53P4 bioactive glass granules. Pictures are printed with permission, courtesy of F.
Gabriels and J. Geurts

1.4.2 S53P4 Bioactive glass putty

Both clinically and pre-clinically, the S53P4 bioactive glass granules have been reported
to be successful, not only in the treatment of osteomyelitis, but also in other orthopedic
indications like spinal fusion and facial reconstructions as a bone graft substitute (Gatti
et al., 1994; Virolainen et al., 1997; Lindfors and Aho, 2000; Anand et al., 2019). An overview
of all clinical studies with S53P4 reported before September 2015 are summarized in
Chapter 2 of this thesis.
In most cases, loose S53P4 bioactive glass granules have been used in these (pre-)clinical
studies, but these loose granules have unfavorable handling properties for the surgeons in
an operation theater. To create a material that is better to handle and injectable, a new
composite material has been developed. This material, which is called putty, consists of
a synthetic binder of poly(ethylene glycol) (PEG) and glycerol that surrounds the S53P4
bioactive glass granules. This new composite is both moldable and injectable to make the
material more user friendly. It is more popular among surgeons than the loose granules,
but it has not yet been studied very well. It is for example unclear what the e�ect is of
the binder on the mechanical properties and the support over a longer period in vivo. The
antibacterial properties are also not yet investigated and therefore the putty can now only
be used for non-loadbearing, non-infected cases.
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1.5 Mechanical properties of biomaterials

Mechanical properties are important if you consider the biocompatibility of a biomaterial
that is intended to be used in an orthopedic application. Biocompatibility refers to the
interactions between the host environment and the biomaterial (Lemons, 2013). For the
de�nition of biocompatibility, the intended application cannot be forgotten. Black (2005)
already addressed that the real issue of biocompatibility is whether the material performs
in the intended fashion in the intended biomedical application (Black, 2005). One of the
important features already discussed for ideal materials intended to be used in orthopedic
applications is the mechanical support to the bone and the ability to carry weight and loads
that are applied on it (while avoiding stress shielding). As the mechanical loads applied on
a speci�c bone are highly dependent on the location of the bone in the human body and
the orientation of it, it is important to keep in mind that there is not one speci�c value for
a speci�c mechanical property for bone.
A biomaterial intended to be used for bone regeneration has to be able to carry loads,
this should be achieved without excessive bending, permanent deformations, or early
failure of the material (Viney, 2013). These mechanical properties are dependent on the
microstructure of the material, but macrostructure (geometry) can also in�uence the �nal
mechanical properties of a material in clinical practice. To be able to say something about
the mechanical properties, some basics about mechanics in materials science are explained
in Appendix A. Since there are many di�erent ways of testing the di�erent mechanical pro-
perties of a material, comparisons between reported mechanical properties are not always
accurate. Mechanical properties can be in�uenced by time and/or temperature. Moreover,
di�erences in geometries will a�ect the measured mechanical properties, e.g. granular
graft layers will show di�erent mechanical behavior than a solid material, which in turn
will behave di�erent than porous materials. In addition, mechanical properties measured
on macrostructures are not comparable to the mechanical properties measured at the
nanoscale. For all these reasons detailed attention need to be paid while interpreting and
or comparing results.

1.6 Mechanical properties of S53P4 bioactive glass granules

Many di�erent mechanical properties of di�erent bioactive glass compositions and com-
posites have been reported. An overview is provided in Appendix B, in this section the
reported mechanical properties of S53P4 will be discussed only.
The mechanical properties of S53P4 bioactive glass granules in combination with allograft
(as bone morsels) in con�ned compression were studied previously. This showed that
bioactive glass granules with diameters between 2-3.15 mm can withstand high compres-
sive loads and might be applicable in load-bearing defects (Hulsen et al., 2016). Con�ned
compression was applied as in the clinical case also con�ned defects are expected. These
experiments revealed little creep and residual strains (as a measure for permanent defor-
mations), compared to cancellous bone morsels. The average sti�ness of 653 MPa was
higher than the sti�ness for cancellous bone (reported to be in the range of 100-500 MPa),
and other synthetic porous materials (Giesen et al., 2001; Yeni and Fyhrie, 2001; Walschot
et al., 2010; Fu et al., 2011). When bioactive glass granules were mixed with bone morsels,
sti�ness decreased and the creep and residual strain increased with higher bone morsel
content (Hulsen et al., 2016). In addition, the impactability of the materials were determined.
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Impaction is believed to be important for the initial graft layer stability (Hulsen et al., 2016).
It is a measure of the height di�erence that arises after impaction of the material into the
defect, or in the in vitro case: the holder. This resulted in a low impactability of bioactive
glass granules compared to bone morsels. After all, the study concluded that the bioactive
glass/bone morsels content ratio in the reconstructive layer determines the mechanical
properties. A graft of bioactive glass granules is mechanically very resistant to deformation,
but harder to handle and less porous, compared bone morsels. In contrast, a graft with
only bone morsels subsides and creeps. A 50/50 volume mixture of the two materials
shows impactability and porosity that are intermediate between those of pure allograft
and pure bioactive glass. This mixture also shows little subsidence, an aggregate modulus
that is comparable to the sti�ness of healthy cancellous bone, and little creep (Hulsen
et al., 2016).

1.7 Biological properties of S53P4 bioactive glass granules

For a biomaterial to be biocompatible, the response of the material to the tissue and the
response of the tissue to the material are important to be considered. To gain insight in
this, in vitro and in vivo studies of such biological properties have been reported, but these
studies are mainly focused on the 45S5 Bioglass® composition.
It has been reported that the alkaline environment that is created by the ions released
from the S53P4 glass after contact with �uid did not a�ect the viability and proliferation
of human adipose derived stem cells (hASCs) (Ojansivu et al., 2015). This study indicated
an increased osteogenic di�erentiation in terms of increased alkaline phosphatase activity
and calcium staining, when cultured in the presence of S53P4 bioactive glass. These results
were in accordance with results obtained in another study, also with hASCs, where more
osteogenic di�erentiation and calcium deposition were observed when cultured in control
medium supplemented with S53P4 bioactive glass dissolution products (Waselau et al.,
2012). In a review, it has been described that the released calcium and phosphate stimulates
gene expression of genes related to bone formation (Hoppe et al., 2011). Also in vivo results
indicate an up-regulation in bone morphogenic proteins 2, 4 and 7 (BMP-2, BMP-4 and
BMP-7), which are growth factors known for their role in bone formation (Björkenheim et al.,
2018). Moreover, clinical trials suggest the osseointegration of the material by radiographs
(Lindfors et al., 2016; Stoor and Frantzen, 2017; Gunn et al., 2013). However, the exact
mechanism of the stimulation of bone formation by the S53P4 remains unidenti�ed (Hoppe
et al., 2011; Jones, 2015). For other bioactive glass compositions many in vitro studies have
been conducted to study the e�ect of their dissolution products on mainly bone forming
cells, with similar osteostimulative results as described for the S53P4 composition (Jones,
2015; Hoppe et al., 2011). Among others, it has been reported that human osteoblasts,
cultured on bioactive glass surfaces, produce a collagenous extracellular matrix (ECM)
that mineralizes without the use of osteogenic medium. In addition, cell cultures with
human osteoblasts in the presence of the ionic dissolution products of bioactive glass
(45S5) showed an upregulation in genes that are related to bone formation and human
mesenchymal stem cells (MSCs) and adipose derived stem cells (ASCs) di�erentiated into
osteoblasts when cultured on a bioactive glass surfaces (Bosetti and Cannas, 2005; Gough
et al., 2004; Jones, 2015; Ojansivu et al., 2018; Reilly et al., 2007). Cellular responses to
the dissolution products of bioactive glass have extensively been reviewed by Hoppe et al.
(2011) (Hoppe et al., 2011).
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The role of the bone resorbing cells is not so extensively studied in vitro for any bioactive
glass composition. It has been reported that osteoclasts can survive and attach on S53P4
bioactive glass surfaces, but remain inactive, as no resorption was observed (Wilson et al.,
2006). This is contradicted by the results of another study that observed active osteoclasts
in a co-culture with osteoblasts on a bioactive glass sca�old (composition: 70 mol% SiO2 –
30 mol% CaO) (Kowal et al., 2017).

1.8 Outline of this thesis

Bioactive glasses are promising materials to be used as bone graft substitutes. For safe
clinical use and for potential optimization of the material (e.g. for better handling properties
or to be used in other clinical indications), there is a need for better understanding of the
mechanical properties, degradation behavior, and the capacity of the bioactive glass to
stimulate new bone formation. Although, it has been reported that S53P4 bioactive glass
granules can withstand high compressive forces, their function in load-bearing applications
has not yet been studied. In addition, the incorporation of a synthetic binder, to create
the putty, will change the mechanical and antibacterial properties of the S53P4 bioactive
glass. This was therefore all addressed in this thesis.
In Chapter 1, the topic of this thesis is introduced and Chapter 2 continues the intro-
duction with an extensive literature overview of the current clinical studies with S53P4
bioactive glass granules.
In Chapter 3, the capacity of S53P4 bioactive glass granules to stabilize load-bearing bone
defects are described with in silico experiments. In this chapter, the e�ect of the size and
geometry of a cortical window, as typically created in the treatment of osteomyelitis, on
bone sti�ness and failure moment estimates is described. The possibility of the bioactive
glass granules to restore the lost sti�ness and their contribution to load-sharing, is also
described in this chapter.
Chapter 4 describes how di�erent binder contents will a�ect the mechanical properties
of the putty material under con�ned compression. The synthetic binder that was used to
create the putty formulations is water soluble and therefore, the e�ect of the dissolution of
the binder is described in Chapter 5. This chapter also describes the in vitro degradation
of the S53P4 bioactive glass granules, after binder dissolution. Both non cellular and cellular
degradation pathways were addressed.
A new ex vivo approach to study bone formation stimulated by biomaterials is presented
in Chapter 6. It describes the assessment of this platform when used to study new bone
formation, stimulated by bioactive glass granules and collagen sponges loaded with BMP-2.
Similar to its e�ect on the mechanical properties, it remains unclear whether the incorpo-
ration of in the putty would a�ect the antibacterial properties of the material. Chapter 7
therefore describes an in vitro study where two putty formulations were tested on their
antibacterial properties against �ve di�erent bacterial strains.
In the �nal chapter, Chapter 8, the main �ndings of all chapters are discussed. Additionally,
important considerations for future research are described.



Chapter 2
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Abstract

Nowadays, S53P4 bioactive glass is indicated as a bone graft substitute in various
clinical applications. This review provides an overview of the current published
clinical results on indications such as craniofacial procedures, grafting of benign
bone tumor defects, instrumental spondylodesis, and the treatment of osteomyeli-
tis. Given the reported results that are based on examinations, such as clinical
examinations by the surgeons, radiographs, CT, and MRI images, S53P4 bioactive
glass may be bene�cial in the various reported applications. Especially in craniofacial
reconstructions like mastoid obliteration and orbital �oor reconstructions, in grafting
bone tumor defects, and in the treatment of osteomyelitis very promising results
are obtained. Randomized clinical trials need to be performed in order to determine
whether bioactive glass would be able to replace the current golden standard of
autologous bone usage or with the use of antibiotic containing PMMA beads (in the
case of osteomyelitis).
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2.1 Introduction

Bone graft substitutes are commonly used to replace and regenerate bone lost due to
trauma, infection, disease, or for stability around implanted devices (Polo-Corrales et al.,
2014). Current generation biomaterials are designed to stimulate speci�c cellular responses
at the molecular level. This generation of biomaterials is both bioactive and degradable and
might be osteoconductive or osteoinductive (Hench and Polak, 2002). Bioactivity refers
to any interaction or e�ect that materials have on cells to activate speci�c responses
(Navarro et al., 2008; Hannink and Arts, 2011). Such a promising biomaterial is bioactive
glass, an osteostimulative material that is currently used as bone graft substitute and in the
treatment of osteomyelitis. Osteostimulation refers to osteoblast cell recruitment and/or
di�erentiation and osteoblast activation to produce new bone in a bony environment
(Hench, 2006). Osteostimulation should not be confused with osteoinduction, which is
the ability ofmaterials to recruit stem cells to di�erentiate into bone forming cells and
form ectopic bone. Also it should not be confused with osteoconduction, which is the
possibility for bone to grow along the material, in other words only providing a sca�old for
bone formation (Blokhuis and Arts, 2011). Bioactive glass is an osteostimulative material;
thus it is osteoconductive and serves as a sca�old for bone formation in vivo, but it is not
fully osteoinductive since it will only form new orthotopic bone (whereas osteoinductive
materials are able to form ectopic bone).
After implantation of S53P4 bioactive glass, surface reactions ensure deposition of a calcium
phosphate layer when exposed to (body) �uid. Sodium, silica, calcium, and phosphate ions
are released from the surface and increasethe local pH and osmotic pressure. Thereafter, a
silica gel layer is formed on the glass surface, and amorphous calcium phosphates precipitate
on this layer. These amorphous structures then crystalize to natural hydroxyapatite, which
starts the activation of osteoblasts for the formation of new bone (Heikkilä, 2011; Hupa,
2011; Jones, 2013). This mechanism of action is illustrated in Figure 2.1. Because of the
continuous reactions and layer formation, the glass will �nally be absorbed (Heikkilä, 2011;
Hupa, 2011). The surface reactions not only are bene�cial for the formation of new bone but
also ensure that bioactive glass contains antibacterial properties and potentially promotes
angiogenesis (Coraça-Huber et al., 2014; Detsch et al., 2014; Leppäranta et al., 2008; Leu
and Leach, 2008; Leu et al., 2009; Munukka et al., 2008; Rahaman et al., 2014; Zhang
et al., 2010). Various compositions of bioactive glasses have been developed because of
their composition-dependent promising bone forming properties, antibacterial properties,
and degradability. This review focuses on S53P4 bioactive glass (Bonalive Biomaterials
Ltd., Turku, Finland), with the speci�c composition (by weight) of 53% SiO2, 4% P2O5, 23%
Na2O, and 20% CaO (Hupa, 2011; Jones, 2013). This composition is used increasingly in
clinical practice in various bone graft applications and in treatment of osteomyelitis. S53P4
bioactive glass is indicated to facilitate and stimulate bone formation and bone defect
healing and to have an antibacterial e�ect in various applications (Jones, 2013). S53P4
bioactive glass is mostly used in a granular form (0.8–3.15 mm), but sometimes it is used
in the form of nonporous plates or discs in various shapes. The aim of this review is to
provide a literature overview of reported clinical outcomes in di�erent applications of S53P4
bioactive glass. The focus is on its application in bone defect healing and osteomyelitis
treatment.
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Figure 2.1: An illustration of the surface reactions of bioactive glass after implantation. When
bioactive glass is implanted in a septic bone defect it will exchange alkali from the glass surface with
the hydronium in the surrounding microenvironment, which will increase the local pH.The release
of ions of the glass surface will also increase the osmotic pressure locally. A silica gel layer will be
formed near the glass surface to which amorphous calcium phosphate precipitates and subsequently
will crystallize into natural hydroxyapatite. The hydroxyapatite will induce the osteostimulative e�ect
by activating osteogenic cells. This �gure was kindly provided by Bonalive® Biomaterials Ltd.
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2.2 Clinical application of S53P4 bioactive glass in craniofacial
surgery

The �rst reported applications of S53P4 bioactive glass in clinical practice were performed
in craniofacial surgery Table 2.1. Conventional reconstructions of orbital �oors and other
facial bones are usually performed with autologous bone or cartilage grafts (Mok et al.,
2004; Baino, 2011). However, interest has arisen in the use of alloplastic materials to
eliminate the disadvantages of autologous graft usage such as donor site morbidity and
limitations in size, shape, quality, or quantity (Mok et al., 2004).
Suominen and Kinnunen (1996) reported defect reconstruction of facial bones with bio-
active glass granules and plates (Suominen and Kinnunen, 1996). S53P4 bioactive glass
granules and plates were implanted in 36 sites in thirteen patients. Granules were used
in subperiosteal pockets of facial bones and to obliterate frontal sinuses, whereas plates
were used for the reconstruction of orbital walls. Prospective middle face radiographic
and computed tomographic (CT) imaging results were promising, showing that the material
was well tolerated by the body. Moreover, no refractures were observed up to one year
postoperatively. Subsequently, further trials were published, demonstrating additional
positive bone healing results with S53P4 bioactive glass in facial reconstructions. For the
use of bioactive glass plates, used in orbital �oor reconstructions, good clinical outcomes
have been reported. No complications due to the use of bioactive glass have been ob-
served in standard postoperative, clinical examinations, CT and/or magnetic resonance
(MR) images, and radiographs. Surprisingly, the bioactive glass plates did not show degra-
dation (Suominen and Kinnunen, 1996; Peltola et al., 2008; Stoor et al., 2015). It is not
completely clear why degradation has not been observed. It has been hypothesized that
no degradation could have taken place because of the structure of the plates, since they
are solid and rigid, and pores are lacking. In plates, the surface area per volume is much
smaller than in granules, such that the reactivity in plates is less than in granules. Peltola
et al. (2008) described only slight new bone formation after two years in the lower surface
of the bioactive glass plates by histological evaluation of two cases (Peltola et al., 2008).
As already mentioned, the lack of bone formation is probably caused by the fact that
plates are not porous and therefore obstruct the osteostimulative e�ect of the bioactive
glass. In addition, this may hamper mechanical interlock with surrounding bone tissue
(Hannink and Arts, 2011; Van Lieshout et al., 2011). More recently, Stoor et al. (2015) studied
the performance of a new drop shaped S53P4 bioactive glass plate to repair orbital �oor
fractures in a prospective clinical study, with two years of follow-up in twenty patients
(Stoor et al., 2015). No adverse tissue reaction was associated with the material, and due
to the anatomical drop shape, the implants could successfully maintain the orbital volume
while compensating for the retrobulbar adipose tissue atrophy. Again, no degradation was
observed in this study.
In frontal sinus obliteration, small size bioactive glass granules (0.5–0.8 and 0.8–1 mm) have
been used for treatment in 24 patients su�ering from chronic frontal sinusitis (Peltola et al.,
2006). During follow-up (ranging from three months to 13.1 years) several clinical examina-
tion tests were performed, including standard clinical examinations by the surgeons,CT,
and standard hematologic tests. These tests showed new bone formation between bio-
active glass granule remnants as well as bone bridging in between the individual granules.
Description of remnants in this study implies a slow degradation of S53P4 bioactive glass
granules in vivo. All patients reported being satis�ed with the treatment and good clinical
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outcomes were observed. Observed complications were not related to the use of S53P4
bioactive glass.
There is no consensus in literature about a gold standard procedure in nasal septal perfora-
tion repair (Kim and Rhee, 2012). Stoor et al. (2001) and (2004) investigated the possibility of
repairing septal perforations with S53P4 bioactive glass discs (220–1300 mm2; a thickness
of 2 mm). One or two bioactive glass discs were used as graft material in eleven patients
and when available crushed autologous cartilage or bone from the operative site was used.
The number of patients where cartilage or bone was used was not reported. Treatment
with bioactive glass discs was successful in 10/11 and 22/23 patients (Stoor et al., 2001; Stoor
and Grénman, 2004). In both studies, the perforation in one patient could not be closed
due to a near total septum perforation after hypophysis surgery. After a follow-up of 2–37
months, the septal perforations were closed, without observed infections, in both studies.
No extrusion of the bioactive glass was observed. Two patients su�ered from a small
recurrent perforation, repaired during a second operation, without further reperforation
(Stoor et al., 2001; Stoor and Grénman, 2004). The authors did not report bone ingrowth or
degradation of the bioactive glass discs. Although the patient group was small and some
details in the reported cases were lacking, the use of S53P4 bioactive glass discs seemed
to be a good option for the treatment of septal perforations.
Turunen et al. (2004) used bioactive glass granules (0.8–1 mm) in combination with cortico-
cancellous bone chips (average size 1x3x5 mm), harvested from the patient’s iliac crest, for
maxillary sinus �oor augmentation (Turunen et al., 2004). As a control, autologous bone
chips alone were used for �lling the anterior part of the contralateral sinus. Again promising
results were obtained as witnessed by histology of biopsies (49–62 weeks postoperatively),
scanning electron microscopy (SEM), and energy-dispersive-X-ray analysis. Thicker bone
lamellae were found in the bioactive glass in combination with autologous bone group than
in the group with only autologous bone chips. Bone quantity did not di�er signi�cantly
between groups. In the contact areas, bone grew on the glass surface, connecting the
granules.The authors concluded that the use of bioactive glass granules combined with
autologous bone chips for augmentation of the maxillary sinus �oor reduced the amount
of bone needed and formed the same quantity of bone in the defect as autologous bone
chips alone (Turunen et al., 2004). This is a very promising �nding, but in clinical practice it
may be favorable not to use autologous bone at all since it requires a second surgery site
with associated complications (e.g. donor site morbidity) and costs (Polo-Corrales et al.,
2014; Lohmann et al., 2007; Pape et al., 2010). For this reason additional research and
clinical evidence on the usage of S53P4 bioactive glass granules in maxillary sinus �oor
augmentation is needed. In mastoid obliteration for the treatment of chronic otitis, S53P4
bioactive glass granules were used in three di�erent studies (Sarin et al., 2012; Silvola,
2012; Stoor et al., 2010). Stoor et al. (2010) were the �rst to describe this treatment, and
they did not observe complications due to the bioactive glass granules (Stoor et al., 2010).
The size of the cavity in the mastoid cell area decreased in all seven treated patients. In
2012, both Sarin et al. and Silvola described the use of S53P4 bioactive glass granules in
mastoid obliteration (Sarin et al., 2012; Silvola, 2012). Sarin et al. (2012) reported a 92%
success rate (success was reported as achieving a dry, smaller, or nonexistent cavity) after
a median follow-up period of 34.5 months. Silvola (2012) described dry ears in all sixteen
patients within a month after obliteration but also absence of symptoms, easy views into
the canals, and normal skin in most of the patients. Only two patients with complications
were observed. One of the patients needed revision because of ruptured skin. The other
patient was revised because of too extensive �lling. After revision both patients performed
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well. Most patients included in this study had a long history of cleaning problems and
treatment resistant otorrhea,but treatment with bioactive glass granules was successful
for the reported follow-up period (up to �ve years postoperatively) (Silvola, 2012).

Table 2.1: Summary of reviewed publications with S53P4 bioactive glass as treatment for chronic
osteomyelitis.

Reference
(Suominen and
Kinnunen, 1996)

(Aitasalo et al., 2001) (Peltola et al., 2008)

Clinical Indication Facial reconstructions

Orbital �oor
reconstructions of

blowout fractures and
zygomaticomaxillary

fractures

Orbital �oor
reconstructions of
blowout fractures,
zygomaticomaxillary
fractures, and tumor

removal
Number of treated

patients with
S53P4 implants

36 sites in 13 patients 34 43

Application form

Granules (0.63–0.8 and
0.8–1 mm) and plates
(8x10–15x29 mm, 1.5,
2.0, 2.5, or 3.0 mm

thick)

Plates in 3 di�erent
sizes (diameter: 20, 25,
or 30 mm, 1–1.5 mm

thick)

Plates (sizes not
reported)

Number of
successful
treatments

36 33 40

Complications
related to S53P4

implant

1 reoperation for
repositioning of orbital

roof

1 removal due to
incorrect size

3 reoperations due to
inappropriate size and

shape

Study design
Prospective single
center cohort study

Retrospective single
center cohort study

Retrospective single
center cohort study

Follow-up period
[months]

12 (average, range:
6–26)

10.9 (average, range:
6–12)

24

Examinations
during follow-up

Clinical examination,
radiographs, and QCT

Clinical examination by
an ear, nose, and throat

surgeon, an
ophthalmologist, and a
radiologist. Laboratory
tests for infection, liver
and kidney functions

Clinical examination by
the surgeon,

ophthalmologist,
examination of CT and

MRI images, and
laboratory tests for
infection and kidney

function

Table continues on next page
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Table 2.1 continued

Reference (Stoor et al., 2015) (Peltola et al., 2006) (Stoor et al., 2001)

Clinical Indication
Orbital �oor

reconstructions of
blowout factures

Frontal sinus
obliteration

Septal perforation
repair

Number of treated
patients with

S53P4 implants
20 42 11

Application form
Drop shaped in 2 sizes
(1.5 mm thick and 31x25

mm or 34x26 mm)

Granules (0.5–0.8 and
0.8–1.0 mm)

Discs (200–1300 mm2,
2 mm thick)

Number of
successful
treatments

20 39 8

Complications
related to S53P4

implant
None

None, but 2
reobliteration cases due

to mucocele 1
eobliteration due to
insu�cient closure of
the nasofrontal duct

1 near total septum
perforation could not
be closed 2 small

recurrent perforations

Study design
Prospective single
center cohort study

Prospective single
center cohort study

Prospective single
center cohort study

Follow-up period
[months]

32 (average, range:
6–71)

73.2 (average, range:
3–13.1)

Range: 2–37

Examinations
during follow-up

Clinical examination by
the surgeon,

examination CT and
MRI

Clinical evaluation by
the surgeons,

examination by CT

Clinical examination not
reported

Table continues on next page
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Table 2.1 continued

Reference
(Stoor and Grénman,

2004)
(Turunen et al., 2004) (Sarin et al., 2012)

Clinical Indication
Septal perforation

repair
Maxillary sinus �oor

augmentation
Mastoid obliteration

Number of treated
patients with

S53P4 implants
23 17 26

Application form
Discs (200–1300 mm2,

2 mm thick)

Granules (0.8–1.0 mm)
mixed with autologous

bone chips

Plates and granules
(sizes not reported)

Number of
successful
treatments

22 17 21

Complications
related to S53P4

implant

near total septum
perforation could not

be closed 5
reoperations because
of a small recurrent

perforation: closed with
bioactive glass,
successfully

None

1 reoperation due to
inadequate fascia

coverage 2
postoperative otorrhea

cases which were
debrided 2 ears which

were not dry

Study design
Prospective single
center cohort study

Prospective single
center cohort study

Prospective single
center cohort study

Follow-up period
[months]

28 (average, range:
12–68)

17 (average, range:
7–30)

42.5 (average, range:
1–182)

Examinations
during follow-up

Clinical examinations
Examination of biopsies

by SEM, EDXA and
histologically

Clinical examinations

Table continues on next page
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Table 2.1 continued

Reference (Silvola, 2012) (Stoor et al., 2010)

Clinical Indication Mastoid obliteration Mastoid obliteration

Number of treated
patients with

S53P4 implants
16 7

Application form
Granules (0.5–0.8 and

0.8–1.0 mm)
Granules (0.5–0.8 mm)

Number of
successful
treatments

14 6

Complications
related to S53P4

implant

1 revision due to
ruptured skin 1

meatoplasty because of
too extensive �lling

1 infection (related to
conservative treatment
instead of the S35P4)

Study design
Prospective single
center pilot study

Prospective single
center case study

Follow-up period
[months]

26 (average, range:
7–48)

57 (average, range:
22–98)

Examinations
during follow-up

Clinical outcome
obtained by a grading

system

Clinical examinations,
CT imaging (1 patient)
Laboratory tests for
infection and kidney

functions

In all aforementioned studies, beside good clinical outcomes, cosmetic results were de-
scribed to be good as well. In orbital wall reconstruction, eyes were in the correct position
postoperatively, and in septal perforation repair the septum was straight. Moreover, all
studies described the absence of foreign body responses and infections, which are two
major advantages of bioactive glass over other synthetic materials used in head and neck
surgery (Peltola et al., 2006). Absence of infections is thought to be a result of the material’s
antimicrobial properties (Jones, 2013; Leppäranta et al., 2008; Munukka et al., 2008; Zhang
et al., 2010). The results of the reported studies indicate that S53P4 bioactive glass is
a promising bone substitute material for craniofacial bone graft applications, with high
potential in regeneration of lost bone.

2.3 Clinical application of S53P4 bioactive glass in the treatment
of osteomyelitis

Osteomyelitis is an infection of bone and bone marrow. Currently, osteomyelitis is commonly
treated with surgical implantation of polymethyl methacrylate (PMMA) beads, mixed with
antibiotics, in the anatomical area of osteomyelitis after extensive debridement and pulse
lavage (Geurts et al., 2011). These antibiotic-PMMA-beads must be removed by subsequent
surgical intervention, usually after two weeks (Calhoun et al., 2009; Walenkamp et al.,
1998).With the discovery that S53P4 bioactive glass possesses antimicrobial properties,



| 33

2

the treatment of chronic osteomyelitis by S53P4 bioactive glass granules was clinically
investigated Table 2.2 (Leppäranta et al., 2008; Munukka et al., 2008; Zhang et al., 2010;
Drago et al., 2013; Romanò et al., 2014; Lindfors et al., 2010a; McAndrew et al., 2013).
Antibacterial properties are a result of a local pH increase that is caused by the exchange
of alkali ions with protons in solution (body �uid) (Zhang et al., 2010). The release of salt
ions contributes to a higher osmotic pressure, which is also indicated as an antimicrobial
factor, as illustrated in Figure 2.1 (Heikkilä, 2011; Hupa, 2011; Jones, 2013).
Romanó et al. (2014) compared the use of bioactive glass granules to two local antibiotic
delivery therapies (antibiotic loaded hydroxyapatite with calcium sulphate; a combination
of tricalciumphosphate and teicoplanin-loaded demineralized bone matrix) and found
comparable results after approximately 22 months (Drago et al., 2013; Romanò et al., 2014).
At a mean follow-up of 21.8 months, no recurrent infections were observed in 92.6% of the
patients treated with S53P4 bioactive glass granules. Of the patients treated with antibiotic
loaded hydroxyapatite and calcium sulphate compounds, 88.9% was infection-free. In
86.3% of the patients treated with a mixture of tricalcium phosphate and an antibiotic
loaded demineralized bone matrix, no reinfection was observed. A signi�cant di�erence
was found in wound healing: less prolonged serum wound leakage was observed with
the treatment of S53P4 bioactive glass granules (Drago et al., 2013; Romanò et al., 2014).
This indicates that the treatment of osteomyelitis with S53P4 bioactive glass granules was
at least as successful as the current treatment, if not even better. These �ndings are
important, as it is known that bacteria (also the ones that can cause osteomyelitis) can
become resistant to antibiotics (Calhoun et al., 2009; Bassetti and Righi, 2013; Parsons and
Strauss, 2004).The antimicrobial working mechanism of S53P4 bioactive glass is completely
di�erent from the working mechanism of antibiotics, which might make it more reliable
in the long run. However, it has yet to be investigated if bacteria can develop resistance
against this treatment as well.
Others have also reported successful treatment of chronic osteomyelitis in clinical practice.
McAndrew et al. (2013) describe a fully treated bone infection in three treated patients
(McAndrew et al., 2013). The follow-up at 14 to 21 months showed no radiological evidence
of osteomyelitis during this period, with good integration of bioactive glass and surrounding
bone. This was also observed in an earlier study by Lindfors et al. (2010), who described
the successful treatment of chronic osteomyelitis by S53P4 bioactive glass granules in
eleven patients (Lindfors et al., 2010a). In this study, again, no adverse e�ects of bioactive
glass were observed. The clinical outcome was good or excellent in nine patients (mean
follow-up of 24 months). Two cases that did not score good or excellent had complications
due to haematoma or because of infections in the muscle �ap (no signs of osteomyelitis
on X-rays). The reason for the formation of the haematoma could have been attributed to
improper �lling of the defect with S53P4 bioactive glass granules (Lindfors et al., 2010a).
Filling the cavity was found to be extremely important, since improper �lling could lead
to reinfection of the bone as has also been described by Romanó et al. (2014) (Romanò
et al., 2014). The other study also had a patient with infection of the muscle �ap, with
recurrent osteomyelitis after two years as a result. These two cases indicate that not
only proper �lling but also treatment of the soft tissue surrounding the bone is important.
Moreover, another very important issue in the treatment of osteomyelitis is the formation
of new blood vessels during the regeneration of the bone, to prevent sepsis (Parsons and
Strauss, 2004). There are indications that S53P4 bioactive glass has angiogenic potential.
However, evidence is scarce and is only based on in vitro �ndings (Detsch et al., 2014). The
angiogenic e�ect could provide a crucial link in the bone healing cascade and remains an
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important topic for future research.
The success rate of S53P4 bioactive glass granules in the treatment of osteomyelitis
is 25/27, 3/3, and 9/11, which provides success in 90% of all reported cases (Romanò
et al., 2014; McAndrew et al., 2013; Lindfors et al., 2010a). In contrast, the treatment with
gentamicin-PMMA beads of 100 patients su�ering from osteomyelitis succeeded in 78%
of the patients (Walenkamp et al., 1998). It has to be noted that 92% of the patients
treated with gentamicin-PMMA beads healed after revisions during the treatment period.
Thus the treatment with bioactive glass can be concluded to be at least as e�ective as
the standard procedure but has the additional bene�t that it is a single stage procedure,
whereas the standard procedure requires two operations. With only one surgical procedure
needed there is a smaller chance for occurrence of comorbidities, the hospital stay will be
shortened, and healthcare costs will be reduced. Moreover, S53P4 bioactive glass allows
remodeling to natural bone over time, which ensures conservation of bone stock. This
is important as many of these patients ultimately require additional surgery later in life
(e.g. joint replacement). More prospectively gathered clinical data in well-de�ned study
cohorts is needed to determine if S53P4 bioactive glass will replace the antibiotic containing
PMMA beads as the current gold standard treatment of osteomyelitis. Most preferably
such studies should utilize a randomized controlled trial setup, which will make a direct
comparison possible.

Table 2.2: Summary of reviewed publications with S53P4 bioactive glass as treatment for chronic
osteomyelitis.

Reference
(Drago et al., 2013;
Romanò et al., 2014)

(Lindfors et al., 2010a) (McAndrew et al., 2013)

Clinical Indication Chronic Osteomyelitis Chronic Osteomyelitis Chronic Osteomyelitis

Number of treated
patients with

S53P4 implants
27 11 3

Application form
granules (size not

reported)

granules (0.5-0.8,
0.8-1.0, 1.0-2.0 and

2.0-3.15 mm)

granules (size not
reported)

Number of
successful
treatments

25 10 3

Complications
related to S53P4

implant

2 recurrence of
infection (with 1

fracture)

1 recurrence due to
improper �lling of the

cavity
None

Study design
Retrospective single
center cohort study

Retrospective
multicenter cohort

study

Retrospective single
center case study

Follow-up period
[months]

21.8 (average, rage
12-36)

24 (average, range
10-38)

17.3 (average, range
14-21)

Examinations
during follow-up

Clinical and laboratory
evaluation, and
radiographs

Clinical examinations
and radiological

evaluation

Radiological,
haematolotical and

biochemical
examinations
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2.4 Clinical application of S53P4 in spondylodesis and depressed
tibial plateau fractures

Limited clinical results are available for use of S53P4 bioactive glass in instrumented
posterior spondylodesis with transpedicular screw �xation. In the treatment of degenerative
spondylolisthesis, autogenous bone grafting is still the gold standard procedure (Frantzen
et al., 2011). Because of the disadvantages associated with autologous bone harvesting,
S53P4 bioactive glass was investigated as a possible alternative treatment Table 2.3.
Two prospective long-term follow-up studies on S53P4 bioactive glass granules (1-2 mm)
and autologous bone grafts as bone graft substitutes for the treatment of unstable lumbar
spine burst fractures have been reported (Frantzen et al., 2011; Rantakokko et al., 2012).
In both studies, autologous bone grafts were used as a control and implanted in the
contralateral side. Subjective satisfaction after 11 years of follow-up was better than before
treatment in �fteen out of seventeen patients. The results of CT scans indicated good
fusion of bone with S53P4, with fusion rates of 71% and 88% (Rantakokko et al., 2012;
Frantzen et al., 2011). However, these results are poor when compared to those of the
autologous bone grafts, which have a fusion rate between roughly 80 and 100% (Rantakokko
et al., 2012; Frantzen et al., 2011). In the study by Frantzén et al. (2011) subjective patient
satisfaction was evaluated before and after surgery, resulting in more satis�ed patients
post-operatively in most cases (only one was unchanged and one worsened) (Frantzen
et al., 2011). The subjective patient satisfaction in the study by Rantakokko et al. (2012) was
excellent in two cases, good in �ve, and fair in three. No poor satisfaction was reported.
Visual analogue scale (VAS) pain scores decreased in almost all patients (Frantzen et al.,
2011; Rantakokko et al., 2012). However, it is hard to correlate these rates solely with the
use of bioactive glass since in all patients autologous bone was implanted contralateral
to the bioactive glass side. Since the bioactive glass granules show low fusion rates, it
is needed to be concluded that bioactive glass granules, in its current form, cannot be
used as a stand-alone solution for posterolateral fusion. Reasons for the bioactive glass
not to perform as expected could be the high rotational and compressional forces that
are present in the spine. Those forces are not present in other reported applications
(e.g. craniofacial applications). High rotational forces in spinal indications have so far not
been studied in depth.
Similar to the spine, the tibial plateau is a mostly compressive but still multidirectional
load-bearing bone structure. The standard treatment for depressed tibial plateaus is
treatment with autologous bone grafts (Heikkilä et al., 2011). Only one study was found on
the use of S53P4 bioactive glass in the treatment of depressed tibial plateau fractures.
Heikkilä et al. (2011) performed a randomized study to test the applicability of S53P4
bioactive glass granules in tibial fractures (Heikkilä et al., 2011). In this study, patients with
a depressed unilateral tibial plateau fracture were divided randomly into two groups. One
group was treated with S53P4 bioactive glass granules (size 0.83–3.15 mm) and the other
with conventional autologous bone grafts. At one-year follow-up, no di�erences were
found between the two groups in clinical examination, functional tests, and radiological
examinations. Also in long-term follow-up (up to eleven years), no signi�cant di�erences
between groups were observed based on CT assessment (Pernaa et al., 2011). The results
show that S53P4 bioactive glass granules are a possible material to use in tibial plateau
fracture treatment. However, the treated patient group was small.
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Table 2.3: Summary of reviewed publications with S53P4 bioactive glass for spondylodesis or
treatment of depressed tibial plateau fractures.

Reference (Frantzen et al., 2011) (Rantakokko et al., 2012) (Heikkilä et al., 2011)

Clinical Indication Spondylodesis Spondylodesis
Depressed lateral tibial

plateau fractures
Number of treated

patients with
S53P4 implants

17 10 14

Application form granules (1.0-2.0 mm)
granules (size not

reported)
granules (0.83-3.15 mm)

Number of
successful
treatments

15 10 14

Complications
related to S53P4

implant

1subjective outcome
was unchanged after

132 months 1 subjective
outcome was worse
after 132 months VAS
score at 132 months:

3.5 (range: 0-8)

3 subjective outcomes
were fair after 120
months 5 good after

120 months 2 excellent
after 120 months VAS
score at 120 months:

1.0 (range: 1-4)

None

Study design
Prospective Single
center Cohort study

Prospective Single
center Cohort study

Prospective Single
center Randomized

study
Follow-up period

[months]
132 120 12

Examinations
during follow-up

Clinical examination,
VAS pain score list,

subjective satisfaction
grades, and

examinations on CT,
MRI and DEXA

Clinical examination,
subjective patient

satisfaction, VAS pain
score and Oswestry

disabillity
questionnaires and CT
and DEXA evaluations

Clinical examination by
orthopaedic surgeons,
CT evaluation and
subjective and

functional evaluations

2.5 Clinical application of S53P4 as bone graft material after
benign bone tumor resection

In the grafting of bone defects that are a result of tumor removal, autologous bone grafts
are the standard (Campana et al., 2014). Because of aforementioned reasons, bioactive
glass has also been studied for treatment of this clinical indication Table 2.4 (Lindfors et al.,
2009; Lindfors, 2009; Lindfors et al., 2010a).
In one randomized trial comparing to autologous bone grafts, at twelve months after
implantation, small and large cavities could not be observed in CT images anymore in
patients grafted with autologous bone, indicating that the bone had completely remodeled
(Lindfors et al., 2009). This was signi�cantly di�erent from the bioactive glass group,
in which large cavities only started to diminish after twelve months. However, after 24
months no signi�cant di�erence in the small cavities was observed between the two groups
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anymore, and after 36 months of follow-up there was no di�erence in large cavities either.
A signi�cant di�erence was observed in the cortical thickness, which increased more in the
bioactive glass group than in the autologous bone graft group. Bone remodeling was slower
around bioactive glass, but sclerotic tissue seemed more prone to form in this group, as
was observed on plane radiographs. In a revision after two years (due to a residue cyst), it
was observed that the granules (the ones that were still present) had incorporated very
well with the surrounding bone. Complications were observed in both groups. However,
the S53P4 material was not related to these complications.
21 of the 25 patients of a study by Lindfors et al. (2009) were followed up in a long-term
study (average follow-up of 14 years) (Lindfors et al., 2009, 2010a). This follow-up con�rmed
the observations that the newly formed bone with bioactive glass as bone graft was
more sclerotic and the cortex was thicker than with the use of autologous bone grafts.
Furthermore, no ectopic bone was found in the surrounding soft tissue, which is expected
given the fact that bioactive glass is considered osteostimulative and not osteoinductive.
Bioactive glass remnants were still visible in six out of eight large bone defects but not
in the smaller sized bone defects.This indicates a very slow degradation of the bioactive
glass granules when grafted in a large defect. Remodeling of bone was also observed in a
case study of a three-year-old child (Lindfors, 2009). Already after two years the bone had
remodeled to its normal shape and had grown in length. Additionally the range of motion
of the proximal and distal interphalangeal joints was 90 °, which can be considered as fully
restored to the normal range (Dupuytren Foundation, 2014).
The reported �ndings by Lindfors et al. (2009 and 2010) showed promising clinical treatment
results (Lindfors et al., 2009; Lindfors, 2009; Lindfors et al., 2010a). Although new bone
formation is not as fast as that with the currently used graft (autologous bone), the
remodeling of the bone seems better in the long term with denser bone and thicker cortex.
In small defects, the di�erences in bone remodeling between bioactive glass and autologous
bone grafts were even smaller. To obtain more con�dence in this treatment, a prospective,
randomized, multicenter study would be bene�cial, since the results that are reported so
far are all from the same medical center with the same surgeons.

2.6 Discussion and future recommendations

This reviewof the clinical evidence for the use of S53P4 bioactive glass showed good results
in various clinical indications reporting a follow-up up to fourteen years postoperatively.
One of the major advantages of S53P4 bioactive glass compared to autologous bone grafts
(the gold standard treatment in most of the discussed applications) is its “o�-the-shelf”
nature and excellent bone healing capacity. Additionally, it can protect against bacterial
adhesion and colonization on its own surface and possesses antimicrobial properties by
hampering bacterial growth. In contrast to the two-stage osteomyelitis treatment with
antibiotic containing beads, S53P4 bioactive glass o�ers a one-step treatment solution
that eliminates an additional operation procedure which will cost extra time, tools, and
added risks for the patients (Lohmann et al., 2007). Moreover, the antimicrobial working
mechanism of S53P4 bioactive glass is completely di�erent from that of antibiotics, which
might make it more reliable in the long run, with the increasing prevalence of antibiotic
resistant bacteria (Calhoun et al., 2009; Bassetti and Righi, 2013; Parsons and Strauss, 2004).
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Table 2.4: Summary of reviewed publications with S53P4 bioactive glass as bone graft material in
benign bone tumor treatment.

Reference (Lindfors et al., 2009) (Lindfors, 2009) (Lindfors et al., 2010a)

Clinical Indication
Grafting of benign bone

tumors
Recurrent aneurysmal

bone cyst
Grafting of benign bone

tumors
Number of treated

patients with
S53P4 implants

14 1 11

Application form
granules (1.0-2.0 and

3.15-4.0 mm)
granules (0.5-0.8 mm)

granules (1.0-2.0 and
3.15-4.0 mm)

Number of
successful
treatments

11 1 11

Complications
related to S53P4

implant

1 reoperation due to a
resudual cyste 2

fractures due to not
following immobilization

advice

None None

Study design
Prospective Single
center Randomized

study
A Single Case Study

Prospective Single
center Randomized

study
Follow-up period

[months]
36 24

168 (average, range not
reported)

Examinations
during follow-up

CT and X-ray evaluation
and blood sample
examinations

X-ray examination and
clinical evaluation on
function and growing

Clinical examination,
X-ray, MRI and CT

evaluation

S53P4 was the only bioactive glass in this review because this composition of bioactive glass
is most commonly used in clinical practice to date (Jones, 2013). However, the development
of 45S5 bioactive glass was reported earlier than that of the S53P4 variant (Hench, 2006).
The reason why S53P4 is used more in clinical practice is not clear. The only di�erence
between the two compositions noted in literature is the faster degradation of the 45S5
composition, which could be bene�cial in some clinical applications (Jones, 2013). However,
to the knowledge of the authors, the two have never been compared. Moreover, it is not
clear how e�ective the 45S5 composition is in inhibiting bacterial growth. Comparison of
the two compositions is needed in order to draw conclusions on their di�erences and
application possibilities.
According to long-term �ndings, S53P4 bioactive glass degrades slowly with remnants still
visible fourteen years after implantation (Lindfors et al., 2010a). However, with the use of
granules, bone incorporates well and the newly formed bone tissue is stable, also with
bioactive glass remnants still present (Peltola et al., 2006; Frantzen et al., 2011; Rantakokko
et al., 2012; Lindfors et al., 2010a). S53P4 granules are enhancing new bone formation
to a larger extend than bioactive glass plates (Suominen and Kinnunen, 1996). The main
explanation for this might be the intergranular porosity. The S53P4 bioactive glass plates
used in orbital �oor reconstruction were appropriate for this application since the main
function is providing stability. This will also be reached without the full integration into the
surrounding bone.
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It is noteworthy that in none of the reported papers foreign body reactions or infections
were observed in the studied patients, regardless of the clinical application. Some of the
studied procedures are susceptible for infections, for example, the treatment of nasal
septal perforation. Because of its antimicrobial e�ects, the treatment of osteomyelitis
became a new indication for S53P4 bioactive glass. This is even more bene�cial since
the current treatment with antibiotics is rapidly becoming problematic due to the rise
in antibiotic resistant bacteria. With clinical success rates at least comparable to the
gold standard procedure, it might become the gold standard treatment for osteomyelitis
treatment in the future (Romanò et al., 2014; Lindfors et al., 2010a; Walenkamp et al.,
1998). More experience with the treatment would be of great bene�t, since two studies
already have taught us that success is strongly dependent on proper debridement and
�lling of the osteomyelitic defect (Romanò et al., 2014; Lindfors et al., 2010a). Moreover,
it is important to gain more experience since the material choice will always be based
on the experience and preference of the surgeons. They will choose a material that they
believe will provide the best clinical results and lowest complication rates for the individual
patients (Mok et al., 2004). Lindfors et al. (2009) show that in the treatment of benign
bone tumors S53P4 bioactive glass is very promising (Lindfors, 2009). Considering all the
positive results, S53P4 bioactive glass seems an e�ective treatment of osteomyelitis and
benign bone tumors. For future research, prospective, randomized, multicenter clinical
studies will be needed to evaluate and further strengthen the use of bioactive glass in the
applications for osteomyelitis treatment and benign bone tumor grafting procedures.
Results obtained in spondylodesis procedures did not match the expectations based on
other clinical indications (Frantzen et al., 2011; Rantakokko et al., 2012). Current treatment
with autologous bone has been proven to be more e�ective (88% against 100% total fusion
rates). Therefore, it is possible that treatment with bioactive glass granules may be less
e�ective in spondylodesis applications. More clinical research is needed to provide further
insights into this topic, especially the in�uence of rotational and compressive forces on
the e�cacy of S53P4 bioactive glass treatment. However, in a small group of patients
treated for a depressed tibial plateau fracture results were good, and this would suggest
that load-bearing applications are possible as well, as long as the material is well contained
and shear forces are low (these conditions are met in the tibia plateau but not in the spine)
(Pernaa et al., 2011).Thus, further research is needed to study the load-bearing capacity of
bioactive glass and to delineate conditions where it may or may not be used safely.
To date, evidence on the in vivo angiogenic potential of S53P4 bioactive glass has not been
published, to the knowledge of the authors. As indicated in literature, angiogenesis is a
very important process in bone repair (Nguyen et al., 2012). Especially in large bone defects,
lack or slow (neo)vascularization may result in necrosis at the central region of the bone
grafts, leading to its ultimate failure (Nguyen et al., 2012). The positive long-term results of
the clinical trials with S53P4 bioactive glass in large defects suggest that vessels had grown
in, to provide nutrients and oxygen to the cells within the material in order to form new
bone. However, no direct evidence is reported. Neovascularization could provide a crucial
link in the bone healing cascade and remains an important topic for future research.
Another factor that should be investigated is the in�uence of granule size in the various
applications. In a rabbit model, it has been reported that bone growth was signi�cantly
more abundant in bone defects �lled with granules of 0.6–0.8 mm than with 0.2–0.25 mm
sized granules (Lindfors and Aho, 2003). However, these granule sizes were not used in
the reported clinical applications that were discussed in this review. No di�erences due to
granule size have been reported in human bone repair studies so far.
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2.7 Conclusions

This literature review provides evidence that S53P4 bioactive glass can be an e�ective
treatment of bone defects in various clinical situations. Long-term follow-up studies
reported excellent results. Although resorption is usually not completely accomplished,
the application of S53P4 bioactive glass in craniofacial surgery applications and grafting of
benign bone tumor defects could be bene�cial, especially when autologous bone grafting
is risky or impossible.
Treatment of osteomyelitis with S53P4 bioactive glass is safe and e�ective even in one-stage
treatment options, without the addition of local antibiotics. Adequate debridement, proper
defect �lling, and adequate containment of the bioactive glass granules are essential.More
clinical and health economic cost-e�ectiveness data is needed to determine if S53P4
bioactive glass can replace antibiotic containing PMMA beads as the current standard of
osteomyelitis, most preferably utilising randomized controlled trials.
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Abstract

Bioactive glass (BAG) granules (S53P4) have shown good clinical results in one-stage
treatment of osteomyelitis. During this treatment a cortical window is created, and
infected bone is debrided, which results in large defects that a�ect the mechanical
properties of the bone. This study aimed to evaluate the role of BAG granules
in load-bearing bone defect grafting. First, the in�uence of the geometry of the
cortical window on the bone bending sti�ness and estimated failure moments
was evaluated using micro �nite element analysis (µFE). This resulted in signi�cant
di�erences between the variations in width and length. In addition, µFE analysis
showed that BAG granules contribute to bearing loads in simulated compression of
a tibia with a defect grafted with BAG and a BAG and bone morsel mixture. These
mixtures potentially can unload the cortical bone that is weakened by a large defect
directly after the operation by up to approximately 25%, but only in case of optimal
load transfer through the mixture.
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3.1 Introduction

Bioactive glass (BAG) is a promising biomaterial for the regeneration of large bone defects
and has been studied since the late 1960s (Hench et al., 1971; Hench, 2006). The bone
bonding properties of BAGs enable the regeneration of bone in several clinical indications
(Jones, 2015; van Gestel et al., 2015). The speci�c S53P4 composition has shown good results
in the treatment of bone infections (osteomyelitis) in granular form, as this composition
shows antibacterial e�ects beside its bone bonding properties (van Gestel et al., 2015;
Munukka et al., 2008; Leppäranta et al., 2008; Zhang et al., 2010). In Europe, over 100
patients su�ering from osteomyelitis have successfully been treated with S53P4 BAG
granules (Lindfors et al., 2016). The possibility to treat osteomyelitis in this one stage
fashion is one of the main advantages of treatment with S53P4 BAG compared to the
traditional treatment with antibiotic loaded poly-methyl methacrylate (PMMA) beads (Geurts
et al., 2011; Walenkamp et al., 1998). During the treatment of osteomyelitis, typically a
cortical window is created to be able to debride the infected bone. The cortical window
generates a discontinuity in the cortical bone and together with the debridement, the
procedure results in a large bone defect. As osteomyelitis frequently occurs in load-bearing
locations like the distal tibia, mechanical stability after treatment should be taken into
account. To date, little is known about the mechanical stability of bones with implanted
BAG granules. Previously, we have shown that BAG granules, alone or mixed with bone
morsels, can withstand the high compressive forces associated with walking in con�ned
compression, with little subsidence (Hulsen et al., 2016). Hence, BAG could potentially
reinforce a bone with a large defect.
In these earlier studies, however, the sti�ness of the BAG was measured in a con�ned
compression test. In the clinical situation, the BAG will be only party con�ned. Moreover,
the bone in which the BAG is placed will have a cortical window, which in fact reduces
the load transfer through the bone. The actual load bearing capacity of a bone treated
with BAG will depend on many parameters, among which the size of the bone and the
cortical window in it, the composition of the bone morsels and BAG granules mixture and
the impaction used.
In the present study we aimed at identifying the role of these components in order to
better understand and predict the load-bearing capacity of bones treated with BAG. The
�rst objective of this study was to investigate the in�uence of (cortical) defect geometry
on the whole bone sti�ness. For this purpose, a �nite element model representing a
bone with a defect was validated �rst relative to an experimental test and then used to
investigate the e�ect of di�erent defect sizes on the sti�ness and strength. A second
objective was to investigate if the sti�ness of BAG/bone mixtures can be estimated from
micro �nite element (µFE) models based on micro computed tomography (µCT) images. For
this purpose, µFE models were generated from con�ned compression tests of mixtures of
BAG and bone morsels and the material constitutive model parameters were selected to
obtain good correspondence between experimental and simulation results. A �nal purpose
was to investigate to what extent these implant mixtures may carry load in a more realistic
situation. For this purpose, a High Resolution peripheral Quantitative CT (HR-pQCT) scan
of the distal radius of a healthy subject was virtually operated to create a cortical window,
and subsequently was virtually reamed and �lled with a BAG or bone/BAG implant, to
calculate the load sharing between bone and the implant.
The results show that an increased width of a cortical window decreased the bending
sti�ness of a load-bearing bone signi�cantly more than an increased length. Likewise,
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estimated failure moments were much more reduced for changes in width compared to
changes in length. However, the lost sti�ness due to the cortical defects is suggested to
be partially restored with the implantation of BAG granules or a mixture of bone morsels
and BAG granules. It was observed that the BAG granules carried about 25% of the applied
load in a compression simulated on a virtually grafted human tibia.

3.2 Materials and Methods

3.2.1 E�ects of cortical defect size and geometry on bone sti�ness and
moment of failure

A computational model was developed from µCT images from 10 intact sheep radii (VION
Food Group, Boxtel, the Netherlands). The radii were imaged with µCT (µCT80, Scanco
Medical AG, Brüttisellen, Switzerland) using the following settings: isotropic voxel size 74
µm, energy 70 kVp, intensity 114 µA, and integration time 300 ms. For all radii, a length of
approximately 130 mm was scanned. The bone was segmented from the greyscale images
using a �xed threshold of 485 mgHA/cm3. Subsequently, these segmented voxels were
converted into brick elements. Material properties were set to linear elastic with a Young’s
Modulus of 20 GPa and a Poisson ratio of 0.3 (Bayraktar et al., 2004; van Rietbergen and Ito,
2014). For each of the 10 radii, seven di�erently sized defects were virtually created in the
shaft of the radius, with the width speci�cally adjusted per sample as a percentage of the
circumference of the diaphysis and several �xed heights (Table 3.1). Boundary conditions
prescribed an angular displacement of 0.01 rad at both the distal and proximal bone end,
leading to a state of pure bending with the bending axes chosen in such a way that the
defect region was compressed. From the angular displacement the bending sti�ness and
estimated failure moment were determined, using IPLFE v2.02 (Scanco Medical AG). The
bending sti�ness was calculated from the resulting reaction moment over the applied
rotation. To estimate the failure moments [Nmm], the Pistoia criterion was used, which
describes failure of the bone when more than 2% of the elements in the bone are strained
more than 0.7%, the prescribed Young’s Modulus for the bone in these estimations was
6829 MPa (Pistoia et al., 2002; van Rietbergen and Ito, 2014) and the Von Mises equivalent

Table 3.1: Di�erent cortical windows to test the e�ect of the size on the stress distribution. The
width of the radius is de�ned as half the circumference of the diaphysis.

Defect
Defect width

(circumferential direction)
Defect length

(longitudinal direction)

W40L11 40% of width 11.1 mm
W60L11 60% of width 11.1 mm
W80L11 80% of width 11.1 mm
W100L11 100% of width 11.1 mm
W50L11 50% of width 11.1 mm
W50L18 50% of width 18.5 mm
W50L37 50% of width 37 mm
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strain was used. The failure moments were estimated for each virtually created defect
(Table 3.1) and for the intact bone. To determine the reduction in failure moment, the
failure moment estimated for a defect was divided by the failure moment estimated for the
corresponding intact case (pairwise), resulting in a ratio. The reduction was then de�ned
as 1 minus this ratio.
To validate the in silico results, non-destructive four-point bending tests were performed
for the 10 bones using a tensile test machine (Figure 3.1) (Zwick Roell Z010, loadcell 10 kN,
Ulm, Germany). Bones were placed such that the anterior side faced upwards. A preload of
5 N was applied (at 0.5 mm/s), after which the load was increased to 500 N at 0.05 mm/s.
Each measurement was performed in triplicate and the sti�ness was determined from
the last two tests by determination of the slope of the force-displacement graph in the
range 400-500 N. The moment used to evaluate the bending sti�ness of the radii. After
these experiments with the intact bone, a typical defect (W50L18 in Table 3.1) with cortical
window was created at the anterior side in the middle of the diaphysis of the bone by
an orthopedic surgeon. The four-point bending tests were repeated in the same position,
such that the defect region was subjected to compression. Again the bending sti�ness was
determined and both measured bending sti�nesses were used to validate the prediction
of the previously described µFE model, by comparing the �nal results. As the bones were
used also for another study, unfortunately it was not possible to measure their strength.

Figure 3.1: The setup of the four-point bending test. The defect is created at the compressed site
of the bone, which was the anterior site of the bone.

3.2.2 Determination of material properties of BAG/bone mixtures

For the present study we used µCT-scans and mechanical data obtained from con�ned
compression tests of BAG/bone mixtures obtained in an earlier study (Hulsen et al., 2016),
and details of the methods used can be found in that earlier study. In summary: bone
morsels from seven human femoral heads were milled with a surgical mill to obtain morsels
with a size of 3-5mm. The allograft bone morsels were mixed with bioactive glass granules
(2-3.15 mm, Bonalive® Biomaterials Ltd, Turku, Finland), using 5 di�erent ratios: 0, 25,
50, 75 and 100 vol% BAG granules. For each of these groups 5 samples were tested.
These groups were then subjected to impaction and con�ned compression, after which
they were µCT imaged (isotropic voxel size 36 µm, energy 70 kVp, intensity 114 µA, and
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integration time 300 ms) (Hulsen et al., 2016). As the BAG granules introduced beam
hardening artifacts, a �rst image processing step involved an intensity correction. For this,
the BAG-granule intensity at the center and at the boundary of the image was measured,
and a linear intensity correction was applied in the radial direction such that the granules
would have the same intensity throughout the image. This correction was dependent
on the BAG content and no correction was used for the 0% group. Next, the bone was
segmented from the images using a lower and upper threshold of 515 and 838 mgHA/cm3

respectively, while the BAG was segmented using a lower threshold of 838 mgHA/cm3. In
addition, an interface layer around the BAG granules was created, to correct for sliding and
contact phenomena at the BAG granules - bone interface that was otherwise not modeled
in this continuum model approach. If ignored, this would lead to a much sti�er implant
than it in reality would be. To create the interface layer, the segmented BAG granules were
eroded by one voxel, followed by a two-voxel dilatation. The interface layer around the
BAG granules was then created by subtraction of the eroded image from the dilated image.
The �nal model thus identi�ed three phases: bone, BAG and BAG-interface, with the latter
overruling the bone or BAG phase.
The segmented bone, BAG and interface voxels were converted to linear elastic brick
elements. Material properties of BAG were based on literature (Thompson and Hench,
1998). Material properties of bone morsels and the BAG interface layer were determined by
�tting FE-results to experimental measurements. To obtain the material properties for the
bone morsels, the samples in the 0% BAG group were used. In this group, no interface layer
is needed, as no BAG is incorporated. The Young’s modulus of bone was tuned to make
the predicted aggregate modulus equal to that measured in the experimental con�ned
compression tests (Hulsen et al., 2016). Once the material properties for the bone morsels
were determined, the 25, 50, 75 and 100 vol% BAG samples were used to determine the
material properties for the interface layer. With this approach, material properties of the
interface layer are determined by iteratively �nding the modulus that best predicts the
experimental con�ned compression modulus for all tested combinations of BAG and bone
morsels. Pairwise-comparison (Wilcoxon signed rank) between the experimental and model
derived e�ective moduli was used to evaluate the goodness of the material parameters for
the interface layer.

3.2.2.1 Investigation of BAG-mixture and bone load sharing in the distal tibia

To investigate the load sharing in a more realistic clinical case, HR-pQCT images of eight
healthy subjects were used. These patients volunteered in a prospective osteoporotic
fracture prediction study. These images were obtained at the VieCurie hospital in Venlo
with a HR-pQCT system with an isotropic voxel size of 60.7 µm (XtremeCT II, SCANCO
Medical AG). The scanning region comprised the default 10.2 mm region located near the
distal end of the tibia (Manske et al., 2015). The bone was segmented from these images
by applying a �xed lower threshold of 387 mgHA/cm3. The segmented voxels were then
converted into linear elastic brick elements, with a prescribed Young’s Modulus of 6826
MPa and a Poisson ratio of 0.3 (Burt et al., 2014; MacNeil and Boyd, 2008). A ‘high friction’
compression experiment was used to determine the sti�ness of the segmented tibia. In
the same tibia, a large defect with cortical window was simulated by virtually removing a
part of the cortical and part of the trabecular bone from the region of interest prior to the
segmentation (a cortical window of approximately W25L10 was simulated). The same high
friction compression (FE) was applied to determine the sti�ness of the new situation. A
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third condition was added by virtually implanting a graft material. The previously described
models of the 50 and 100 vol% BAG samples were used (referred to as bone/BAG and BAG
respectively). For this, the µFE models obtained from the con�ned compression experiment
described earlier were scaled to 60.7 µm brick elements, and then used to �ll the defect
created earlier (Figure 3.2). This grafted condition was then again subjected to the high
friction compression (FE) to determine the sti�ness in of the entire bone model. In addition,
it was evaluated how the load was divided over the di�erent materials. To determine the
way the load was shared over the di�erent materials.

Figure 3.2: The four conditions of the tibia model viewed from the side and the bottom of the
scanned part of the tibia.

3.2.3 Statistical analysis

The open source software R (version, 3.4.2, packages: Rcmdr) was used to perform all
statistics (Fox, 2005, 2017; Fox and Bouchet-Valat, 2019). Signi�cance was considered for a
p-value < 0.05. The e�ects of cortical defect size and geometry on bone sti�ness was
determined by a pair-wise Welch test; because of the assumptions of heteroscedasticity
(Levene’s test p-value = 0.003308), and a normal distribution (Shapiro-Wilk p-value =
0.09482). The statistical di�erences for the reduction in failure moment were determined
by a pairwise ANOVA, because here homoscedasticity (Levene’s test p-value = 0.5285)
and a normal distribution (Shapiro-Wilk p-value = 0.2581) could both be assumed. For both
the sti�ness and the failure moment post-hoc analysis was performed with a correction
for multiple testing (Tukey). To investigate the sti�ness of the BAG-mixture and bone load
sharing in the distal tibia a pairwise compared ANOVA was performed, as homoscedasticity
and a normal distribution were assumed (Shapiro-Wilk and Levene’s tests p-values » >
0.05). The goodness of �t of the material properties for bone morsels and the interface
layer was determined via a Wilcoxon signed rank test between the experimentally and
computationally derived e�ective moduli. A non-parametric approach was used as the
Shapiro-Wilk tests for both groups (experimental and model moduli) resulted in a p-value
< 0.05 (0.049 and 0.048, respectively). In addition, linear regression was applied on the
experimental moduli plotted against the model derived ones.
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3.3 Results

3.3.1 E�ects of cortical defect size and geometry on bone sti�ness,
stress distribution, and failure moment

3.3.1.1 Bone sti�ness

The bending sti�ness was decreased by 13% in sheep radii when a cortical defect (W50L18)
was created (Figure 3.3). This sti�ness decrease was overestimated by the µFE model, where
an average decease of 23% was predicted (Figure 3.4). The bending sti�ness predicted for
the intact case did not signi�cantly di�er from the experimental derived bending sti�ness.
In the µFE models, the bending sti�ness of bones was signi�cantly decreased after a
defect was created, except for the case with the smallest defect (W40L11) (Figure 3.4 and
Table 3.2). Increasing the width of the gap by more than 20% led to a signi�cant reduction
in sti�ness. Increasing the length while keeping the width constant, however, did not
signi�cantly decrease the sti�ness. The average bone sti�ness that was maintained after
the di�erently sized cortical windows were created are speci�ed in Table 3.3. Increasing
the width of the defect with 10% led to a decrease in bending sti�ness of approximately
7%. This reduction is similar to the reduction in sti�ness observed for a defect that
was doubled in length, as increasing it from 18.5 mm to 37 mm showed a reduction of
approximately 8% of the total bone bending sti�ness (Table 3). In the most severe cases
(W80L11 and W100L11) the sti�ness is reduced to 59.8 ± 9.4% and 54.0 ± 10.4% of the
initial sti�ness, respectively. In the case with the longest defect (W50L37), the sti�ness
was reduced to 68.8 ± 6.9% of the initial sti�ness.

Figure 3.3: The bending sti�ness goes down when a cortical window was created in the center of a
sheep radius diaphysis, determined with a four point bending test.
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Figure 3.4: A Varying the cortical defect size does signi�cantly change the maximum bending
sti�ness, before failure. The bending sti�ness seems to be more a�ected by a change in width than
by a change in height. P-values obtained by post hoc analysis are reported in Table 3.2.

Table 3.2: Pairwise comparison (Welch’s test) of the bending sti�ness of bones with varying cortical
defects leads to many statistical di�erences: the p-value is underlined with a single line if < 0.05
and with a double line if < 0.001.

Intact
W40
L11

W60
L11

W80
L11

W100
L11

W50
L11

W50
L18

W50
L37

In-
tact

x

W40
L11

0.23368 x

W60
L11

<0.001 0.05865 x

W80
L11

<0.001 <0.001 0.06319 x

W100
L11

<0.001 <0.001 0.00160 0.92728 x

W50
L11

0.00398 0.79351 0.78240 <0.001 <0.001 x

W50
L18

<0.001 0.22967 0.99873 0.01159 <0.001 0.98115 x

W50
L37

<0.001 0.00232 0.96104 0.51423 0.04416 0.16915 0.70436 x
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Table 3.3: The reduced bone bending sti�ness due to the cortical window geometries.

Defect
Maintained part of initial
bending sti�ness [%]

W40L11 88.3 ± 3.1
W60L11 74.0 ± 5.6
W80L11 59.8 ± 9.4
W100L11 54.0 ± 10.4
W50L11 81.3 ± 5.0
W50L18 76.8 ± 5.9
W50L37 68.8 ± 6.9

3.3.1.2 Stress distribution

The von Mises stress distribution (Figure 3.5) revealed severe unloading of the bone at
the anterior side where the cortical window is created with increasing width, explaining
the reduced sti�ness. For the models with an increased window length this e�ect is less
severe.

Figure 3.5: The von Mises stress distribution for virtually created cortical defects with varying sizes,
for one of the bone samples. With an increasing width of the defect, the high stresses are more
concentrated in the corners of the defects. Defects 3 and 4 show low stresses below the defect and
high stresses in small areas, whereas the narrow defects show a better distribution of the higher
stresses.
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3.3.1.3 Failure moment

Failure moments were estimated for all virtually created defects and compared to the
corresponding intact bone (Figure 3.6). For the smallest tested defect (W40L11) a reduction
in failure moment of 20 ± 7 % was observed. Doubling this width while keeping the length
constant (W80L11) resulted in a signi�cantly di�erent reduction of 45 ± 11 %. For the
widest tested defect (W100L11), a reduction of 50 ± 13 % of the initial failure moment was
observed. This was signi�cantly di�erent from reduction observed for the longest defect
(W50L37) tested, which was 36 ± 9 %. This was on the contrary, not signi�cantly di�erent
compared to the situation with the defect that was half this length (W50L18), which showed
a reduction of 30 ± 9 %.

Figure 3.6: The reduced failure moment due to the defect geometry. The reduction in failure is
de�ned as 1 minus the fration of the defect failure moment estimate over the intact failure moment.
A pairwise ANOVA (with Tukey correction) showed signi�cant di�erences between the reduction,
a * indicates a di�erence with W100L11, the # indicates a signi�cant di�erence with W80L11 and
‡indicates a di�erence with W50L37. Triple signs indicate a p-value < 0.001, double signs a p-value <
0.01 and single signs a p-value < 0.05.

3.3.2 Determination of material properties of BAG/bone mixtures

The �tting of the aggregate moduli for the 0% BAG group resulted in a bone morsel
Young’s modulus of 2.5 GPa (Table 3.4). For the interface layer, best agreement between
calculated and measured aggregate moduli was found for a Young’s modulus of 25 MPa.
The pairwise comparison between the experimentally derived and model derived e�ective
moduli resulted in a p-value of 0.77. The R2 obtained with regression was 0.678. The
material model that was deviating most, was 75% bone/BAG group.

Table 3.4: Prescribed material properties for each phase in the FE model.

Phase Young’s Modulus [MPa] Poisson ratio [-]
Bone 2.5 × 103 0.3
BAG 35 × 103 0.3

Interface 25 0.3
Tibia bone 6826 0.3
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3.3.3 Investigation of BAG-mixture and bone load sharing in the distal
tibia

As expected, the sti�ness decreases when the defect is created and increases again when
grafted with BAG or a mixture of 50% bone morsels and 50% BAG (bone/BAG) (Figure 3.7).
None of the changes, however, reached the level of signi�cance, and no speci�c di�erences
between the two graft materials were observed. Some small di�erences are observed in
the load division over the di�erent materials (tibia bone, BAG and bone morsels) at the
distal and proximal side of the tibia. When the defect was grafted with BAG, distally, 25.8
± 3.7 % of the load was carried by the BAG and 73.0 ± 3.9 % by the tibia bone. Proximally,
this was 22.6 ± 3.8 % and 75.3 ± 3.9 % respectively. When the defect was grafted with
the bone/BAG mixture, the BAG carried 28.5 ± 5.6 %, the tibia bone 64.9 ± 4.5 % and the
bone morsels 9.7 ± 1.8 % of the load at the distal site. Proximally, the BAG granules carried
32.1 ± 6.0 %, the tibia bone carried 63.3 ± 8.1 % and the bone morsels carried 6.3 ± 0.8 %
of the total applied load in compression. In both implantation groups, the load carried by
the interface layer was < 0.5 % (distally: 0.38 ± 0.08 % and 0.34 ± 0.04 % and proximally:
0.47 ± 0.1 % and 0.17 ± 0.03 % for BAG and bone/BAG respectively).

Figure 3.7: The sti�ness related to the condition in the µFEA tibia model; the sti�ness decreases
when the defect was created in all cases, it generally increased again with grafting (both for BAG and
bone/BAG). The di�erences were not statistically signi�cant.

3.4 Discussion

In the treatment of chronic osteomyelitis, a large defect with a cortical window needs to
be created. In many cases, the osteomyelitis is located in a load-bearing site, of which the
mechanical stability will be reduced by the creation of such a large defect with cortical
window (Calhoun et al., 2009; Lindfors et al., 2016). Therefore the �rst objective of this
study was to assess how the size of the cortical window in�uences the bending sti�ness
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and stress distribution in a load-bearing bone. The results of a computational model
show that the size of the cortical window does signi�cantly in�uence the bending sti�ness
of the bone. With an increasing width of the defect the bending sti�ness signi�cantly
decreases (Figure 3.4 and Table 3.2). As expected from beam theory, this e�ect is less
substantial, and not statistically signi�cant, for an increase in length of the defect. The
two widest simulated cortical windows (W80L11 and W100L11) resulted in average bending
sti�nesses that were only 59% and 53% of the initial bending sti�ness. While the average
bone bending sti�ness calculated for the longest defect (W50L37) was still 68% of the
initial bending sti�ness. The bending sti�ness determined with the FE model, were similar
to the results obtained with the four-point bending tests (intact bones).
Besides the bending sti�ness, the failure moment was estimated for the intact bones and
all defect cases. This moment was estimated with making use of the Pistoia criterion, which
is a method that has not been validated for this loading mode. Although the accuracy of
this criterion thus is not known, it is expected to provide reasonable strength comparisons
between cases as investigated here. The obtained failure moment estimates con�rmed
the observed e�ects in sti�ness, as an increase in width substantially reduces the failure
moment more than an increase in the length of a defect. When the width of the defect
would be doubled while the length was not changed (e.g. W40L11 to W80L11) an addition
25% decrease in failure moment was observed. When the length was doubled with a �xed
width (W50L18 to W50L37) only an additional 6% decrease in failure moment was observed.
The knowledge gained with these FE analyses on bending sti�ness and failure moment is
clinically relevant, not only in the treatment of osteomyelitis, but in any situation where a
(large defect with) cortical window needs to be created in a load-bearing bone (e.g. in bone
tumor removal).
The second objective of the current study was to investigate if the sti�ness of BAG/bone
mixtures can be estimated from µFE models based on µCT images. Material models were
determined for BAG, bone morsels and an interface, such that the e�ective modulus
determined with simulated compression results corresponded to the experimentally ob-
tained moduli (Hulsen et al., 2016). The material models were validated well and the 75%
bone/BAG group that deviated most in the regression �t, was not used in the further
models. The �nal objective was to investigate to what extent these implant mixtures may
carry load in a more realistic situation. Therefore the mixtures scanned in the earlier
experiment were virtually implanted in human tibiae to evaluate the e�ect on the sti�ness
and load-transfer in the bones. As the resolution of the scans of the earlier experiment
was higher than that of the human scans, the mixture models voxels were upscaled in size.
Although this scaling will increase the size of the grains, morsels and interface layer, it
will not a�ect the (homogenized) modulus of the mixture itself. Although not statistically
signi�cant, our patient speci�c predictions suggest that the sti�ness lost after creating
the cortical window can be restored by the implantation of a mixture of bone morsels and
BAG granules or by BAG granules alone. In both simulated implantation groups, the BAG
granules carried a substantial amount (around 25%) of the total applied load. This way it is
able to support the defect tibia bone in a load-bearing application. It was also observed
that the addition of bone morsels carried an additional part of the load in the bone/BAG
case, which lead to an even more decreased load carried by the tibia bone. The virtual
creation of the cortical window and the virtual implantation of both the BAG and bone/BAG
in these models was performed manually. It should be noted, though, that in this modeled
case is an idealized case, that maximizes load transfer through the implanted material due
to the con�ned conditions at the proximal and distal end and the prescribed displacement
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boundary conditions applied. The numbers found here thus should be considered a best
case scenario.
The sti�ness restoration observed in this study is only valid initially after implantation of
the BAG. The interface layer was only modeled, tuned and validated against experimental
results in the case of loose granules. It is generally accepted that BAG will bond to bone,
which will change the mechanical properties of the total bone over time (Hench, 2006;
Jones, 2015). To evaluate to what extent the mechanical properties are a�ected over time,
it would be needed to monitor bone the sti�ness of bone with BAG mixtures during bone
ingrowth. Obviously, this would be possible only in an animal experiment.
In conclusion, bone grafts/BAG mixtures potentially can unload the cortical bone that is
weakened by a large defect directly after the operation by up to approximately 25%, but
only in case of optimal load transfer through the mixture.
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Abstract

To improve the handling properties of S53P4 bioactive glass granules for clinical
applications, bioactive glass putty formulations were developed. These formulations
contain both granules and a synthetic binder to form an injectable material that is
easy to shape. To explore its applicability in load-bearing bone defect grafting, the
relation between the putty composition and its mechanical behavior was assessed
in this study. Five putty formulations with variations in synthetic binder and granule
content were mechanically tested in con�ned compression. The results showed that
the impaction strains signi�cantly decreased and the residual strains signi�cantly
increased with an increasing binder content. The sti�ness of all tested formulations
was found to be in the same range as the reported sti�ness of cancellous bone.
The measured creep strains were low and no signi�cant di�erences between
formulations were observed. The sti�ness signi�cantly increased when the samples
were subjected to a second loading stage. The residual strains calculated from
this second loading stage were also signi�cantly di�erent from the �rst loading
stage, showing an increasing di�erence with an increasing binder content. Since
residual strains are detrimental for graft layer stability in load-bearing defects,
putty compositions with a low binder content would be most bene�cial for con�ned,
load-bearing bone defect grafting.

Graphical abstract.
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4.1 Introduction

Large bone defects can arise from trauma, infection, bone tumor removal or other clinical
related causes. These defects typically require grafting treatments in order to heal.
Such treatments are common and have a high success rate and therefore bone graft
transplantation is the second most frequent tissue transplantation worldwide (Campana
et al., 2014). In the case of an infection of the bone and bone marrow, osteomyelitis, not
only grafting of the defect is required, but also the eradication of the infection (Calhoun
et al., 2009; Sanders and Mau�rey, 2013).
Currently, a two-stage surgery treatment is provided to osteomyelitis patients. First, the
infected bone is debrided and local and systemic antibiotics are administered. Second, a
subsequent surgery is needed to remove the local antibiotics and reconstruct the bone
defect with a bone graft or a bone graft substitute material (Walenkamp et al., 1998;
Sanders and Mau�rey, 2013; Chadayammuri et al., 2015). The gold standard material for
bone reconstructions is autologous bone. Drawbacks of autologous bone; however, are the
donor site morbidity and the quantity and quality of the available donor bone. Several
(synthetic) bone graft substitute materials have been proposed, each containing its own
speci�c advantages and disadvantages (Campana et al., 2014; Polo-Corrales et al., 2014;
Oryan et al., 2014).
One of these substitute materials is S53P4 bioactive glass in granular form, which is gaining
support by surgeons because of the possibility to treat the infection and graft the bone in
a single operation (Vugt et al., 2016; Aurégan and Bégué, 2015; van Gestel et al., 2015; Baino
et al., 2016). Bioactive glass granules have both bone bonding and antimicrobial properties,
arising from surface reactions when the granules get in contact with body �uids (Hench,
2006; Andersson et al., 1990; Drago et al., 2013; Munukka et al., 2008; Leppäranta et al.,
2008; Zhang et al., 2010; Waselau et al., 2012; Välimäki and Aro, 2006; Aitasalo et al., 2001).
At �rst contact with body �uid, ions will be released that locally increase the pH and osmotic
pressure, which has been related to the antibacterial properties (Munukka et al., 2008;
Leppäranta et al., 2008; Stoor et al., 1998). In addition, the ion release causes the formation
of a silica layer at the surface of the glass granules that will induce calcium phosphate
precipitation, which will eventually crystallize into natural hydroxyapatite that provides
bone bonding possibilities (Jones, 2013). Osteomyelitis commonly occurs in long bones and
therefore not only the antibacterial and bone bonding properties are of importance, but
also the load-bearing capacity of the material, especially if the treated defect is located in
the lower extremities. From earlier studies, it is known that bioactive glass granules can
withstand considerable compressive loading in con�ned conditions, while the bioactive
glass graft layer can be similar to that of cancellous bone (Hulsen et al., 2016).
A drawback of applying loose S53P4 bioactive glass granules is their suboptimal handling
properties (Peltola et al., 2008). For this reason S53P4 bioactive glass putty formulations
have been developed, which contain bioactive glass granules of two di�erent sizes that are
carried by a synthetic binder, consisting of polyethylene glycol (PEG) and glycerol. These
putty formulations provide a composite material that is both formable and injectable. While
the composition of the bioactive glass granules in the putty was not changed, the mixture
of di�erent granule sizes and the addition of the binder could considerably change the
mechanical properties of the graft layer compared to those measured for the granules
alone (Hulsen et al., 2016; Iviglia et al., 2016). The aim of this study was therefore to
determine the composition dependent impaction, creep, and residual strains and aggregate
modulus in con�ned compression. These parameters could provide knowledge of the graft
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material for the possible application in load-bearing bone defect grafting, in which graft
layer stability is highly important. Dynamic con�ned compression tests were performed
similar to those used in earlier studies on bone graft substitute materials (Walschot et al.,
2010; Hulsen et al., 2016). To study the relation between the formulation of the putty and
the mechanical properties, the composition of the putty was varied in synthetic binder
and glass granule content.

4.2 Materials and Methods

4.2.1 Sample preparation

Five di�erent formulations of Bonalive® putty (obtained from Bonalive Biomaterials Ltd.,
Turku, Finland) with increasing synthetic binder contents, were tested in con�ned compres-
sion tests to determine the relation between the mechanical behavior of the putty and
its composition (n = 5 for all groups). These putty formulations consisted of a synthetic
binder, S53P4 bioactive glass granules (2–3.015 mm; Figure 4.1), and S53P4 powder (0.5–0.8
mm) in di�erent mixtures (Figure 4.2).The binder consisted of PEG 400 (20 wt%), PEG 1500
(40 wt%), PEG 3000 (15 wt%) and glycerol (25 wt%) and the bioactive glass had the speci�c
composition of 23.0 wt% Na2O; 20.0 wt% CaO; 4.0 wt% P2O5 and 53.0 wt% SiO2.

Figure 4.1: A scanning electron microscopy image of a S53P4 bioactive glass granule.

Before con�ned compression tests were performed, the samples were impacted using a
custom-made impaction device, to obtain clinically relevant impaction strains, as previously
described (Walschot et al., 2010; Hulsen et al., 2016). The height of each sample was
measured prior to impaction, represented as hinit, and after impaction, represented as h0.
The impactability of the sample was de�ned as:

Impactability=−εimp •100% =−100%• ln

(
h0

hinit

)
(4.1)
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4.2.2 Con�ned Compression Tests

After impaction all samples were subjected to dynamic con�ned compression tests using a
biomaterials testing system (858 Mini Bionix®, MTS Systems Corporation, Eden Prairie, MN,
USA). The loading regime consisted of two dynamic loading phases and two resting phases
and was based on the loading regime as previously described (Walschot et al., 2010; Hulsen
et al., 2016). Brie�y, during the dynamic loading phases the samples were subjected to
900 sinusoidal loading cycles (40–850 N at 1 Hz) followed by 300 s of rest (unloaded). The
second loading phase was identical and executed directly after the �rst resting phase. A
schematic representation of the loading regime is shown in Figure 4.3.

Figure 4.2: The contents of the �ve tested putty formulations. The synthetic binder content
increased as the amount of bioactive glass granules content decreased, such that putty A contained
the lowest and putty E contained the highest synthetic binder content.

The displacement and force were recorded and the height of the sample at di�erent stages
of the experiment was calculated. Based on these heights, three true strain measures were
calculated. First, the residual strain εresidual, which was de�ned as the logarithmic strain
calculated from the di�erence in sample height measured after the end of the resting
phase (hunload) and after impaction (h0):

εresidual = ln

(
hunload
h0

)
(4.2)

Second, the creep strain was de�ned as the logarithmic strain calculated from the height
decrease during loading that was restored after the corresponding unloading phase:

εcreep = ln

(
hmin

hunload

)
(4.3)
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Third, the cyclic elastic strain was calculated as the average strain in the last 50 loading cycles
(Equation (4.4)). Together with the stress di�erence in one loading cycle (Equation (4.5)) the
cyclic strain was used to calculate the aggregate modulus (H, Equation (4.6)), as a measure
for the sti�ness of the material:

εelastic = ln

(
hmax

hmin

)
(4.4)

σelastic =
∆Fcyc
Asample

(4.5)

H= σelastic

εelastic
(4.6)

Figure 4.3: Schematic illustration of the two-stage loading regime used for con�ned compression
tests. The regime contained two dynamic loading phases of 900 cycles and two resting phases of
300 s each. The �rst resting phase is directly followed by the second dynamic loading phase.

4.2.3 Micro computed tomography analysis

To gain insight into the content distribution and possible damage in the granules after
con�ned compression of the �ve formulations, micro computed tomography (µCT) images
were obtained at the end of the experiment (µCT80, SCANCO Medical AG, Brüttisellen,
Switzerland). The parameters used for scanning involved an isotropic voxel size of 36 µm;
an energy of 70 kVp; a current of 114 µA; and an integration time of 300 ms. Based on
the histograms of the attenuation coe�cients, thresholds were de�ned to segment the
glass and the binder from the images. The threshold range for bioactive glass granules was
set to 808–3015 mgHA/cm3, for the binder a threshold of 288–807 mgHA/cm3 was used
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and the remaining voxels (in range of 0–287 mgHA/cm3) were assumed to be air-voids. In
addition, the segmented bioactive glass granules were analyzed to investigate the amount
of granules that are in direct contact with each other, using a component labeling algorithm.
Finally, the size of the granules was determined using a distance transform algorithm to
investigate if any granule fractures after impacting and con�ned compression occurred. All
analysis were performed using IPLFE v02.01 (Scanco Medical AG, Brüttisellen, Switzerland).

4.2.4 Statistical Analysis

Statistical analysis was performed with SPSS® (IBM© SPSS® Statistics Version 22, SPSS Inc.
Chicago, USA). Levene’s test was used to test the homogeneity of variances and a Shapiro-
Wilk test of the studentized residuals was used to evaluate the assumption of normality.
For comparison of the composition dependent parameters, ANOVA followed by Tukey’s
post hoc test was performed if homogeneous variances and a normal distribution could be
assumed for the analyzed parameter. If no normality could be assumed a Kruskal-Wallis
test was performed, and if normality could be assumed with unequal variances the Welch’s
test with a Tamhane’s T2 post hoc test was executed.
To test the di�erence between the two loading stages, a pair-wise comparison was per-
formed. For this analysis either a paired t-test or a nonparametric related samples test
was performed, depending on the assumption of normality (determined by Shapiro-Wilk
analysis). In all tests, signi�cance was assumed for a p-value < 0.05.

4.3 Results

The results (mean ± standard deviation) per loading and resting stage are shown in Table 4.1
and Table 4.2. Signi�cant di�erences between the two loading stages are represented by
asterisks in Table 4.2, which show that especially the aggregate modulus and the residual
strains are signi�cantly di�erent in the second loading stage, compared to the �rst. The
results with signi�cant di�erences between the �ve putty formulations for loading stage
1 are shown in Figure 4.4. Signi�cant di�erences between the putty formulations are
observed for the impactability and for the residual strains. The putty samples with a lower
binder content (putty B) shows a signi�cantly higher impactability and signi�cantly lower
residual strain than the putty samples that contained a higher binder content (putty E).
This high amount of binder containing formulation has statistically higher residual strains
than all other formulations, which contain less binder. In the boxplots the samples that
exceed 1.5 times the interquartile ranges are indicated, but these are not assumed to be
outliers. The residual strain of one sample (of putty E) was indicated as an outlier, as the
height measurement of the biomaterials testing system failed and therefore h0 could not
be determined from the data. Since the other parameters were not in�uenced by h0 they
were yet analyzed.
µCT data analysis show that the average air-void content detected in the putty samples
never exceeded 15%. The component labeling results demonstrate that over 98% of the
granules make contact after mechanical loading. The amount of granules that were labeled
as being in contact slightly decreased with an increasing binder content, being 99.7 ±
0.09% of the granules in putty A and 98.6 ± 0.16% of the granules in putty E. The distance
transform distributions (Figure 4.5) show a slight decrease in measured granule size with
decreasing synthetic binder content; although, no signi�cant di�erence was found for the
mean granular size.
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Table 4.1: Results calculated from loading stage 1, represented as mean ± standard deviation.

Putty Impactability % H [MPa] εcreep [-] εresidual [-]
A 27.0 ± 4.6 181.1 ± 35.8 -0.013 ± 0.004 -0.012 ± 0.004
B 29.8 ± 4.5 215.7 ± 19.7 -0.010 ± 0.003 -0.020 ± 0.007
C 24.4 ± 2.1 229.5 ± 35.7 -0.009 ± 0.001 -0.031 ± 0.008
D 21.6 ± 12.2 239.8 ± 40.2 -0.012 ± 0.010 -0.071 ± 0.024
E 15.8 ± 2.1 224.2 ± 24.7 -0.016 ± 0.006 -0.329 ± 0.487

Table 4.2: Results calculated from loading stage 2, represented as mean ± standard deviation.
Signi�cant di�erences compared to loading stage 1 are labeled with * (p<0.05).

Putty H [MPa] εcreep [-] εresidual [-]
A 184.6 ± 37.7 * -0.012 ± 0.004 -0.014 ± 0.004 *
B 220.7 ± 21.1 * -0.009 ± 0.003 * -0.022 ± 0.008 *
C 239.0 ± 38.9 * -0.008 ± 0.001 -0.035 ± 0.009 *
D 249.5 ± 39.2 * -0.009 ± 0.001 * -0.078 ± 0.025 *
E 236.3 ± 23.9 * -0.014 ± 0.005 * -0.339 ± 0.120 *

Figure 4.5: Distance transform results, represented as mean ± standard deviation, for the two
putty’s containing the lowest and highest synthetic binder content.
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Figure 4.4: The results of the con�ned compression tests for the �ve di�erent putty formulations
calculated from loading stage 1 represented in boxplots. Figure (a) shows the impactability per
formulation, (b) the aggregate moduli, Figure (c) shows the creep strains and (d) the residual strains.
The asterisk above the beams indicate a p-value < 0.05 between the two indicated formulations. Note
that the small circles and stars indicate the values that are out and far out of the 1.5 × interquartile
range as indicated by SPSS®, but they do not denote outliers. The letters A, B, C, D and E on the
x-axes refer to the putty formulations as shown in Figure 4.2.

4.4 Discussion

Bioactive glass granules have gained interest from clinicians because of their antibacterial
and bone bonding properties. The granules are able to withstand high compressive forces
(Hulsen et al., 2016), but they do not possess appropriate handling properties. To overcome
this practical issue, bioactive glass putty formulations have been developed. This study
aimed to investigate whether this newly-developed composite material is also able to
withstand high compressive loads, which may enable the application of the material in
load-bearing bone grafting. Therefore, con�ned compression tests were performed on �ve
di�erent formulations of the putty, which allows determination of the relation between
mechanical behavior and the putty composition.
Whereas other injectable formulations have been developed based on bioceramics such as
calcium phosphate or hydroxyapatite that may potentially also withstand high compressive
forces, these lack the antibacterial properties of bioactive glass (Iviglia et al., 2016). For the
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present putty, these antibacterial properties still need to be con�rmed. However, since
PEG and glycerol are water soluble, the binder is expected to dissolve in a physiological
environment. To the author’s knowledge, there is only one paper mentioning the dissolving
time of a similar binder in a similar putty. Wang et al. (2011) report a degradation time
of 48–78 h for a putty containing 45S5 bioactive glass with a binder containing PEG and
glycerol (Wang et al., 2011). This indicates a fast dissolution rate, hence, exposure of the
bioactive glass surface with its antibacterial properties. For this reason, the putty might
be of particular interest in infected load-bearing applications, such as management of
prosthetic joint infections (Arts and Geurts, 2017).
The largest signi�cant di�erences between the compositions, were found in residual strains.
With an increasing synthetic binder content the residual strain increased signi�cantly. The
putty that contained the highest binder content showed similar residual strains as observed
for bone morsels by Hulsen et al. (2016) (Hulsen et al., 2016). These strains were calculated
from deformations that are indicated to be irreversible, since the material did not restore
that height decrease during the unloading phase of the con�ned compression test. The
permanent deformations measured in this study are most likely due to binder loss, as it
was observed that the binder was pressed out of its con�ned environment. The binder
composed of PEG and glycerol has a viscous nature and was found in and around the
brass �lter, which was placed on top of the samples in the test setup. For samples that
contained a higher binder content more expelled binder was found, which explains the
higher residual strains in these groups. It is likely that the residual strains originate from
the binder and not from the granules, as the granules themselves showed low residual
strains in a previous study (Hulsen et al., 2016). The residual strains observed after the �rst
stage, are likely to be responsible for the signi�cant di�erences in sti�ness and residual
strains observed in the second loading stage. Since the residual strains indicate permanent
deformations, these strains will a�ect graft layer stability when used in load-bearing defects
and therefore should kept as low as possible. Although, this will lead to less convenient
handling properties.
Also creep strains will a�ect graft layer stability in load-bearing applications. The creep
strains for the di�erent putty formulations were found to be relatively low compared to
bone morsels, but higher than the creep strains reported for loose bioactive glass granules
(Hulsen et al., 2016). In terms of creep behavior, this indicates that the putty, independent
of its formulation, might be mechanically more suitable in load-bearing applications than
morselized bone from autografts or allografts. No signi�cant di�erences were observed
between the di�erent putty formulations.
Since it is often the cancellous bone that is replaced by the bioactive glass, the sti�ness
of the construct should be representative for cancellous bone. The sti�ness of cancellous
bone is reported to be in range of 100–500 MPa (Ratner et al., 2012). The observed
sti�ness in our study, represented as the aggregate modulus, was in this range for all putty
formulations and based on this parameter they can be considered appropriate as bone
graft substitutes. This sti�ness is lower than the sti�ness reported for bioactive glass
granules that have a sti�ness of 653 MPa (Hulsen et al., 2016; Ratner et al., 2012). The
latter is slightly higher than the range in sti�ness reported for cancellous bone, which may
lead to stress shielding (Huiskes et al., 1992).
Impactability, which is related to the impaction strains is low compared to other reported
materials (Hulsen et al., 2016; Walschot et al., 2010; Verdonschot et al., 2001). According
to Kerboull et al. (2009), the impaction is important in order to reduce the graft layer
strains (Kerboull et al., 2009). Both Walschot et al. (2010) and Hulsen et al. (2016) measured
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the impaction strain for bone morsels, but although the described methods seem similar,
there is a large di�erence in reported values between the two studies (0.46 ± 0.01 vs.
0.92 ± 0.06, respectively) (Hulsen et al., 2016; Walschot et al., 2010). The impaction strains
observed for the �ve putty formulations were lower than these reported values.
µCT analysis showed an air-void content of maximal 15%. This indicates that the binder
�lled most of the space between the granules, after impaction and mechanical testing.
Component labeling showed that most of the voxels that were segmented as bioactive
glass granule belonged to one component, which indicates that all granules were in contact
with one another, and that the binder thus is located only in the voids between granules.
Due to the limited resolution of the µCT images (36 µm), it is possible that binder layers
between granules that are less than 36 µm were not detected, in which case contact
regions would be overestimated. However, such a thin layer would not a�ect the sti�ness
of the sample much and merely act as a lubricant. Distance transform analysis of the µCT
images showed a slightly lower granule size distribution for samples with a low synthetic
binder content compared to samples with a high binder content. This suggests that some
of the granules in the samples with low binder content were damaged during impaction
or testing. Unfortunately no images were obtained before testing, but since the putty
formulations were fabricated according to the contents that are visualized in Figure 4.2 and
since the granules in the �ve formulations all originated from the same granule batches
(two sizes) it seems unlikely that initial di�erences in size between the groups could explain
these results.
Some limitations of the present study should be discussed as well. First, the material
properties were measured only for con�ned compression conditions, in which case no
shear deformations are applied. For granular materials, the resistance to shear loading
typically is very low, thus limiting the results presented here to the con�ned compression
case. However, in clinical practice bioactive glass putty formulations will be used in a more
or less con�ned environment. In the treatment of osteomyelitis in peripheral bones, a
cortical window is created in order to be able to debride and graft the defect, the remaining
cortical bone will then ensure a more or less con�ned environment. If con�nement during
impaction grafting cannot be realized the load-bearing properties of the putty will likely be
very low.
Second, the material properties found are dependent on the number of loading stages.
Signi�cant di�erences in aggregate moduli and residual strains were found between the
two stages. The residual strains in the �rst loading phase that resulted from a permanent
decrease in height, ensured a slight, but signi�cant, increased sti�ness in the second
loading phase. This can be explained by the loss in binder, since bioactive glass granules
alone were found to be even sti�er (Hulsen et al., 2016). Although signi�cant, di�erences in
material properties measured for the �rst and second stage were small, e.g. the di�erence
in aggregate modulus was less than 5.5%. Applying more loading stages could further
change the properties, but di�erences are expected to be even smaller then. Unfortunately,
the direct translation of the loading stages to the in vivo situation is not possible since the
loading regime of the material in an in vitro environment will be di�erent than the in vivo
situation (Dalstra and Huiskes, 1995).
Third, the results are valid only for the direct post-operative situation. As mentioned
above, the binder is expected to dissolve in a physiological environment quite quickly. This
fast dissolution rate is likely to a�ect the mechanical behavior of the material over time,
therefore degradation characteristics should be studied in the future.
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4.5 Conclusion

The direct post-operative mechanical behavior of bioactive glass putty formulation is
related to its composition. A higher synthetic binder content is related to increased residual
strains and decreased impactability, but compared to bone morsels (as gold standard), the
mechanical behavior of bioactive glass putty formulations is at least as bene�cial for the
application in load-bearing defects, in particular for formulations with lower binder content.
Load bearing is strictly limited; however, to well con�ned applications, and it remains
to be investigated to what extent the dissolving of the matrix will a�ect the mechanical
properties over time.
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Abstract

Clinically, S53P4 bioactive glass (BAG) has shown very promising results in bone
infection treatment, but it is also known to degrade very slowly in vivo. To evaluate
which mechanisms (cellular or dissolution) can play a role in the degradation of
S53P4 BAG and S53P4 BAG putty, in vitro degradation experiments at di�erent
pH (7.4 and 4.6) were performed. Micro computed tomography showed a rapid
dissolution of the synthetic binder in the putty formulation, within 12 hours is
simulated body �uid (pH = 7.4), leaving behind only loose granules. Therefore the
degradation of the loose granules was investigated further. Signi�cant weight loss
was observed and ion chromatography showed that Ca2+, Na+ and PO 3–

4 ions
were released from S54P4 BAG granules in the two �uids. It was observed that the
weight loss and ion release were increased when the pH of the �uid was decreased
to 4.6. Osteoclasts are known to create such a low pH when resorbing bone and
therefore their capacity to degrade S53P4 surfaces were studied as well. Scanning
electron microscopy and energy-dispersive X-ray spectroscopy con�rmed that
osteoclasts were able to create resorption pits in the calcium phosphate layer
on S53P4 BAG surfaces. The silica of the BAG, located underneath the calcium
phosphate, seemed to hinder further osteclastic resorption of the material. To our
knowledge we were the �rst to observe actively resorbing osteoclasts on S53P4
bioactive glass surfaces, in vitro. Future research is needed to de�ne the speci�c
role osteoclasts play in the degradation of BAG in vivo.

Graphical abstract.
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5.1 Introduction

Bioactive glass (BAG) granules with the speci�c S53P4 composition have been shown to be
able to treat bone infections (osteomyelitis) with high success rates over 90%, because
of their antibacterial properties (van Gestel et al., 2015; Lindfors et al., 2016; Stoor et al.,
2010; Vos et al., 2017; Geurts et al., 2011, 2016; Lindfors et al., 2010a). Clinical outcome
showed proper infection eradication, but also revealed a very slow in vivo degradation
of the material (van Gestel et al., 2015; Lindfors et al., 2016; Stoor et al., 2010; Vos et al.,
2017; Geurts et al., 2011, 2016; Lindfors et al., 2010a). In several cases, granules were still
observed in large bone defects more than ten years after implantation (Lindfors et al.,
2010b). This slow degradation may hinder the full regeneration of the bone, which also has
been indicated by a long-term follow-up study that showed a thickened cortex in several
patients treated with BAG (Lindfors et al., 2010b). In combination with the presence of
BAG granules, this may lead to an altered load distribution through the adjacent bone
(Lodoso-Torrecilla et al., 2018; Prendergast and Huiskes, 1995). As many of the cases that
may bene�t from treatment with BAG are in load-bearing sites, it might become a problem
if the bone cannot fully regenerate (Lindfors et al., 2016, 2010b; Hulsen et al., 2016; van
Gestel et al., 2017).
It is generally accepted that contact between BAG materials and (body) �uid evokes a
release of ions from the BAG, but little is known about (other) mechanisms that are involved
in the degradation of BAG materials (van Gestel et al., 2015; Detsch and Boccaccini, 2014;
Hupa, 2018; Jones, 2015). Wilson and coworkers (2006) showed that osteoclasts were able
to attach to the S53P4 BAG surface, but did not observe active osteoclastic resorption
of the material (Wilson et al., 2006). Others found inhibition of osteoclastic development
by soluble silica and 45S5 BAG (Mladenovi et al., 2013). On the other hand, it has been
reported that BAG materials can be dissolved and that this dissolution is faster when the
pH of the solution is decreased (Hupa, 2018; Bingel et al., 2015; Björkvik et al., 2016). As
osteoclasts are known to dissolve hydroxyapatite (HA) by decreasing the pH underneath
their ru�ed borders, it is suggested that osteoclasts not only attach, but can also play a
role in the degradation and remodeling of BAG (Detsch and Boccaccini, 2014; Zaidi et al.,
1993).
Earlier studies on the degenerative capacity of osteoclasts on BAG surfaces, did not include
the layer formation cascade upon contact with (body) �uid (van Gestel et al., 2015; Detsch
and Boccaccini, 2014; Hupa, 2018; Jones, 2015). This layer formation is suggested to happen
as follows: the contact of BAG with �uid initiates an ion exchange (Na+, Ca2+, PO 3–

4 , Si4+)
with the surrounding �uid. This gives rise to the antibacterial properties by increasing the
local pH (creating a local alkaline environment) and osmotic pressure (van Gestel et al.,
2015; Munukka et al., 2008; Leppäranta et al., 2008; Zhang et al., 2010; Drago et al., 2014;
Hoppe et al., 2011). The ion exchange also initiates a silica layer formation on the BAG
surface onto which calcium and phosphate then precipitate. This calcium phosphate can
crystalize into natural HA over time, which enables bone bonding (van Gestel et al., 2015;
Hupa, 2018; Jones, 2015; Hench, 2006). This cascade of reactions is instantaneous and the
calcium phosphate layer is developed within hours to days (Hench, 2006).
To improve the handling for a surgeon in an operation theater, an injectable putty formulation
was developed (van Gestel et al., 2017). In this putty, S53P4 BAG granules are contained in
a binder that consists of polyethylene glycol (PEG) and glycerol, thus forming an extra layer
around the BAG. The water soluble binder is thought to dissolve quickly upon contact with
body �uid after which the residual granules will �ll the defect only loosely, depending on
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the amount of binder used (van Gestel et al., 2017). Presently, however; it is not clear to
what extent the binder will remain and if it can a�ect the BAG degradation properties.
This study focuses on the passive (pH dependent) and active (osteoclast activity dependent)
degradation process of S53P4 BAG with binder in vitro. Our hypothesis is that the binder
will dissolve quickly after which degradation of S53P4 BAG is initiated by the release of
ions into �uid, but as soon as a calcium phosphate layer is formed on the BAG surface, the
continuation of the dissolution is prevented and cellular activity is needed to degrade the
material further. As osteoclasts are able to resorb calcium phosphates and HA materials, it
is expected that they are also able to resorb at least the calcium phosphate layer on BAG
surfaces after contact with �uids (Detsch and Boccaccini, 2014).

5.2 Materials and Methods

5.2.1 Longitudinal µCT and image analysis of BAG putty dissolution in SBF

Kokubo’s simulated body �uid (SBF) was used in the dissolution experiments of the putty,
and was created as previously reported (Maçon et al., 2015). Brie�y, 8.035 g/L sodium
chloride (Merck Millipore, Burlington, Massachusetts, USA), 0.355 g/L sodium hydrogen
carbonate (Merck Millipore), 0.225 g/L potassium chloride (Sigma Aldrich, Saint Louis,
Missouri, USA), 0.231 g/L potassium phosphate dibasic trihydrate (Merck Millipore), 0.311
g/L magnesium chloride hexahydrate (Sigma Aldrich), 38 mL 1M hydrochloric acid (Sigma
Aldrich), 0.386 g/L calcium chloride dehydrate (VWR chemicals, Radnor, Pennsylvania, USA),
0.072 g/L sodium sulphate (Sigma Aldrich) and 6.118 g/L Tris (Merck Millipore) was dissolved
in deionized water and the pH was adjusted to 7.4 (Maçon et al., 2015; Kokubo et al., 1990).
BAG putty with 21 wt% synthetic binder consisting of PEG and glycerol (Bonalive® Biomate-
rials Ltd., Turku, Finland), as described in van Gestel et al.(2017), was placed in a bioreactor
designed for longitudinal µCT imaging (n = 5) (van Gestel et al., 2017). This bioreactor
allowed for nondestructive imaging over time without the need for removal the samples
from the bioreactors and without scanning artifacts arising from the bioreactor itself (van
Gestel et al., 2017; Hagenmüller et al., 2007; Hofmann et al., 2007). Imaging was performed
prior to SBF addition (t = -1), directly after �uid addition (t = 0), and three and twelve
hours later (t = 3 and t = 12) with a µCT scanner (µCT80, SCANCO Medical AG, Brüttisellen,
Switzerland). The scan parameters used for µCT imaging were an isotropic voxel size of
36 µm, a voltage of 70 kVp, a tube current of 114 µA, 500 projections per 180°, and an
integration time of 300 ms. All samples were incubated at 37°C with 5% CO2 between
subsequent µCT scans.
The volume loss of the synthetic binder was determined with image analysis software
(IPLFE v02.01, Scanco Medical AG). The binder of the putty was segmented from the µCT
images based on the attenuation coe�cients by using a threshold of 288-808 mgHA/cm3

(de�ned as binder volume, BV). To overcome the partial volume e�ect at the borders of
the glass granules in the putty, a two-voxel erosion followed by a two voxel dilatation was
applied. The amount of segmented voxels (that represented the BV) was then converted
into a volume in cubic millimeters. The volume of the total putty (BAG granules including
the binder) was determined by the segmentation of the complete material (referred as
total sample volume, TSV) with a threshold of 288-max mgHA/cm3 at t = -1. This way the
BV/TSV could be determined. As a control for the image analysis method, �ve independent
samples with only BAG granules (no binder) were scanned and analyzed in the same way
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resulting in BV = 0 mm3, indicating that the glass granules did not interfere with the
calculated BV.

5.2.2 Ion chromatography and weight loss of BAG granules in
physiological and acidic bu�er solutions

To determine ion release by BAG granules in an in vitro setup, 100 mg S53P4 BAG granules
(2.0-3.15 mm, Bonalive®) were submerged in 50 mL Tris/HCl at pH 7.4 or acetate bu�er
at pH 4.6. Tris/HCl bu�er was prepared by adding of 0.2 M Tris, dissolved in deionized
water, to 0.2 M hydrochloric acid (Sigma Aldrich) in deionized water, and adjusted to a
bu�er solution with a physiological pH of 7.4. The acetate bu�er was prepared by adding
of 0.2 M potassium acetate (Sigma Aldrich) dissolved in deionized water, to 0.2 M acetic
acid, resulting in an acidic bu�er solution at pH 4.6. The pH was monitored during the
experimental period.
The concentration of the released ions in the bu�ers was examined with ion chromatography
(Dionex 1100, Thermo Fisher Inc., Waltham, Massachusetts, USA) 24 hours, 72 hours and 7
days after immersion. In addition, the weight loss of these granules was determined at
these time points after drying the samples in air. The �uid was not refreshed during the
experimental period. Na+ and Ca2+ concentrations were measured using an ion exchange
column CS12A (2 x 250 mm) with 20 mM methasulfonic acid as eluent and an isocratic
�ow of 0.25 ml/min. Detection of ions was done by suppressed conductivity (Dionex CSRS
500 2 mm). Na+ IC standard (Aldrich 43492) and Ca2+ IC standard (Aldrich 39865) were
used for calibration. The concentration of anions (phosphate (PO 3–

4 )) was analyzed using
a Dionex 1100 with an AS9-HS (2 x 250mm) ion exchange column, with 9 mM sodium
carbonate (Na2CO3) as eluent and an isocratic �ow of 0.25 min-1. Detection of ions was
done by suppressed conductivity (Dionex AERS 500 2 mm). Calibration was done with the
anion mix IC standard (Aldrich 89886). All experiments were performed with n = 3 and ion
chromatography quanti�cations were performed by the external standard method.

5.2.3 Monocyte isolation and osteoclastic di�erentiation

For cell culture experiments human peripheral blood mononuclear cells (hPBMCs) were
isolated from bu�y coats from a healthy donor (Sanquin Blood Supply Foundation, Nijmegen,
The Netherlands). The isolated cells were mixed with citrate bu�er (6 g sodium citrate in
1000 mL phosphate bu�ered saline (PBS, Sigma Aldrich)) and centrifuged (800 g) in an
isosmotic medium with a density of 1.077 g/mL (Lymphoprep™, STEMCELL Technologies
Inc, Vancouver, British Columbia, Canada). Monocytes were subsequently isolated from
the obtained hPBMCs by magnetic active cell sorting, according to the manufacture’s
protocol (Monocyte isolation kit II, Miltenyi Biotec, Bergisch Gladbach, Germany). The
monocytes were cultured in 5% CO2 at 37°C in RPMI 1640 medium (Gibco, Thermo Fisher
Inc.) supplemented with 10% fetal bovine serum (FBS, Greiner Bio one, Kremsmünster,
Austria) and 1% Penicillin/Streptomycin (Lonza, Basel, Switzerland). To promote osteoclastic
di�erentiation, the cells were primed with 50 ng/mL macrophage-colony stimulating factor
(M-CSF, Peprotech Inc, Rocky Hill, New Jersey, USA) during the �rst two days. After those
two days of priming, the medium was supplemented with 50 ng/mL M-CSF and 50 ng/mL
receptor activator of nuclear factor (NF)-κΒ(RANKL, Peprotech Inc.) for the full culture
period (de Vries et al., 2015). Medium was changed every 2-3 days.
The monocytes were seeded at a density of 3.0×105 cells per cm2 in the wells of a 24 wells
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plate to which a Transwell® insert (polyethylene membrane, 6.5 mm, 3.0 µm, Corning Inc.,
Corning, New York, USA) containing 100 mg S53P4 BAG granules (2.0-3.15 mm) was added.
This way, the ions were released into the cell culture medium of the monocytes. At each
medium change, the BAG granules were substituted with 100 mg fresh granules to assure
ion release during the whole culture period. As a control, cells were cultured in the same
conditions but without the addition of BAG. After 14 days of culture, immunohistochemistry
was performed to determine osteoclastic di�erentiation by TRAP expression staining.
Brie�y, cells were �xed with 3.7% formaldehyde (Merck Millipore) in PBS and permeabilized
with 0.5% Triton X-100 (Merck Millipore). Non-speci�c binding was blocked by 10% horse
serum (Invitrogen, Carlsbad, California, USA) in NET-gel (which consisted of 50 mM Tris, 150
mM sodium chloride (Merck Millipore), 5 mM ethylenediaminetetraacetic acid (EDTA, Sigma
Aldrich), 0.05% nonidet P-40 substitute (Fluka, Sigma Aldrich) and 0.25% gelatin (Sigma
Aldrich)). TRAP was labelled with a goat anti-human primary antibody (Santa Cruz, Dallas,
Texas, USA) and stained with a secondary Alexa 488 donkey anti-goat antibody (Molecular
probes, Eugene, Oregon, USA). Actin �laments and cell nuclei were counter stained with
TRITC-conjugated Phalloidin (Sigma Aldrich) and DAPI (Sigma Aldrich), respectively. Samples
were visualized using an inverted microscope (Zeiss Axiovert 200M, Carl Zeiss Microscopy,
Jena, Germany). For quanti�cation of the cell size of the TRAP positive, multinucleated
cells (osteoclasts), the area enclosed by the actin ring was measured using ImageJ (National
Institutes of Health, Bethesda, Maryland, USA). In addition, the number of nuclei per
osteoclast (DAPI) was counted.
Monocytes of the same batch of hPBMCs were also cultured directly on BAG discs (n = 7)
with a rounded shape of and size of 13 mm by 13 mm and a thickness of 1.5 mm (Bonalive®
Biomaterials Ltd). Prior to cell seeding, the discs were secured in polydimethylsiloxane
(PDMS consisting of 10:1 w/v parts base to curing agent (Sylgard 184, Dow Chemical Company,
Midland, Michigan, USA)) in 24 wells plates. These secured plates with their surface exposed
were presoaked in PBS for three days for the formation of a calcium phosphate layer. As a
control, the monocytes were seeded on dense HA discs (n = 8) with a diameter of 9.5 mm
(Himed Inc., Old Bethpage, New York, USA), also secured in PDMS. Cell seeding density was
3.0×105 cells per cm2, and cells were cultured up to 18 days, with the same conditions as
mentioned before. After the culture period, examination of the resorption activity of the
osteoclasts was performed using SEM and EDX.

5.2.4 SEM and EDX

SEM (Quanta 600, FEI, Thermo Fisher Inc.) was performed to examine the surfaces of
granules soaked in Tris/HCl and acetate bu�ers, and to evaluate the morphology of the
cells and resorption pits on the surfaces of the BAG and HA discs. Samples without
cells were dried in air for at least 24h, while the samples with cells were �xed with 2.5%
bu�ered glutaraldehyde (10% glutaraldehyde (Sigma Aldrich) in 0.1 M sodium cacodylate
bu�er (Sigma Aldrich)), after 15 days of culture (n = 4). These cell-containing samples were
dehydrated using alcohol series and chemically dried with hexamethyldisilazane (Sigma
Aldrich). To examine resorption pit formation, cells were removed with 10% household
bleach after 18 days of culturing (n = 3) (Marino et al., 2014). After three washing steps with
water, the samples were dried by air. All samples, with cells and with removed cells, were
sputter coated with 5 nm gold (Q300TD, Quorum Technologies, Laughton, United Kingdom).
The formed resorption pits were quanti�ed by measuring the resorbed surface area per
pit, this was performed by one observer with the ImageJ software. The resorbed area per
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pit was assessed for 16 and 17 resorption pits found on BAG and HA discs, respectively.
EDX (EDAX Genesis 2 system 60 for Quanta 600) was performed together with SEM,
to analyze the elements present at the sample surfaces and in the resorption pits. By
color-coding the speci�c elements, maps of the elements on the surface of BAG were
generated.

5.2.5 Statistical Analysis

Statistical analysis was performed with R (packages: Rcmdr, PMCMR, and PMCMRplus). For
all statistical tests an α-level of 0.05 was used for signi�cance, all data is expressed as
mean ± standard deviation. A Student T-test was performed to detect di�erences between
two groups and ANOVA to detect signi�cant di�erences when more than two groups were
involved. When ANOVA was indicated to be signi�cant, a post hoc test was applied with a
Holm correction (R default). In case of a sample size n < 5, or when normality (Shapiro-Wilk
test), or equal variances (Levene’s test) could not be assumed, nonparametric tests were
conducted. Wilcoxon was used as an alternative for the T-test and Kruskal-Wallis as an
alternative for ANOVA. The Dunnett T3 correction in post hoc analysis was used when a
Kruskal-Wallis test was applied because of unequal variances, in case of equal variances a
Conover correction was used in post hoc analysis.

5.3 Results

5.3.1 Dissolution of the synthetic binder in a BAG putty material

To determine the dissolution of the PEG and glycerol containing binder in a BAG putty,
it was longitudinally imaged with µCT while submerged in SBF, and the binder volume
was determined at several time points (Figure 5.1). In the µCT gray scale images, all putty
components can be distinguished based on their attenuation coe�cients (Figures 5.1a
and 5.1b). The dissolution of the binder started directly with the addition of the SBF at
t = 0 (Figure 5.2) and statistical di�erences were observed between the volume at t =
-1 and at t = 3 (p-value = 0.017) and t = -1 and t = 12 (p-value = 0.02). Since Levene’s
test indicated unequal variances, a Kruskal-Wallis test with Dunnett T3 post hoc analysis
was used to determine the signi�cance. To determine the extent of the binder loss, the
volume of the initial binder volume was determined, the BS/TSV at t = -1, and this resulted
in a volume loss of 0.32 ± 0.06 %. As a result of this binder loss, BAG granules were not
contained as tight in the holder of the bioreactor and therefore moved, as observed at t =
3 and t = 12 (Figures 5.1c and 5.1d).
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(a) (b)

(c) (d)

Figure 5.1: Grayscale images (before segmentation) of one BAG putty sample that was submerged in
SBF at t = 0. (a) Images of the putty sample were obtained prior to the addition of SBF (t = -1), (b)
directly after the addition (t = 0), (c) three hours after the SBF addition (t = 3) and (d) 12 hours after
SBF addition (t = 12). In between the scans, the samples were kept at 37°C. The scale bar represents
5 mm.

Figure 5.2: The putty binder volume over time as observed with µCT image analysis. The initial
binder volume at t = -1 was lost within hours, due to SBF addition at t = 0. The * indicates a
signi�cant di�erence with a p-value < 0.05.
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5.3.2 Ion release and weight loss by BAG granules in a physiological and
acidic environment

The weight loss of BAG granules submerged in Tris/HCl (pH = 7.4) or acetate bu�er (pH
= 4.6) was determined and the weight loss over time was signi�cant at both pHs, with
a larger weight loss in the acidic bu�er compared to the bu�er with a physiological pH
(Figure 5.3), the weight loss was signi�cant between the bu�ers at 24 hours (p-value =
0.00028), 72 hours (p-value = 0.000011) and at 7 days (p-value = 0.00028). To determine
the signi�cance a Kruskal-Wallis with Conover post hoc analysis was used because of the
sample size (n = 3).
The ion release of Na+, Ca2+ and PO 3–

4 was measured with ion chromatography of the
bu�ers in which the BAG granules were submerged. In both bu�ers, the amount of released
ions (mg/L) increased signi�cantly over time (Figure 5.4). The results also showed more
released Ca2+ and PO 3–

4 ions in the acidic bu�er, with a signi�cant di�erences between
the physiological and acidic bu�er at 24 hours (Ca2+, p-value = 0.0000015, PO 3–

4 p-value
= 0.0000575), at 72 hours (Ca2+, p-value = 0.0000015, PO 3–

4 p-value = 0.0000285) and
at 7 days (Ca2+, p-value = 0.0000015, PO 3–

4 p-value = 0.0000575). These statistical
di�erences were determined by Kruskal-Wallis with Conover post hoc analysis.

Figure 5.3: Signi�cant weight loss of the BAG granules in physiological (Tris/HCl) and acidic (acetate)
bu�ers, over time. The * indicates the di�erence over time in acetate bu�er, the # indicates the
di�erence over time in Tris/HCl bu�er and the ‡ indicates the di�erence at the given time point
between the two bu�ers. Single signs refer to a p-value < 0.05 and double signs refer to a p-value <
0.001.
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(a)

(b)

(c)

Figure 5.4: Ion release from BAG at acidic and physiological pH. For (a) sodium, (b) calcium and (c)
phosphate. The * indicates the di�erence over time in acetate bu�er, the # indicates the di�erence
over time in Tris/HCl bu�er and the ‡ indicates the di�erence at the given time point between the
two bu�ers. Single signs refer to a p-value < 0.05 and double signs refer to a p-value < 0.001.
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5.3.3 Composition changes on the BAG surfaces in an acidic and
physiological environment

With SEM and EDX the surface composition of an original BAG granules (red line in Figure 5.5)
was compared to the surface of the composition of granules submerged in an acidic and
physiological �uid for 7 days and this showed a clear calcium phosphate layer formation
in both groups (Figure 5.5). On the samples submerged in Tris/HCl bu�er at pH 7.4, a
clear decay of silica on the BAG surface could be observed over time. This decay is less
pronounced on the BAG that was submerged in the acetate bu�er solution at pH 4.6.
Initially, no calcium and phosphate were observed on the BAG surface, but it clearly had
precipitated after 3 days in both solutions (Figure 5.5).

(a) (b)

Figure 5.5: Calcium phosphate precipitated on BAG granule surfaces after three days in physiological
and acidic bu�er solutions. (a) EDX spectra on BAG granules submerged in acetate bu�er (pH = 4.6)
and (b) submerged in Tris/HCl bu�er (pH = 7.4) up to 7 days.

5.3.4 Osteoclastic di�erentiation of human monocytes in the presence
of BAG

Monocytes were successfully isolated from hPBMCs from human bu�y coats. After di�eren-
tiation with M-CSF and RANKL either in the presence or absence of BAG, immuno�uorescent
stained cells were visualized using �uorescence microscopy (Figure 5.6). In both cultures,
multinucleated, TRAP expressing cells with prominent actin rings were observed, which is
typical for osteoclasts. Similar numbers of osteoclasts were observed in both cultures and
the cell size and number of nuclei per osteoclast were counted (n = 18 with BAG and n = 14
without BAG). No signi�cant di�erences were observed in cell size (6725.0 ± 4086.1 µm2)
or number of nuclei per osteoclast (4.1 ± 1.1 counts), when compared to controls that were
not exposed to BAG (respectively, 7236.3 ± 4294.9 µm2 and 3.4 ± 1.3 counts) (Figure 5.6
e,f). For statistical analysis a Wilcoxon rank sum test was performed as normality could
not be assumed according to the Shapiro-Wilk test.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.6: Osteoclastic di�erentiation of human monocytes is not hampered by the presence of
BAG. (a,b) Immuno�uorescent images of human monocytes cultured on culture plastic (control), (c,d)
immuno�uorescent images of human monocytes on culture plastic in presence of BAG. TRAP is
stained in green, nuclei in blue (DAPI) and actin is stained in red (Phalloidin-TRITC). The scale bar
represents 100 µm. (e) Cell size per osteoclast. (f) Number of nuclei per osteoclast
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5.3.5 Osteoclastic resorption on pre-soaked BAG surfaces

Calcium phosphate precipitation had taken place before the addition of cells (3 days
of pre-soaking in PBS prior to cell seeding) and this was con�rmed with SEM and EDX
(Figure 5.7). The cracks in the BAG samples are probably caused by dehydration of the
samples during sample preparation for SEM analysis. The osteoclasts were able to attach
to the calcium phosphate layer on the BAG surface and were able to actively resorb it
(Figure 5.7 and Figure 5.8). In some samples the calcium phosphate layer seemed to detach
from the silica layer (Figure 5.7e), which was con�rmed by EDX analysis (data not shown).
The appearance of the resorption pits seemed to be di�erent on both surfaces (Figure 5.7).
The resorption pits on BAG had a very smooth and uniform appearance, while the pits on
HA were rough. The area of the resorption pits was measured on both surfaces and these
results show that the pits found on HA were signi�cantly larger than pits found on BAG
(p-value = 0.0011, determined with the Wilcoxon rank sum test).
EDX was used to determine the elementary composition of the BAG surface as well as on
the exposed surface within the resorption pits (Figure 5.9). The main elements detected in
the resorption pits were calcium and phosphate. In overview of the element maps also
silica is observed in the cracks of the calcium and phosphate layer.

5.4 Discussion

This study focused on the passive and active degradation processes of BAG with and
without binder in vitro, to study osteoclastic resorption. The loose granules were degraded
faster in an acidic environment and it was observed that osteoclasts that can create such
an acidic environment could actively resorb the calcium phosphate on the BAG surface.
To the knowledge of the authors, this is the �rst time that actively resorbing human
osteoclasts were observed on BAG. Not only degradation of the loose S53P4 BAG granules
was studied, but also the dissolution of a synthetic binder that is incorporated in a putty
to create better handling properties.
The results obtained in this study showed that the synthetic binder in the BAG putty
material dissolved quickly (within 12 hours) in SBF. This binder was added to the granules
to create an injectable and better to handle material, the putty. Directly after the addition
of the SBF, the dissolution of this binder started. This is re�ected by the big standard
deviation of the samples at t = 0 compared to t = -1, as the addition of the �uid distorted
the samples. This distortion was also determined by the image analysis algorithm and
resulted in this wide range of results. After 3 hours, this distortion disappeared. More than
30% of the volume of the complete BAG putty material (BAG & binder) was gone after 12
hours. This volume loss is substantial and assuming a similar dissolution time in vivo (or at
least in order of magnitude) this would lead to undesired dead space in a bone defect as
the granules will collapse. This was also observed in our in vitro results, where granules
had moved after the SBF had dissolved the binder (Figure 5.1). Therefore, the volume
loss, due to binder dissolution, increases the risk for mechanical failure, which makes the
material inappropriate for load-bearing applications. In addition, although it has not yet
been evaluated whether the BAG putty composition has equal antibacterial properties as
S53P4 without binder, the space arising this quickly after implantation potentially also could
cause problems concerning reinfection in the treatment of osteomyelitis. As incomplete
�lling of the defect during the treatment of osteomyelitis has been described to be the
cause of reinfections previously (Lindfors et al., 2010a).
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 5.7: Osteoclastic resorption of BAG and dense HA surfaces (a,b) on BAG discs, the pits show
a very smooth and uniform surface. (c,d) on dense HA discs, with a less smooth and uniform surface.
(e) Layer of calcium phosphate (arrow) that exposed the silica layer underneath (indicated with *).
Overview of the resorption pits found on (f) a BAG surface and on (g) a HA surface
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Figure 5.8: Close-up of an osteoclast that is moving away from a resorption pit (arrow) on a BAG
disc

(a) (b)

Figure 5.9: Resorption by osteoclasts did not completely remove the calcium phosphate layer on
the BAG surface. (a) A SEM image of two resorption pits on a BAG disc surface, (b) the associated
EDX map of the BAG disc showing silica in red, calcium in blue and phosphate in green. Silica is
detected in the cracks and only in a small part of the resorption pit (white arrow). Most of the surface
consisted of calcium and phosphate
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To investigate the in�uence of the pH on the degradation of the loose granules that are
left after binder dissolution, both an acidic and a physiological environment was created
by using two bu�er solutions. A pH of 4.6 was used to mimic the acidic environment
underneath the ru�ed border of an osteoclast (Zaidi et al., 1993; Cappariello et al., 2014).
A physiological pH was used as a control. The acetate and Tris/HCl bu�ers were chosen
because these have been reported to be stable at the desired pH, 4.6 and 7.4 respectively,
and do not contain any of the ions of interest. In both bu�ers the pH was monitored
and stayed constant over the 7 days. However, the Tris/HCl bu�er still interfered with the
Na+ in the ion chromatography measurement, therefore the data of the release of Na+

in the Tris/HCl bu�er (pH = 7.4) is missing (Figure 5.4). The weight loss results and ion
release pro�le is in correspondence with previously reported studies (Hupa, 2018; Bingel
et al., 2015; Björkvik et al., 2016; Varila et al., 2012). Because it is expected that only little
Si4+ is released in the surrounding �uid, its presence in the �uids was not evaluated with
ion chromatography. Previous studies have reported that most of the silica stays in the
material and forms the silica rich layer underneath the calcium phosphate (Hupa, 2018;
Jones, 2015; Björkvik et al., 2016; Fagerlund et al., 2013).
The �nding that acidic acetate bu�er (pH = 4.6) dissolved the BAG faster than the Tris/HCl
(pH = 7.4), suggested that osteoclasts that can create such a low pH underneath their
ru�ed borders, should theoretically be able to dissolve BAG in this way (Zaidi et al., 1993).
Although, actively resorbing osteoclasts were observed on the BAG surfaces, but it is
suggested that the BAG was only resorbed by the osteoclast partially as mainly calcium
and phosphate were found on the surfaces in the pits (after cell removal). This calcium
phosphate also could have precipitated right after the osteoclasts moved away from the
resorbed area, or during sample preparation for SEM and EDX, as �uids are involved which
could lead to leakage of ions and precipitation of calcium and phosphate. However, in
addition the smooth and uniform appearance of the surface within the resorption pits
on BAG, compared to the resorption pits on HA surfaces (Figure 5.7), suggests that the
resorption was at some point hindered in the BAG samples. A possible reason for this
hindrance might have been the reported silica layer underneath the calcium phosphate
layer. With these �ndings it remains unclear whether the osteoclasts evoke a new release of
ions from the BAG that was covered by the calcium and phosphate (Detsch and Boccaccini,
2014). The suggestion that silica hinders the osteoclastic resorption corresponds with
the previous �ndings by Wilson et al. (2006) (Wilson et al., 2006). In that study, rat bone
marrow that contained osteoclasts were seeded directly on S53P4 BAG plates, without pre-
soaking. Although they observed TRAP expressing cells, they did not observe resorption
pits (Wilson et al., 2006). The reason for this di�erence might have been the pre-soaking
and subsequently created calcium and phosphate layer in our study, or because the TRAP
positive cells stained in the study by Wilson et al.(2006) were not foreign body giant cells
rather than osteoclasts (Khan et al., 2013). The monocytes seeded in the current study,
were able to di�erentiate into multinucleated, TRAP positive, actively resorbing cells and
are therefore true osteoclasts (Owen and Reilly, 2018). This di�erentiation previously had
not been observed and was described as being inhibited by 45S5 BAG (Mladenovi et al.,
2013; Beck et al., 2012). These di�erences might be caused by the amount of released
silica, as it has been described that the response is dose dependent (Cappariello et al.,
2014). The 45S5 composition initially releases more silica than the S53P4 composition, and
in addition that morphology, size and shape may play a role in silica release dosage (Hupa,
2018; Jones, 2015; Björkvik et al., 2016; Fagerlund et al., 2013).
Compared to the in vivo situation, in vitro cell experiments have their limitations and can
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provide only a simpli�ed, but more controlled, environment. In our experiments, only one
cell donor was investigated, while it is known that results may vary between donors. It
is known that in vivo, bone cells (e.g. osteoclasts, osteoblasts, osteocytes) e�ect each
other’s activity and behavior (Owen and Reilly, 2018; Wittkowske et al., 2016). Therefore
co-cultures could be considered to understand the cellular processes around BAGs better.
With this simple in vitro setup we could show for the �rst time that human osteoclasts are
able to degrade BAG surfaces. However, it should be kept in mind that the in vitro setup
may not fully resemble the in vivo situation as it has been reported that in vitro an in vivo
experiments correlate poorly (Hulsart-Billström et al., 2016). It had already been reported
that the in vivo degradation in slow, the reasons for that may not become clear from
these in vitro experiments. One explanation for the slow in vivo degradation might be that
osteoclasts cannot get, or are not triggered to migrate, to the center of the graft. Leaving
the center intact and only play a role in the degradation of the construct at the edges.
S53P4 BAG is a dense BAG (melt-quenched) and when it is well compacted in a defect, it
might impede cellular migration (Jones, 2015; Sepulveda et al., 2001). However, similar dense
45S5 (melt-quenched) showed a slightly faster degradation, both in vitro and in vivo (Hupa
et al., 2010). Incorporating a putty material might change the compactness of the BAG, but
as the dissolution of the synthetic binder has shown to be extremely fast (in vitro), it might
not be a good alternative due to poor mechanical stability and possibly increased risks
for reinfections after dissolution of the synthetic binder in vivo. Cellular degradation of
BAG might be enhanced by decreasing the silica content, but such an alteration might also
decrease the antibacterial properties of the BAG (Zhang et al., 2010). For osteomyelitis
treatment, antibacterial properties are more important than the degradation rate but if the
material is aimed to be used for the treatment of a di�erent (bone) disease, adjustments
may be bene�cial.
Future research is needed to evaluate the e�ect of the BAG composition in the (cellular)
degradation process. To follow degradation over time,in vivo experiments are needed with
longitudinal monitoring of the remodeling of the BAG. In addition, histology is needed to
determine if osteoclasts are present in a, with BAG grafted, bone defect and if so, how
time plays a role in their presence.
Changing the composition of the BAG might result in faster degradation, but it might also
result in inactivation of (resorbing) cells or decreased antibacterial properties (Siqueira
et al., 2017). The degradation speed may also be a�ected by the size and shape of the
BAG material, as these determine the free surface area and therefore the ion release
pattern (Hupa, 2018; Jones, 2015; Björkvik et al., 2016; Fagerlund et al., 2013). The optimal
degradation speed will depend on the application. For the treatment of osteomyelitis,
the priority is eradication of the infection. Therefore the slow degradation speed of the
granules may not be considered as a major problem (van Gestel et al., 2015; Lindfors
et al., 2016; Stoor et al., 2010; Vos et al., 2017; Geurts et al., 2011, 2016; Lindfors et al.,
2010a). For other applications; however, an increased degradation speed may be preferred,
e.g. bone regeneration in non-infected load-bearing defects (Lodoso-Torrecilla et al., 2018).
Future research is needed to study whether the (altered) load distribution due to the fast
binder dissolution and the slow degradation of the S53P4 granules is a long-term risk for
osteomyelitis patients treated with this speci�c composition
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5.5 Conclusion

The synthetic binder in BAG putty material dissolves within hours when exposed to �uid.
This leaves a substantial empty volume and loose S53P4 BAG granules. The remaining
granules release ions resulting in the development of a calcium phosphate layer at their
surface. Both, weight loss and ion release, was faster when the pH of the environmental
�uid was decreased. Since osteoclasts are able to create such a low pH underneath their
ru�ed borders to resorb bone, the osteoclastic contribution in the degradation of BAG
surface was studied. To the knowledge of the authors, for the �rst time human monocytes
were successfully di�erentiated in actively resorbing osteoclasts on S53P4 BAG. These
osteoclasts were able to resorb parts of the formed calcium phosphate layer on the BAG
surfaces. However, resorption of the full thickness of the calcium phosphate layer was
not observed. We suggested that the silica layer underneath the calcium phosphate is
hindering osteoclasts to further degrade the material, which is a potential mechanism that
makes in vivo degradation slow. Changing the composition of the BAG might increase
degradation rates, but might also a�ect the main advantages of the S53P4 composition,
namely the antibacterial properties and the bone bonding properties.
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Abstract

Critical size defects are bone defects that do not heal by themselves and require a
surgical intervention. As the gold standard bone graft material, autologous bone
graft, has well-known drawbacks, new materials are being developed. The potential
of these materials to support new bone formation in vivo correlate poorly to current
in vitro test options. To bridge this gap between the in vitro and in vivo test setups,
it has been proposed that in vitro more complex in 3D approaches are needed.
In this study an ex vivo approach is proposed to longitudinally track new bone
formation in a critical sized bone defect, grafted with a biomaterial to study bone
regeneration. We �rst aimed at longitudinally evaluating new bone formation in
a critical size bone defect, arti�cially created in porcine osteochondral tissue in
an ex vivo six-week culture. As a second aim we studied new bone formation in
arti�cially grafted bone defects. As graft materials two biomaterials were used;
bioactive glass (BAG) granules and collagen sponges loaded with bone morphogenic
protein 2 (BMP-2). After successful osteochondral tissue harvesting and bone defect
creation, a six-week culture was performed. Although rough methods were used
to isolate the tissue and to create the defect, we managed to keep viable and
sterile cultures during the complete culture period. Preserved structural integrity
of the bone was observed with micro computed tomography (µCT). Secondly, the
defects were arti�cially grafted, however; no new bone formation was observed.
The results obtained and the experience gained in this study provided clues on
how to potentially enable new bone formation in the further experiments that are
currently ongoing. When bone formation can be achieved in additional experiments,
this hold promise that this ex vivo 3D arti�cial grafting platform may be used to
test the potential of newly developed biomaterials on their bone forming capacity,
in the near future.
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6.1 Introduction

Bone is a complex tissue that remodels continuously, to repair microdamage and to maintain
blood calcium levels in homeostasis (Wittkowske et al., 2016; Owen and Reilly, 2018). In
the case of critical size defects, the bone is not able to repair itself and an intervention is
needed to graft the bone. This results in an estimated number of 2.2 million bone graft
procedures that are performed annually worldwide (Campana et al., 2014; Polo-Corrales
et al., 2014; Greenwald et al., 2001). Autologous bone is the gold standard graft material,
but this has disadvantages like a limited supply and donor site morbidity (Campana et al.,
2014; Dimitriou et al., 2011; Fernandez de Grado et al., 2018). Allograft is the second most
used material, but loses osteoinductive properties in the processing steps needed for
storage and sterilization (Greenwald et al., 2001; Campana et al., 2014). As an alternative,
biomaterials are being developed and studied as a replacement for the graft materials.
They are the so called bone graft substitutes (Campana et al., 2014; Polo-Corrales et al.,
2014).
New biomaterials are evaluated for their suitability as a bone graft substitute in di�erent
ways. Cytotoxicity for example is tested in simple 2D test setups. Mammalian cells, of
any source (e.g. primary human, animal, or cell lines) are used to determine cell viability
and morphology (Li et al., 2015; Anderson, 2016). These tests are generally for all medical
devices and are thus not speci�c on prediction of bone regeneration (Hulsart-Billström
et al., 2016). Therefore sometimes osteoinductive factors are tested with among others
upregulation of speci�c genes for bone or calcium deposition (Hulsart-Billström et al.,
2016; Polo-Corrales et al., 2014). After in vitro tests, animal tests are usually performed to
study the biocompatibility and bone forming capacity of the materials (Pearce et al., 2007).
However, it has been reported that the correlation between typical in vitro test results
and the in vivo outcomes are poor (Hulsart-Billström et al., 2016). Therefore, there is a
need for more complex in vitro models that will bridge the gap between 2D in vitro models
and animal models (Holmes et al., 2009). It has been proposed that in vitro models need
to be more physiologically representative, by which is meant that not bone forming cells
should be considered but also other cells that could play a role in bone repair (Holmes
et al., 2009; Kohli et al., 2018). Such a test system would take into consideration our ethical
responsibility to replace, reduce and re�ne the number of animal studies wherever possible
(Russell and Burch, 1959).
In this study an ex vivo approach is proposed to longitudinally track new bone formation
in a critical sized bone defect, grafted with a biomaterial to study bone regeneration. To
establish this approach, we made use of an existing approach that was previously developed
to study cartilage with defects and cartilage repair responses (Schwab et al., 2016; van
Haaften et al., 2017). It uses left-over tissue from pigs slaughtered for meat consumption.
In the present study, we �rst aimed at longitudinally evaluating new bone formation in a
critical size bone defect, arti�cially created in porcine osteochondral tissue in an ex vivo
six-week culture. As a second aim, we studied new bone formation in arti�cially grafted
bone defects. As graft materials two biomaterials were used; bioactive glass (BAG) granules
and collagen sponges loaded with bone morphogenic protein 2 (BMP-2). These materials
were chosen because they are both successfully used in the clinic (van Gestel et al., 2015;
McKay et al., 2007). BAG is considered as an osteostimulative material that can bond to
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bone in about one month in vivo (Peltola et al., 2003; Heikkila et al., 1995; Lindfors et al.,
2002). The BMP-2 loaded collagen sponge (col-BMP-2) is an osteoinductive material, actively
recruiting bone forming cells to form new bone also ectopically (McKay et al., 2007;
Mumcuoglu et al., 2018; Geiger et al., 2003; Urist, 1965).

6.2 Materials and Methods

6.2.1 Osteochondral plug isolation and bone defect creation

Intact porcine knees were obtained on the day of slaughter from the slaughterhouse (Vion
Food Group, Boxtel, the Netherlands). Once received they were placed into a laminar �ow
cabinet and everything was handled sterilely from this point on. The knees were opened and
the femoral cartilage was exposed without damaging it. With a custom-made hollow drill
(placed on a cordless drill, Makita Cooperation, Anjo, Japan) a � 10 mm plug approximately
20 mm long was obtained (Figure 6.1) from each condyle (n = 18 osteochondral plugs in
total). The hollow drill had markings on the outside to determine the length of the drilled
plug. During the drilling process the tissue was constantly cooled with sterile phosphate
bu�ered saline (PBS, Sigma Aldrich, Saint Louis, Missouri, USA), supplemented with 2%
penicillin/streptomycin (P/S, Lonza, Basel, Switzerland) and 50 µg/mL Fungin (F, InvivoGen,
San Diego, CA, USA) at 4°C (cold PBS+). When a depth of approximately 2 cm was reached,
the hollow drill was removed and a custom-made tool was inserted to break out the plug
manually (step 2 in Figure 6.1). These isolated osteochondral plugs were rinsed in cold PBS+
and the bone end was cut straight with a bench saw (KS230, Proxxon, Föhren, Germany),
removing as little bone tissue as possible (step 3 in Figure 6.1). The plug was again cooled
and rinsed in cold PBS+ and placed in a custom-made holder with guide for a �6 mm drill.
In this way, a defect was created in the bone, again with constant cooling with cold PBS+
(step 4 in Figure 6.1).
A total number of eighteen osteochondral plugs were obtained in this study. Ten of these
plugs were used for the six-week cultures, another �ve (without defect) were used to
analyze the least detectable di�erences with image analysis method, and the �nal three
were used as controls (day 0) for histology.

6.2.2 Medium Preparation

Two types of medium were used and prepared freshly with every medium change, one spe-
ci�c for the bone (bone medium) and one speci�c for the cartilage (cartilage medium). The
bone medium consisted of DMEM (high glucose (4.5 g/L) and pyruvate, Gibco, Thermo Fisher
Inc., Waltham, MA, USA ) that was supplemented with 10% fetal bovine serum (FBS, Sigma
Aldrich), 1% P/S, 25 µg/mL F, 50 µg/mL ascorbic acid-2-phosphate sesquimagnesium (AA,
Sigma Aldrich), 100 nM dexamethasone (Dex, Sigma Aldrich) and 10 mM β-glycerophosphate
(Sigma Aldrich). The cartilage medium consisted of DMEM (high glucose and pyruvate) that
was supplemented with 1% P/S, 25 µg/mL F, 50 µg/mL AA, 100 nM Dex, 40 µg/mL L-Proline
(Sigma Aldrich) and 1% ITS+ premix (Corning Inc., Corning, NY, USA).
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Figure 6.1: A schematic step by step approach of the osteochondral plug isolation and bone defect
creation. First a � 10 mm plug was drilled with a hollow drill in a femoral condyle. When a depth of 2
cm was reached, the plug was removed from the bone with a custom made tool (step 2). Then the
bone end was cut straight, removing as little bone as possible (step 3). In the last step (step 4) a
bone defect was created with a diameter of 6 mm. A special guiding tool (indicated with #) was used
to place and keep the drill straight on top of the bone.

6.2.3 Assembly of the system

To culture the osteochondral plugs a similar approach was used as previously described
by Schwab et al. (2016) (Schwab et al., 2016). A two-chamber culture system was created
by using inserts (LifeTec Group B.V., Eindhoven, The Netherlands), but instead of a six-
wells plate single bioreactors were created to enable longitudinal monitoring with µCT.
These bioreactors were based on spinner �asks that were previously used in our lab for
longitudinal monitoring (Melke et al., 2018). After isolation, the osteochondral plugs were
mounted into the inserts using an O-ring (Brammer, Leeds, UK) located at the interface
between the bone and cartilage. The cartilage faced down and the bone with defect faced
up. The bottom chamber was �lled with 5 mL cartilage medium and the top chamber was
�lled with 4 mL bone medium. To reduce the risk of infections, the amount of P/S and
F were increased to 2% and 50 µg/mL, respectively, until the �rst medium change. The
medium was changed every 2-3 days and the samples were cultured at 37°C with 5% CO2
for six weeks.
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6.2.4 Defect grafting

Four osteochondral plugs with empty defects were placed into the bioreactors with medium
directly after isolation. Six other plugs were divided in two groups: BAG (n = 3) and
col-BMP-2 (n = 3). In the BAG group, the defects were manually �lled with S53P4 BAG
granules (1.0-2.0 mm, Bonalive® Biomaterials Ltd., Turku, Finland). To keep the granules in
place, a collagen membrane (Conform, ACE Surgical Supply Co., Henry Schein, Almere, the
Netherlands) was sutured (Ethilon™, polyamide 6, Ethicon, Johnson and Johnson Medical,
Beerse, Belgium) on top of the defect using four sutures. For the col-BMP-2 group the
defects were grafted with Infuse (Medtronic®, Memphis, TN, USA). The col-BMP-2 was
loaded on the provided collagen sponges as instructed by the manufacturer (142 µg BMP-
2/cm2 sponge). The collagen sponges were punched with an 8 mm sterile punch (Kai
Medical, Daxtrio Medische producten, Zaandam, Netherlands) and these were sutured into
the defect with two sutures at the end of the defect. After grafting, the osteochondral
plugs were placed into the inserts and into the bioreactors with medium.

6.2.5 Longitudinal micro computed tomography and image analysis

After one day of culture, a baseline µCT scan was obtained (µCT100, SCANCO Medical,
Brüttisellen, Switzerland). After that, a follow-up scan was obtained every week, including
week 6 (end of culture). The scan settings were: energy 70 kVp, intensity 200 µA, power 4
W, an Al �lter of 0.1 mm, integration time 200 ms, and an isotropic voxelsize of 16.4 µm.
A scan of 614 slices was obtained by putting the reference line manually on top of the
insert, to select the region of interest (ROI) with the (grafted) defect always in the �eld
of view. The bioreactors were placed into the scanner in the same direction for every
scan. The scanning procedure (approximately 40 minutes per sample) took place at room
temperature.

6.2.5.1 Bone morphometry evaluation

The images of the four osteochondral plugs with empty defects were used to determine
the structural integrity over the culture period. Bone trabecular morphometric analysis
available in the µCT software was performed on each osteochondral sample on each weekly
scan. A lower threshold of 450 mgHA/cm3 was used to segment the bone and to evaluate
the bone volume fraction (BV/TV), the trabecular thickness (Tb.Th), trabecular number
(Tb.N), trabecular separation (Tb.Sp) and bone surface fraction (BS/BV) (Bouxsein et al.,
2010).

6.2.5.2 Bone gain and bone loss evaluation

Evaluation of new bone formation was performed by determination of the bone loss and
gain, based on a previously described method on high resolution peripheral quantitative
CT (HR-pQCT) scans (Christen et al., 2018). Each follow up scan was registered on the
baseline scan, using an automated algorithm in the IPLFE software (v020, SCANCO Medical).
Subsequently, the largest common volume was determined to correct for the di�erences
in scanned regions because of the manual ROI selection. The bone gain and bone loss
were determined by �nding clusters of ≥ 5 voxels that had a di�erence in attenuation
coe�cient between both scans of ≥ 50 mgHA/cm3. Then, the bone was segmented in
both images by setting a �xed lower threshold of 450 mgHA/cm3 and a Gaussian �lter
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with sigma of 0.8 and a support of 1. If clusters of voxels with a di�erence in attenuation
coe�cient were present in these segmented images, they were assigned as bone loss (only
present in baseline image) or bone gain (only present in follow-up image). The obtained
voxels were assigned to a speci�c value; either the voxels were present in both images
(no di�erence, value 1), the voxels were assigned to the bone loss (2), or the voxels were
assigned to the bone gain part (3). Color-coded images were created based on these values
(1 = grey, 2 = purple, and 3 = orange). The volume percentages of the bone loss and bone
gain were reported and additionally the e�ective gain was calculated by subtracting the
amount of evaluated bone loss from the evaluated bone gain (percentages).
The least detectable di�erences were evaluated to determine the e�ect of noise on the
bone gain and loss results. Five additional osteochondral plugs (without defects) were
scanned three times in a row on the same day. The image analysis method was applied to
these subsequent scans. No di�erences were expected in these samples, therefore only
noise was assumed to be evaluated as bone gain and loss.

6.2.6 Viability assessments

During the six-week cultures weekly, nondestructive, alamarBlue™ assays and end-point,
destructive, MTT (MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays
were performed.

6.2.6.1 AlamarBlue™ assay

For the non-destructive alamarBlue™ assay, a 1:10 dilution of alamarBlue™ (Thermo Fisher
Inc.) was made with freshly prepared bone medium. After washing the plug with sterile
PBS, 4 mL of this alamarBlue™ medium was added to the culture chamber containing
the bone. The whole system was incubated for 4.5 hours at 37°C at 5% CO2. The left
over alamarBlue™ medium was kept in the dark at 4°C for this 4.5 hours (blank). Per
osteochondral plug sample 100 µL of the alamarBlue
texttrademark medium was pipetted into a black microtiter next to a triplicate of blanks
(100 µL each), after the incubation period of 4.5 hours. The �uorescence was directly
measured with a plate reader (Synergy™ HT, BioTek® Instruments Inc., Winooski, VT, USA)
at 530/25 excitation and 590/35 emission wavelengths. The measured �uorescence was
corrected for the blank, but not further quanti�ed as it remains unclear how many cells
in the tissues could have contributed to the reduction of resazurin to resoru�n, which
enables �uorescence.

6.2.6.2 MTT assay

At six weeks, a part of the samples was subjected to a destructive MTT assay to enable
evaluation of the viability at the center of the construct (Empty controls n = 2, BAG
n = 1, col-BMP-2 n = 1, the others were used for histology section 2.7). Brie�y, 5 mg
MTT powder (Thermo Fisher Inc.) was dissolved in 1 mL of sterile PBS and 80 µL of this
solution was added to 1 mL of high glucose and pyruvate containing DMEM with 1% P/S.
The osteochondral plugs were cut in half with a scalpel and both halves were incubated
in 2 mL MTT medium in the dark for 1.5 h at 37°C. Before and after the incubation with
the MTT medium, images were obtained with a digital microscope (Keyence VHX-500FE,
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Keyence Corporation, Osaka, Japan). The samples were only qualitatively analyzed because
of the small sample size.

6.2.7 Histology

The samples that were not used for the end-point MTT assay, were used for histology.
These six osteochondral plugs (empty controls n = 2, BAG n = 2 and col-BMP-2 n = 2) were
�xed overnight (20 hours) in in 3.7% formaldehyde in PBS at room temperature. Three
freshly osteochondral plugs were drilled as described in Section 6.2.1 and �xed directly after
the defect was created (CTRL n = 3). All these �xed osteochondral plugs, except for the
ones grafted with BAG, were cut in half. One half was decalci�ed and embedded in para�n
for hematoxylin and eosin (H&E) staining, while the other half and the osteochondral plugs
grafted with BAG were used for MMA embedding and methylene blue/basic fuchsin staining
(van der Lubbe et al., 1988).

6.2.7.1 H&E staining

The H&E staining was performed after six weeks of culture, osteochondral plugs halves were
decalci�ed in a 10% ethylenediaminetetra-acetic acid (EDTA) in demineralized water, for one
week. They were then dehydrated through a series of ethanol (70-100%) and embedded in
para�n. 5 µm thick histological sections were prepared using a microtome (Leica RM 2165,
Leica Microsystems B.V., Amsterdam, the Netherlands) and stained with H&E (12 minutes
with Dela�eld hematoxylin and 2 minutes with eosin). Images were obtained with a bright
�eld microscope (Zeiss Observer, Carl Zeiss AG, Oberkochen, Germany).

6.2.7.2 Methylene blue/basic fuchsin staining

The other half of the osteochondral plug and the ones grafted with BAG remained mineral-
ized and were dehydrated in an ethanol series and embedded in polymethylmethacrylate
(PMMA). After polymerization, the osteochondral plugs were cut into 15-20 µm thick sec-
tions, using a saw microtome (Leica SP1600, Leica Microsystems B.V.). Prior to each new
section, one minute stainings with methylene blue and subsequently basic fuchsin were
performed (van der Lubbe et al., 1988). Images were obtained with a bright �eld microscope
(Zeiss Observer, Carl Zeiss AG, Oberkochen, Germany).

6.3 Results

6.3.1 Isolation reproducibility and long-term culture of osteochondral
plugs with empty defects

6.3.1.1 The reproducibility in isolating osteochondral plugs with defects

The length of the osteochondral plugs (drilled until approximately 2 cm) was variable due
to the way plug was harvested from the knee. The bone part of the plug needed to be
broken out of the surrounding tissue with a tool (Figure 6.1), which resulted in variable
lengths. Straightening the plugs at the bone end with a table saw resulted in plug lengths
between 13 and 17 mm. The placement of the defect was reproducible (Figure 6.2) due to
the used custom-made guiding tool (step 4 in Figure 6.1). Only the depth was variable, as
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the tool did not guide the depth, which was therefore established manually. The variability
of the length of the osteochondral plug and the variability in depth of the defect resulted
in variations in the defect volumes.

Figure 6.2: Equally placed defects in three di�erent osteochondral plugs in greyscale µCT images of
(cross-sections). The defect diameter is 6 mm and the total plug diameter is 10 mm.

6.3.1.2 Long-term viability

The �uorescence measured for the weekly alamarBlue™ showed some decrease in viability
after the �rst week, but during the whole culture �uorescence was measured (Figure 6.3).
Suggesting viable tissues throughout the culture period. One anomaly was observed in
sample 3, where one of the two duplicates showed a baseline �uorescence of almost
1500. After that, all values for all time points and all samples, were in range between
approximately 50 and 600.
The MTT assay at the end of the six-week culture, was performed on the cross-sectioned
osteochondral plugs. Pictures were taken before and after the MTT and the purple color
observed after MTT indicates viable cells in the center of the construct (Figure 6.4). A
picture of an intact osteochondral plug subjected to the MTT assay the day after isolation in
a pilot study is presented (Figure 6.4c). The staining color of the plugs that were cultured for
six weeks seems to be less intense in the purple color than this control sample. Both in the
bone and in the cartilage, viable cells were observed in the cross-sections of osteochondral
plugs that were cultured for six weeks. It was observed that the further away from the
bone/medium interface, the less purple cells could be identi�ed (by eye).
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Figure 6.3: Viability during the full six-week culture was observed with an alamarBlue™ assay for
the osteochondral plugs with empty defects (n = 4). All measurements were performed in duplicates
(technical duplicates) of which the average has been plotted.

(a) (b) (c)

Figure 6.4: (a) an osteochondral plug with defect imaged prior to the MTT after 6 weeks of culture, (b)
the same osteochondral plug with defect after MTT showed purple staining, (c) an intact osteochondral
plug that was subjected to MTT the day after isolation showed a brighter purple staining. Scalebars
represent 1000 µm.

6.3.1.3 Histology

The samples that were not used for the MTT assay were sectioned and stained. Together
with the control samples that were �xed directly after isolation, halves were stained with
methylene blue/basic fuchsin (Figure 6.5 and Figure 6.6). The other halves were decalci�ed
and stained with H&E (Figure 6.7 and Figure 6.8). In both the cultured osteochondral plugs
and day 0 controls, bone marrow was observed in between the intact trabeculae. The
bone marrow in the cultured plugs was not attached to the bone anymore, but it was still
present after six weeks of culture (Figure 6.5 and Figure 6.7). Lacunae with osteocytes were
observed in the intact trabeculae of the osteochondral plugs after six weeks (Figure 6.7c),
but no osteoid was observed (Figure 6.5).
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Figure 6.5: Methylene blue and basic fuchsin staining showed the trabecular structure (bright pink)
with bone marrow in the osteochondral plugs with empty defect after a six week culture. (a) an
image of the whole osteochondral plug with bone and cartilage, (b) a zoom in of the bone in the
defect wall with bone marrow observed in between the trabeculae, and (c) an image of the bone in
the corner of the defect with visible lacunae in the intact trabecular bone structure, some clumps of
cells can be observed at the bone/defect interface. The scale bar in image (a) represents 1000 µm
and the scale bars in images (b) and (c) represent 200 µm. Fibrous tissue (like osteoid) stains blue
and mineralized bone is stained pink.
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Figure 6.6: The trabecular structure and bone marrow in a control sample that was �xed and
stained with methylene blue and basic fuchsin directly after isolation. (a) An image of the whole plug
with bone and a little cartilage, (b) a zoom of the wall of the bone defect showing little damage of
the drilling with bone marrow attached to the intact trabeculae, and (c) a zoom of the area directly
under the defect. The scale bar in image a) represents 1000 µm and the scale bars in images (b) and
(c) represent 200 µm. Fibrous tissue (like osteoid) stains blue and mineralized bone is stained pink.
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Figure 6.7: Observed intact trabecular structure and bone marrow in H&E stained sections of a
six-week cultured osteochondral plug with defect. (a) An overview of the whole osteochondral plug
with the bone and cartilage, (b) a zoom of the wall of the defect with bone marrow in between the
intact trabeculae, and (c) higher magni�cation of the trabecular structure with osteocytes and bone
marrow in between the trabeculae. The scale bar in image (a) represents 1000 µm, the scale bar
in images (b) represents 200µm, and the scale bar in image (c) represents 100 µm. Cell nuclei are
stained blue, cytoplasm is stained pink, extracellular matrix is stained in various shades of purple
and pink.
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Figure 6.8: The trabecular structure and bone marrow in a control sample �xed directly after
isolation observed in H&E stained sections. (a) on overview of the complete osteochondral plug with
defect, (b) a zoom of an area directly under the defect showing the little damage due to drilling, and
(c) a higher magni�cation of a trabecular structure with osteocytes and bone marrow attached to
the trabeculae The scale bar in image (a) represents 1000 µm, the scale bar in images (b) represents
200 µm, and the scale bar in image (c) represents 100 µm. Cell nuclei are stained blue, cytoplasm is
stained pink, extracellular matrix is stained in various shades of purple and pink.

6.3.1.4 Long-term bone morphometry

The bone morphometric parameters of the osteochondral plugs with empty defect were
evaluated on a weekly basis and did only showed minor variations in the BV/TV, Tb.N,
Tb.Th, Tb.Sp, and BS/BV (Figure 6.9).
To determine the e�ect of noise on the image analysis method to detect bone gain and
bone loss, the least detectable di�erences were evaluated. This resulted in a volume of
≤ 0.5 % evaluated as bone gain or loss, therefore a value of > 1% was assumed as true
bone gain or loss for this method. The amounts observed for the osteochondral plugs with
empty defects after six weeks were 3.64 ± 1.25 % bone gain and 1.27 ± 0.27 % bone loss
(Figure 6.10).
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(a) (b)

(c) (d)

(e)

Figure 6.9: Only minor changes were observed in bone morphometric parameters over the culture
period. (a) Bone volume fraction, (b) Trabecular number, (c) Trabecular thickness, (d) Trabecular
separation, (e) Bone surface fraction.
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Figure 6.10: Slight bone gain, loss and the subtraction of the two (e�ective gain) determined for the
osteochondral plugs with empty defects at week 6 (n = 4).

6.3.2 Bone defect grafting

Defects were grafted successfully with BAG and collagen sponges with BMP-2 and cultured
for six weeks to evaluate new bone formation.

6.3.2.1 Viability

The alamarBlue™ assay on the osteochondral plugs with grafted defects (Figure 6.11), showed
similar results compared to the empty osteochondral plugs (Figure 6.3). A slight dip was
observed after one week. During the full culture period, all �uorescent values were in range
between approximately 30 and 500 and suggest some viability in the cultured tissues.
Purple staining was observed in the MTT assay in both implant groups, indicating viability
of the tissue after six weeks of culture with a graft material (Figure 6.12).

Figure 6.11: AlamarBlue™ �uorescence stayed in the range between approximately 30 and 500 for
all grafted samples, suggesting viability over the complete culture period.
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(a) (b)

(c) (d)

Figure 6.12: Purple colors observed in MTT stainings indicating living tissue at the end of the
six-week osteochondral cultures with grafted defects. (a) a cross-sectioned plug grafted with BAG
prior to, and (b) after MTT staining. (c) A cross-sectioned osteochondral plug grafted with a collagen
sponge loaded with BMP-2 prior to, and (d) after MTT. Scale bars represent 1000 µm.

6.3.2.2 Histology

Methylene blue/basic fuchsin stainings showed an intact trabecular structure in both the
BAG as well as the col-BMP-2 group (Figure 6.13 and Figure 6.14), but in the BAG group, no
structured bone marrow was observed after the six weeks culture period (Figure 6.13c).
The bone marrow cells appeared as brown dots located at the boundaries of the defect and
in between the trabeculae no bone marrow like structure was observed. The bone marrow
was observed in the col-BMP-2 group (Figure 6.14c and Figure 6.15) had a similar appearance
as in the control groups (Figures 6.5 to 6.8). The collagen sponge shrunk (Figure 6.14a), but
this was due to the dehydration steps needed for embedding and histology. In the MTT
images, a defect �lling collagen sponge was observed (Figures 6.12c and 6.12d). In both
groups, no osteoid or identi�able mineralized new bone was observed. A small amount
of pink color was observed in the shrunken collagen sponge (Figure 6.14b), which could
suggest newly formed bone.
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Figure 6.13: The intact trabecular structure and absent bone marrow and osteoid in an osteochondral
plug with bone defect grafted with BAG. (a) and image of the whole plug without observable bone
marrow, (b) a zoom of the bone defect wall with an accumulation of potentially dead cells in the bone
marrow, and (c) a zoom of the area further away from the defect/bone interface, with hardly any
observable bone marrow cells. The scale bar in image (a) represents 1000 µm and the scale bars in
images (b) and (c) represent 200 µm. Fibrous tissue (like osteoid) stains blue and mineralized bone is
stained pink.
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Figure 6.14: The trabecular structure and bone marrow in a in an osteochondral plug with grafted
bone defect with col-BMP-2. (a) and image of the whole plug with bone with a shrunken collagen
sponge (due to dehydration steps for histology), (b) a zoom of the wall of the bone defect and a
small piece of the collagen sponge with some pink staining in it, and (c) a zoom of the corner of the
defect showing intact bone marrow. The scale bar in image (a) represents 1000 µm and the scale
bars in images (b) and (c) represent 200 µm. Fibrous tissue (like osteoid) stains blue and mineralized
bone is stained pink.
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Figure 6.15: The intact trabecular structure and bone marrow in an osteochondral plug grafted with
col-BMP-2, observed in H&E stained sections. (a) on overview of the complete osteochondral plug
with defect, (b) a zoom of an area directly under the defect showing the intact trabeculae and intact
bone marrow structure (detached from the trabeculae), and (c) a higher magni�cation of a trabecular
structure with osteocytes in the lacunae and bone marrow. The scale bar in image (a) represents
1000 µm, the scale bar in images (b) represents 200 µm, and the scale bar in image (c) represents
100 µm. Cell nuclei are stained blue, cytoplasm is stained pink, extracellular matrix is stained in
various shades of purple and pink.

6.3.2.3 New bone formation based on µCT images

Almost no bone loss and bone gain were observed for the col-BMP-2 group, with image
analysis of longitudinal µCT images (baseline compared to the �nal week of culture,
Figure 6.16 and Figure 6.17a). On average, a slight bone gain of 1.85 ± 0.07% was observed
and the bone loss did not exceed the threshold of 1% determined as true loss (average 0.99
± 0.19%). For the BAG group, much higher amounts of bone gain and loss were observed.
On average, 10.69 ± 6.23 % bone gain and 11.97 ± 5.54% bone loss, these high numbers
can potentially be attributed to the movement of granules (Figure 6.17b). Evaluation of the
e�ective gain this resulted in an average of -1.28 ± 1.03%.
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(a) (b)

Figure 6.16: (a) The bone loss determined for the osteochondral plugs with grafted defects after
six weeks of culture, (b) the bone gain determined for the osteochondral plugs with grafted defects
after six weeks of culture and. Most bone gain and loss were observed for the BAG group, but this
was due to the movement of the granules in between scans, e�ectively there was slightly more loss
observed in this group.

(a) (b)

Figure 6.17: (a) Slight bone gain and loss were observed in the col-BMP-2 group as observed in this
cross-section of the after registration of the baseline scan and the �nal scan at six weeks of culture.
Structures in orange color represent bone gain, structures in purple represent bone loss and grey
structures were present in both scans (no changes).The collagen sponge is not visible in µCT images
as it is not radiopaque. (b) Higher amounts of bone loss and bone gain were observed in the BAG
samples, but these high numbers are suggested to be the result of movement of the granules as
observed in this cross-sectional image of a µCT image analysis result (registration of baseline and
week 6). Structures in orange color represent bone gain, structures in purple represent bone loss
and grey structures were present in both scans (no changes). The red/white arrows in the �gure
indicate the suggested direction of the movement of the granule underneath.
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6.4 Discussion

The �rst aim of this study was to longitudinally evaluate new bone formation in critical
size bone defect arti�cially created in porcine osteochondral tissue, cultured ex vivo for six
weeks. We managed to develop a method to create the bone defects in osteochondral
tissue from slaughterhouse refuse material and to keep them viable to some extent, for
six weeks. The bone structure stayed intact during this culture period and a robust
method was developed to evaluate bone gain and loss over time. The second aim was
to arti�cially graft these defects with biomaterials to assess the bone forming properties
of these materials. We started with evaluation bone new bone formation stimulated by
the osteostimulative BAG and osteoinductive col-BMP-2 (positive control), but new bone
formation was observed.
Osteochondral plugs were isolated from fresh porcine knees and critical sized defects were
created in the bone, the methods applied made use of custom-made tools to increase the
reproducibility. In this study, we used a custom-made hollow drill instead of a commercial
dental drill to de�ne the length of the plugs (Schwab et al., 2016; van Haaften et al., 2017).
Most commercially available drills can reach a maximum length of 10 mm, where we aimed
for 20 mm to be able to create a critical sized defect in the bone tissue. When making use
of a hollow drill to obtain the plug, it will remain �xed to the host tissue on the bottom
and therefore another tool (step 2 Figure 6.1) was needed to break the plugs out. This
resulted in various lengths of the plugs. In our experiments, we tried to keep as much of
the bone tissue as possible when sawing the edges straight. In future experiments we
would recommend to equalize the length of all plugs to for example 12 mm, to increase
standardization. The guiding tool that was developed to properly place the defect in
the center of the plug (step 4 Figure 6.1) should be equipped with length indications to
potentially increase the reproducibility of the defect volume. The defect volume can be
determined with µCT and should be evaluated to determine the reproducibility of the
defect creation. This was not done in the current study, because the scanned region (614
slices) did not fully cover the osteochondral plugs and defects. Already by eye it was
obvious that the defects were unequally sized.
After isolation, the osteochondral plugs were placed in the inserts in the bioreactors and
were cultured for six weeks with two types of medium, as previously described (Schwab
et al., 2016; van Haaften et al., 2017). The bone medium was used to nurture the bone
tissue and the cartilage medium was used to nurture the cartilage. By separating the
tissues in chambers with their own medium, the only way to communicate was via the
natural bone cartilage interface. It has been shown that keeping the bone part is bene�cial
for the long-term viability of cartilage (Schwab et al., 2016). This might have contributed to
the viability kept in the bone tissue in our experiment, but this has be further investigated.
Compared to the Schwab study (Schwab et al., 2016), the osteochondral plugs cultured in
this study were bigger to enable the creation of the defect: the diameter was increased by
18% and the length was increased by approximately 400%. As nutrition is only provided
by medium which had to di�use into the tissue, this challenges the long term culture.
Moreover, additional processing was needed to create the bone defects and samples were
subjected to x-rays on a weekly basis. These di�erences could have a�ected the viability of
the cells in the osteochondral plug, but the observed e�ects on viability were limited. The
e�ects on the bone structural parameters were also not a�ected over time, as expected,
suggesting preserved structural integrity throughout the six weeks of culture.
The µCT analysis method to evaluate bone gain and loss evaluation did not show much
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bone gain or loss, which con�rms the intact bone structure. This image analysis method
was based on a method developed previously (Christen et al., 2018). We chose to decrease
the threshold for the determination of bone gain and loss to ≥ 50 mgHA/cm3. The
least detectable di�erence analysis showed that, with this threshold, we could detect
≥ 1% bone gain or loss in our system. The bone formation that was observed in the
grafted osteochondral plugs with col-BMP-2 was only slightly above this threshold.The bone
formation stimulated by an osteoinductive material (col-BMP-2) showed a bone gain of only
1.85 ± 0.07%. This is less than the amount of new bone formed in the empty defects. In
contrast to our expectations, we did not observe any new bone formation in the defects
grafted with col-BMP-2. There are a number of reasons that might have contributed to this
�nding. One might be the concentration of BMP-2 in the culture. The collagen sponges
were loaded with BMP-2 as in the clinical case for lumbar spinal fusion applications (U.S.
Food and Drug Administration, 2002). In the current study, the manufactures’ protocol
was used to load the collagen sponges with BMP-2 leading to a 1.5 mg/mL concentration
of BMP-2 (McKay et al., 2007). The whole medium within the bioreactor was changed 3
times a week without the addition of new BMP-2. With a reported half-life of 1.87 days, a
fast release of the BMP-2 was expected, which may have led to a too quick dilution of the
growth factor below a bioactive concentration (Boerckel et al., 2011). It is expected that
the initial concentration in vivo is higher, as in our study only a small part of the collagen
sponge is added.
Another reason for the absence of new bone formation might have been that the remaining
viable cells were either not enough in number or not the ones responsible for regeneration,
or both. Even from the combined results of the viability test and histological analysis
it remains unclear which cell types were viable after six weeks. For future experiments
to improve the culture platform, it is recommended to perform a quantitative live dead
staining to quantitatively determine the viability in the osteochondral plugs over time. In
addition, immunohistochemistry is needed to study which cells are present at the end
of the culture and if these are bone regenerative cells. Speci�c markers are needed to
determine the presence of bone forming osteoblasts or their precursors (mesenchymal
stromal cells, MSCs) (Wittkowske et al., 2016). If cells with regenerative potential are indeed
absent, substitution of them might help to promote bone formation. In in vivo fracture
repair, bone forming cells are recruited from the bone marrow and blood circulation (Marsell
and Einhorn, 2011). In our culture platform, blood �ow is simulated by medium change only,
providing fresh nutrients and removing metabolic components. The constructs contain a
limited amount of bone marrow, of which we it is unclear to which extent it is still viable.
The other material investigated as a bone graft was S53P4 BAG. It has been reported to be
bone bonding in vivo (Hench, 2006; Jones, 2015). In vivo, this process takes longer than
six weeks (Välimäki and Aro, 2006). Some new bone formation or bonding was expected
in the present ex vivo culture system, as it had been described that in 8 week in vivo
experiments glass could be incorporated into the bone and that some strength is needed
to push it out (Andersson et al., 1992). Others also found that a fair amount of new bone
had formed in one month in rabbit models (Peltola et al., 2003; Heikkila et al., 1995; Lindfors
et al., 2002). It was also observed that the bone marrow seemed to appear di�erent in the
methylene blue/basic fuchsin compared to the cultures with empty defect or col-BMP-2.
Suggesting that the cells in the bone marrow had died during the culture with BAG, which
would explain absence of newly formed bone. This would need further investigation as it
is contradicted by viability observed in the tissue with two viability tests. H&E staining was
not performed on these samples, as the hard BAG granules are not suitable for para�n
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embedding. Analysis methods for such 3D tissue approaches are limited, which impairs
the possibility to de�ne live and dead cells. Two viability assays were used to determine
the viability of the osteochondral plugs over time. The MTT assay was not quanti�ed,
but the purple color in all osteochondral plugs cultured for six weeks indicates viability
of the tissue. The �uorescence in the alamarBlue™ assays remained more or less equal
over time. In a pilot study we observed a tremendous increase in signal when the cultures
were infected with bacteria or fungi (increased �uorescence intensity up to 5000). By
performing the assay on a weekly basis, we introduced a method to detect infections early
and removing an infected culture before it could infect the other samples in culture.
Further experiments are needed to �ne tune the methods for osteochondral plug isolation
and defect creation to enhance the reproducibility of the defect creation. In addition,
experiments are needed to evaluate whether the BMP-2 concentration was high enough, or
that the addition of (bone forming) cells could enable new bone formation in the platform. If
new bone formation can be achieved in the positive control, this platform has the potential
to test or screen biomaterials on their capability to form bone. In order to make sure
the system is trustworthy, other materials of which we know the in vivo behavior should
be used to validate our system. For such validation autograft bone morsels should be
included in the research, as it remains to be the gold standard bone material, but also
well studied other materials like hydroxyapatite or calcium phosphates (e.g. tricacalcium
phosphates: TCPs), xenografts (e.g. Bio-Oss®), or calcium phosphate cements (CPCs)
should be considered (Campana et al., 2014; Lodoso-Torrecilla et al., 2018; van Houdt et al.,
2018). The analytical approach currently involves bone formation, but could potentially be
extended by e.g. mechanical pull out tests can be performed on the end stage cultures
to evaluate how well the material is integrated into the bone. When a validated culture
platform can be achieved it may contribute to the reduction in the number of animal tests
needed for biomaterial screening and to study bone remodeling.

6.5 Current limitations and recommendations for additional
experiments

This chapter describes a new approach to study new bone formation in grafted bone
defects ex vivo. Explant material was used as it was considered that the bone tissue with
present cells would enable a setup much more representative for the in vivosituation than
current bone models. However, in contrast to what was expected, no new bone formation
was achieved in the system. Also not in the positive control with osteoinductive col-BMP-2
graft material (McKay et al., 2007; Mumcuoglu et al., 2018; Geiger et al., 2003; Urist, 1965).
We identi�ed a couple of reasons why no new bone formation was achieved and these
are currently explored in additional experiments. While performing these exploratory
experiments, the reproducibility of the isolation and defect creation can be tested and
increased at the same time. One of the identi�ed reasons is the BMP-2 concentration in
the system, which might have been too low. Another possibility is the level of activity in the
BMP-2 we have in our laboratory. Therefore the BMP-2 (concentrations) should be tested
and it is recommended to use a method of which is known it can show bone formation
(or at least mineralization by bone forming cells) (Melke et al., 2018). If these experiments
ensure that the BMP-2 is active, it should be explored whether additional cells are needed.
Therefore it should be determined whether the cells observed in histology in the empty
defects are indeed viable �rst. If living cells can be discovered, immunohistochemistry
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should be performed to evaluate if osteoblasts (or its progenitors) are the living cells.
If not, this is the sign to add such cells. Or to move into a di�erent direction with the
whole approach, as the absence of the right cells would suggest that the use of living
explant material might not be needed. One possible way is to isolate (osteochondral) bone,
decellularize them to use them as sca�old material. However, then it will be a challenge to
de�ne which cells and which factors are needed. Not only bone cells should be considered,
but also cells from other systems (e.g. immune or vascular) should be considered as they
are proposed to be of added value in in vitro biomaterial testing (Chen et al., 2016; Stegen
and Carmeliet, 2017).

6.6 Conclusion

In this study we managed to create an osteochondral culture system with a large bone
defect that can be arti�cially grafted. To isolate the osteochondral plugs and to create the
defect, rough methods are used and the conditions are harsh for the tissue. However,
the cells seemed to have stayed alive for six weeks and there was a lot of bone marrow
left in the tissue. The cultures could be performed sterilely and in parallel, a method for
longitudinal bone formation monitoring was enabled. New bone formation had not yet
been achieved, therefore further experiments are needed. The results obtained and the
experience gained in this study provided clues on how to potentially enable new bone
formation in the further experiments that are currently ongoing. When bone formation
can be achieved in additional experiments, this hold promise that this ex vivo 3D arti�cial
grafting platform may be used to test the potential of newly developed biomaterials on
their bone forming capacity, in the near future.
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Assessment of the antimicrobial
properties of �ve clinical pathogens by
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Abstract

The one-stage treatment of chronic osteomyelitis with S53P4 bioactive glass (BAG)
granules has shown excellent clinical results. However, these granules possess
suboptimal handling properties. Therefore new injectable S53P4 putty materials
have been developed by the incorporation of a synthetic binder to contain the
glass granules. The goal of the current study was to assess their potential to
eradicate �ve clinically relevant pathogens: methicillin sensitive Staphylococcus
aureus (MSSA), methicillin resistant Staphylococcus aureus (MRSA), Enterococcus coli
(E. coli), Enterococcus faecalis (E. faecalis), and Pseudomonas aeruginosa (P. aeruginosa).
As a control, S53P4 granules (500-800 µm) and S66 glass (< 45 µm) were used.
To evaluate the antimicrobial properties, the materials were cultured with the
pathogens in a Müller-Hinton II broth for a week with daily colony forming unit (CFU)
counting. One of the tested putty formulations was observed to reduce the number
of CFU/mL compared to a negative control (no material, only pathogen in broth)
for E. coli and E. faecalis and P. aeruginosa. However, none of the tested putty
formulations was able to completely eradicate the pathogens in the broths, which
would be needed for safe infection treatment. The results obtained for the control
materials were unexpected. S66 glass showed full eradication of P. aeruginosa
and reduced the number of CFUs of other pathogens, while the S53P4 granules
did not show eradication. The observations on the loose S53P4 granules in this
study contradict available literature, which needs further investigation. The results
obtained in this study also stretch the importance for a better understanding of
the underlying antimicrobial mechanism of S53P4 BAG and how this is related to
the dosage, changes in the material formulation, by changing the surface area.
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7.1 Introduction

Chronic bone infections, or chronic osteomyelitis, are a major problem in the �eld of
orthopaedic surgery. Invasive treatment is needed to prevent the loss of the a�ected
limb, sepsis or even death (Parsons and Strauss, 2004). For years the gold standard
treatment consisted of a two-stage surgical treatment. During the �rst surgery, an excessive
debridement of the infected tissues is performed, followed by the implantation of a local
antibiotic carrier (e.g. polymethyl methacrylate (PMMA)) beads loaded with gentamycin).
When the infection is completely eradicated, the antibiotic carrier is removed, and the
bone defect is grafted with either autograft or allograft bone for reconstruction in a second
surgery. In addition to the surgical treatment, systemic antibiotics, speci�c for the cultured
strains, are administered for at least six weeks (2 weeks intravenously and 4 weeks orally)
(Geurts et al., 2016; Lindfors et al., 2016; Walenkamp et al., 1998).
Osteomyelitis causes vasoconstriction of local vessels, diminished vessel quality and
poor penetration of systemic antibiotics into the bone (Calhoun et al., 2009). Therefore,
systemic antibiotics alone will not achieve su�cient doses at the site of infection and a
local administration of the antibiotics is needed in order to treat the osteomyelitis. Another
challenging factor in the treatment of chronic osteomyelitis is the worldwide increase of
antibiotic-resistant bacteria (Geurts et al., 2016; Vugt et al., 2016). Therefore, it is important
to develop biomaterials that have a di�erent mechanism to eradicate bacteria, compared
to current antibiotics (Drago et al., 2015). S53P4 bioactive glass (Bonalive® Biomaterials Ltd.,
Turku, Finland) has shown to be clinically e�ective in the treatment of chronic osteomyelitis
(Geurts et al., 2016; Lindfors et al., 2016; McAndrew et al., 2013). The S53P4 bioactive
glass increases the local pH and osmotic pressure through an exchange of ions with the
environmental �uid, which is believed to result in bacterial death. In addition, the use of
this material has been reported to be (cost) e�ective in the treatment of osteomyelitis, in
a one-stage surgical procedure (when accompanied by systemic antibiotic administration)
(Lindfors et al., 2016).
Currently, the major drawback of loose S53P4 BAG granules is the handling. Surgeons
prefer an injectable and moldable material. To accommodate for this, novel S53P4 bioactive
glass putty formulations have been developed (van Gestel et al., 2017). These formulations
consist of S53P4 bioactive glass granules surrounded by a synthetic binder of poly(ethylene)
glycol (PEG) and glycerol. It remains unclear whether and how the incorporation of the
binder would a�ect the antibacterial properties of the S53P4 granules. Therefore, the goal
of the current study was to assess the antimicrobial properties of the newly developed
injectable materials against 5 clinically relevant bacteria strains. It was investigated whether
these materials could eradicate the pathogens over time compared to S53P4 granules and
an S66 glass control groups.

7.2 Materials and Methods

7.2.1 Pathogens

This study was performed to determine the antimicrobial activity of four biomaterials on
�ve di�erent pathogens. These pathogens were �ve di�erent bacterial strains: methicillin
sensitive Staphylococcus aureus (MSSA; ATCC 29213), methicillin resistant Staphylococcus
aureus (MRSA; ATCC 12493), Enterococcus coli (ATCC 25922), Enterococcus faecalis (ATCC
29212), and Pseudomonas aeruginosa (ATCC 27853). Per strain, a clean colony was entered
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in 5 mL sterile Müller-Hinton II broth (MH-II broth, created according to the manufacturer’s
guidelines) and cultured overnight at 37°C and 5% CO2 (Balouiri et al., 2016). The next day,
these bacterial cultures were diluted with sterile MH-II broth until 0.5 McFarland (1.5×108

CFU/mL) using a McFarland measure (Grant Bio Densitometer DEN-1, Grant Instruments™,
Cambridge, Great Britain). For the experiments, these solutions were then further diluted
to approximately 1.5•107 CFU/mL (experimental pathogen solution).

7.2.2 Biomaterials

The materials included S53P4 bioactive glass granules (size 500-800 µm granules), Putty A,
Putty B (Bonalive® Biomaterials Ltd.) and S66 powder (Table 7.1). The biomaterials were
added to 2 mL fresh MH-II broth (without pathogens) and incubated overnight (16-18 hours)
on a rolling plate (IKA® roller 6 digital, IKA®-Werke GmbH & Co. KG, Staufen, Germany) at
room temperature. This overnight incubation was performed to precondition the broths by
the ions released from the di�erent materials. Per tested biomaterial, 11 test tubes were
preconditioned of which 10 were used to for the pathogen cultures (n = 2 per bacterial
strain) and 1 was used to evaluate the pH of the broth with biomaterial, over time. The pH
was measured with a Litmus red paper and a pH meter (FiveEasy F20, Mettler Toledo®,
Tiel, The Netherlands), no bacteria were added to this speci�c test tube.

Table 7.1: Experimental groups and corresponding concentrations of the tested materials in the
MH-II broth.

Material Glass compositions and Concentration
material formulations [wt%] [mg material/mL]

S53P4 granules
(500-800 µm)

53% SiO, 2.4% P2O5,23% Na2O, 20% CaO 400

Putty A 37% binder, 63% S53P4 * 645.8
Putty B 22% binder, 78% S53P4 * 670.9

S66 powder (< 45
µm)

66.4% SiO2, 9.5% Na2O, 3.3% CaO, 6.1% Ba,
6.3% K2O, 2.2% Cr, 4.6% Pb

400.3

* the binder consists of polyethyleneglycols (PEGs) and glycerol and the S53P4 are 500-800 µm granules and a smaller portion of < 45 µm powder. The

speci�c compositions are con�dential because of a pending patent (Bonalive® Biomaterials Ltd.)

7.2.3 Pathogen cultures with biomaterials

After the overnight incubation (T0), the broths with biomaterials were ready for the culture
to test their capacity to reduce the number of colony forming units (CFUs). Therefore,
2 mL of the experimental pathogen solution was added (n = 2 per bacterial strain, per
biomaterial). Per culture, one negative control was added, which was a test tube with fresh
MH-II broth, without biomaterials, but with pathogens (n = 4). All these test tubes, were
then cultured for 7 days at 37°C and 5% CO2. During this 7-day culture, the colonies were
counted daily.

7.2.4 Colony counting

Brie�y, after vortexing the complete cultured test tube, serial dilutions were prepared
by taking 100 µL from the broth and mixed with 900 µL 0.9% sodium chloride (NaCl) in



| 115

7

water. Dilutions 103 CFU/mL (X) and 102 CFU/mL (Y)) were prepared and plated (100 µL
per plate) on agar plates with 5% sheep blood (BD™ Columbia Agar with 5% Sheep Blood,
Becton Dickinson GmbH, Heidelberg, Germany) in duplicates (Figure 7.1). For the negative
control (no biomaterial, only pathogen) only dilution Y (102 dilution) was plated in duplicate
(Figure 7.1). The plates were placed on a shaking plate (IKA® KS4000 IC, IKA®-Werke GmbH
& Co. KG Staufen, Germany) at 37°C and were cultured for 16 to 18 hours before colonies
were counted. The loss of broth for plating per time point (100 µL per test tube), was not
replenished, since the loss of bacteria was expected to be negligible.
After 16-18 hours, the agar plates were photographed and CFUs were counted using
OpenCFU 3.9.0 for MSSA, MRSA, E. coli and E. faecalis (Geissmann, 2013). The CFU for P.
aeruginosa were counted manually, since these colonies could not be detected by OpenCFU
software due to the low contrast of the colonies on the blood agar plate.

Figure 7.1: Plating dilution series of the di�erent pathogens. For every strain a dilution series was
created for each time point. Two di�erent dilutions for the solutions with biomaterial were plated
(dilution to 103 CFU/mL (X) and 102 CFU/mL (Y)) in duplicates. Per experiment, a negative control was
cultured without biomaterials simultaneously, for this culture only dilution Y was plated in duplicates.

7.3 Results

7.3.1 pH measurements

The initial pH of the broths was between 7.14 and 7.35 (Figure 7.2). After the addition of
the biomaterials, the pH increased to values of 9 and higher. The largest pH increase
was observed for the PUTTY B to 10.10 at T7 (Figure 7.2). The lowest pH at T7 was 9.22,
observed for the S53P4 granules. After a fast increase within the �rst day of incubation
(measured at T0), the measured pH values only slightly increased further until T7.
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Figure 7.2: The pH values in the test tubes without the presence of pathogens increase directly
after addition of material at T0 and level o� in values of 9 and higher after one day of incubation.

7.3.2 Reduced CFU by the materials per bacterial strain

7.3.2.1 MSSA

The number of colonies of MSSA was slightly reduced by all materials (Figure 7.3). With a
2 log10 reduction of CFUs measured compared to the number measured in the negative
controls, the S66 powder showed the highest reduction. S53P4 granules reduced the
number of CFUs by 1 log10, compared to the negative control.

7.3.2.2 MRSA

A slight reduction of CFUs compared to the negative control was initially observed for al
materials (Figure 7.4). Fluctuations of counted CFUs are observed for the S66 powder and
the S53P4 granules. For the S66 powder, at T2 no CFUs were counted but the number of
CFUs increased again. At T7, S66 powder showed a 5 log10 reduction in CFUs compared
to the number counted in the negative control. In the S53P4 granules group, a 2 log10
reduction was observed compared to the negative control at T3. However, after this time
point the number of counted CFUs for the S53P4 granule group increased again and at T7
this reduction was undone.

7.3.2.3 E. coli

The amount of E. coli CFUs counted compared the negative control were only decreased in
the Putty A group with a �nal 2 log10 reduction at T7 (Figure 7.5). For the other putty (B)
and S66 powder a slight reduction in CFUs compared to the negative control was observed
at T2 until T5, but at T7 this was reduction was undone for both these groups.



| 117

7

7.3.2.4 E. faecalis

Putty A was also most e�ective in killing E. faecalis (Figure 7.6), while the S53P4 granules
and S66 powder showed almost no change in CFU ratio over time. The Putty A reduced
the number of counted CFUs with a 2 log10 compared to the CFUs counted for the negative
controls.

7.3.2.5 P. aeruginosa

Of the four materials tested, the S66 powder was the most e�ective in the eradication of P.
aeruginosa as it fully eradicated the pathogen (Figure 7.7). Already at T1 a 3 log10 reduction
was observed by this material, compared to the negative control. From T2 onwards, no
CFUs could be detected anymore. Both putty formulations also showed a reduction in the
number of CFUs compared to the negative control samples. Putty A reduced the number
of counted CFUs by 1 log10 and the Putty B by 2 log10 at T7.

(a) (b)

(c) (d)

Figure 7.3: All materials did slightly reduce the number of CFUs of MSSA compared to the negative
control. A slight reduction was observed for (a) Putty A and (b) Putty B; (c) the highest reduction was
observed for the S66 powder (2 log10 reduction at T7) and (d) S53P4 granules (1 log10 reduction at
T7). The results are presented as mean ± standard deviation on a logarithmic scale.
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(a) (b)

(c) (d)

Figure 7.4: The number CFUs detected for MRSA incubated with di�erent materials over time
decreased initially. (a) Putty A, (b) Putty B, (c) S66 powder and, (d) S53P4 granules. Only S66 powder
showed a reduction compared to the negative control at T7 (5 log10 reduction at T7). The results are
presented as mean ± standard deviation on a logarithmic scale.

7.4 Discussion

The goal of the current study was to screen two newly developed injectable S53P4 putty
formulations on their antibacterial properties against 5 clinically relevant bacteria strains,
in vitro. These putty formulations were developed to improve the handling of S53P4 BAG
granules. The e�ective antibacterial properties of the loose S53P4 BAG granules have
been reported previously, but it remains unclear if the incorporation of a synthetic binder,
to create the putty, a�ect this antibacterial behavior (Zhang et al., 2010; Munukka et al.,
2008; Leppäranta et al., 2008). The results obtained in this study stretch the importance
of a better understanding of the underlying antimicrobial mechanism of S53P4 BAG and
how this is related to the dosage, changes in the material formulation and by changing the
surface area.
Di�erences in capacity to reduce the number of CFUs were observed between all materials
and between all pathogens tested. Only in one case a fully eradication of the pathogen was
observed. Surprisingly, it was the S66 powder that managed to fully eradicate P. aeruginosa,
all other materials failed to completely eradicate the pathogens. Some log10 reductions
in CFU/mL have been observed, but they are dependent on the material and the tested
pathogen. The in vitro growth reduction is de�ned as bacteriostatic or bactericidal (Pankey
and Sabath, 2004). When a material is bacteriostatic it prevents the growth of bacteria.
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(a) (b)

(c) (d)

Figure 7.5: The reduction in CFUs counted for E. coli compared to the negative control for the
di�erent materials. (a) Putty A showed a 2 log10 reduction at T7. (b) Putty B initially showed a
reduction in CFUs compared to the negative control with a 1 log10 reduction, but this was undone at
T7. (c) S66 powder also showed an initial reduction of CFUs compared to the negative control, but
this was not present at T7 anymore. (d) S53P4 granules did not show any reduced counted CFUs
compared to the negative control. The results are presented as mean ± standard deviation on a
logarithmic scale and at T2 data for the S66 powder is missing due to a contamination on the agar
plate.

When a material is bactericidal it means it kills the bacterial (full eradication) (Pankey
and Sabath, 2004). A bacteriostatic material often shows a small growth reduction in
the �rst 18-24h in in vitro tests, while a bactericidal material reduces more than 3 log10
CFU/mL (Pankey and Sabath, 2004). Therefore all tested materials in this study showed
some bacteriostatic e�ects. Only the S66 showed some bactericidal e�ects. Although a
bactericidal e�ect was desired for all materials.
It is generally believed that S53P4 glass eradicates bacteria by a local increase in pH and
osmotic pressure, created by the ions that are released upon �uid contact (Munukka et al.,
2008; Stoor et al., 1998; van Gestel et al., 2015; Drago et al., 2015). As expected, the pH of
the MH-II broth increased in all groups containing bioactive glass and the increase in pH
was not hindered by the addition of the binder. However, the supposedly negative control,
the S66 powder, even showed the highest pH increase, while the S53P4 granules showed
the lowest pH increase. The relatively low pH for the S53P4 granules, compared to the
other tested materials, may be due to the used particle size of 500-800 µm. It has been
reported that in in situ measurements the pH di�ers for di�erent particle sizes for S53P4
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(a) (b)

(c) (d)

Figure 7.6: The reduction in counted CFUs per material, compared to the negative control. (a) A
2 log10 reduction was observed at T7 for Putty A, (b) a slight reduction at T1-T6 compared to the
negative control was observed for Putty B with a maximum of 1 log10 reduction at T3, (c) S66 powder
and (d) S53P4 did not show reduction of the number of CFUs counted compared to the negative
control. The results are presented as mean ± standard deviation on a logarithmic scale and at T2
data for the S66 powder is missing due to a contamination on the agar plate.

BAG granules in simulated body �uid (Zhang et al., 2008). The particle sizes are directly
a�ecting the available surface area. Smaller particles have a larger surface area, which
results in more ions that can be released (Stoor et al., 1998). This might also explain the
high pH observed for the S66 powder, which had a much smaller particle size (< 45 µm)
than the S53P4 granules. A particle size of 500 µm, has been related to a surface area that
is 8× smaller compared to particles < 45 µm (Zhang et al., 2008). Unfortunately, particle
size and therefore surface area has not been homogenized in the current study and also
the osmotic pressure has not been evaluated. It remains unclear from our results what
caused the increased pH for the S66 powder.
Two putty formulations based on the S543P4 bioactive glass were tested in this study to
screen for their potential to be used in infection treatment. Our screening against �ve
clinically relevant bacteria strains showed no complete eradication of pathogens by the
new materials, but neither for the one that has showed eradication of over 40 bacteria
in previous tests (Munukka et al., 2008; Leppäranta et al., 2008; Zhang et al., 2010). The
supposedly negative control material, the S66 powder, showed a reduction of CFU for
several of the tested pathogens. The P. aeruginosa was completely eradicated by this
material and MSSA and MRSA showed big reductions in CFU/mL, compared to the negative
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(a) (b)

(c) (d)

Figure 7.7: The number of CFUs counted for P. aeruginosa was reduced compared to the negative
control by three of the four tested materials (a) Putty A showed a reduction 1 log10 reduction at T7,
(b) Putty B showed a 2 log10 reduction at T7, (c) S66 powder fully eradicated the pathogen already
at T2, (d) only S53P4 granules did not reduce the number of CFUs. The results are presented as
mean ± standard deviation on a logarithmic scale.

control without biomaterials. These results were unexpected and they should be further
investigated and understood for the assessment of new antimicrobial materials in the
future. The results obtained for the positive control group (S53P4 granules) contradict
�ndings reported in literature, as they have been observed to e�ectively eradicate these
tested pathogens(Zhang et al., 2010; Munukka et al., 2008; Drago et al., 2013). However,
two of these studies did not report the antibacterial properties as a CFU reduction, but in
a rather quantitatively manner. Zhang et al. (2010), reported the antimicrobial properties
of S53P4 (< 45 µm, 100 mg glass powder/mL broth) in a classi�cation system, with good,
moderate, weak, very weak or no growth of bacteria as classi�ers. No growth of E. coli,
E. faecalis, and P. aeruginosa with the S53P4 powder was reported (Zhang et al., 2010).
Munukka et al. (2008) reported at least a reduced growth of S. aureus and complete
eradication of a clinical MRSA isolate and E. coli by S53P4 powder (< 45 µm, < 100 mg
powder/mL broth), based on a live dead assay (Munukka et al., 2008). In addition, they
reported a bactericidal e�ect on P. auruginosa, which would mean that the growth of this
pathogen is inhibited by the S53P4 powder. Whether this lead to full eradication of the
pathogen was not reported (Munukka et al., 2008). Not only di�erent approaches in the
quantitative vs. qualitative description of the results compared to our study could be
identi�ed. An important di�erence in particle size which is related to a big di�erence
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in surface area could explain the di�erences in results (Zhang et al., 2008). Drago et al.
(2013) tested the same size of S53P4 granules as used in the current study and observed a
complete eradication of S. aureus and P. aeruginosa after 72 hours in vitro for both 400 mg
glass/mL and 800 mg glass/mL broth (Drago et al., 2013). Another study used both sizes of
S53P4 materials (500-800 µm granules and < 45 µm powder, both 1000 mg glass/mL MH
broth) to test whether bio�lms of S. aureus, formed on titanium discs could be e�ectively
treated by addition of these materials to the bio�lm culture (Coraça-Huber et al., 2014). In
their study, di�erences were between particle sizes were observed. Both particle sizes
could reduce the number of counted CFU/mL, but the powder reduced the number of
colonies signi�cantly more than the granules (Coraça-Huber et al., 2014). These results are
con�rmed in another recent study (Stoor and Frantzen, 2017). It needs to be determined if
indeed the particle size of the S53P4 was the reason for the contradictive results, compared
to literature. Additional tests with an S53P4 powder (< 45 µm) should be used to validate
the used approach and the currently obtained results. Full eradication of MRSA, E. coli, E.
faecalis, and P. aeruginosa is expected when using the powder form (Zhang et al., 2010;
Munukka et al., 2008). The surface area of the material should be standardized and the
released ions should be measured, to control the environment created by the materials
and de�ne the dosage dependence.
From a clinical point of view, the larger S53P4 granules are more relevant than powder. For
example in the treatment of osteomyelitis, usually bigger sized granules are used (Hulsen
et al., 2017). Good results have been obtained clinically in the treatment of infections with
the S53P4 granules (Geurts et al., 2016; Lindfors et al., 2016; McAndrew et al., 2013; Malat
et al., 2018). During the treatment of osteomyelitis extensive debridement and cleaning is
performed, the defect is fully packed with BAG granules, and additional systemic antibiotics
are administered (Geurts et al., 2016; Lindfors et al., 2016). These aspects may contribute
to the good clinical results, as potentially a much lower number of bacteria is left in the
treated area. These aspects are not considered in our in vitro tests and these are therefore
worst-case scenarios. A fully packed defect may result in a di�erent concentration of ions
and a locally higher pH than what was simulated in the in vitro conditions.
The current increase of antimicrobial resistance stress the need for representative and
reproducible in vitro tests that are predictive of the in vivo situation and even more the
need to develop new antimicrobial materials (Alanis, 2005; O’Neill, 2016; Kohanski et al.,
2010). Unfortunately, the current setup did con�rm the antimicrobial activity of S53P4
BAG granules. We could not quantify in what extend the addition of a binder would a�ect
antimicrobial properties. In addition, an inert material did show unexpected antibacterial
e�ects, which highlights lack of understanding of the underlying mechanisms. It has been
proposed that the local increase in pH and osmotic pressure changes the morphology
of bacteria and damages the cell wall (Drago et al., 2015). This mechanism is completely
di�erent than the mechanisms reported for antibiotics, against which pathogens can
develop resistance (Alanis, 2005; O’Neill, 2016; Kohanski et al., 2010). This antimicrobial
resistance is a major treat for future public health and one of our biggest current challenges
according the world health organization (Alanis, 2005; O’Neill, 2016; Kohanski et al., 2010).
Further research is needed to evaluate the exact mechanism of S53P4 BAG and whether
or not bacteria could develop resistance against this mechanism.
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7.5 Conclusion

The results obtained in this study stretch the importance of a better understanding of the
underlying antimicrobial mechanism of S53P4 BAG and how this is related to the dosage,
changes in the material formulation and by changing the surface area.
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8.1 Introduction

Bone is a versatile tissue, when damaged it can usually heal itself. However, there are
cases where the healing is delayed or absent and a surgical intervention is needed to graft
the bone (Campana et al., 2014; Marsell and Einhorn, 2011; Nandra et al., 2016; Polo-Corrales
et al., 2014). It has been reported that annually, 2.2 million of these surgical interventions,
or bone graft procedures, are performed worldwide (Campana et al., 2014; Greenwald et al.,
2001; Polo-Corrales et al., 2014). The current gold standard grafting material is autologous
bone, but due to its drawbacks, other materials are considered (Campana et al., 2014;
Dimitriou et al., 2011; Fernandez de Grado et al., 2018). One of these materials is bioactive
glass. Bioactive glass has shown good results in clinical studies and its bone bonding
properties have been studied extensively (Jones, 2015; Lindfors et al., 2016). The speci�c
S53P4 composition (23.0 wt% Na2O, 20.0 wt% CaO, 4.0 wt% P2O5 and 53.0 wt% SiO2) has
shown good results in the one-stage treatment of osteomyelitis, with proven antibacterial
properties (Drago et al., 2015; Geurts et al., 2016; Leppäranta et al., 2008; Munukka et al.,
2008; Lindfors et al., 2016; McAndrew et al., 2013; Romanò et al., 2014; Zhang et al., 2010).
While the material has successfully been used in the clinic, load-bearing uncertainties and
a suboptimal handling properties were identi�ed. The load-bearing uncertainties started
with a clinical case in which a fracture was observed a few days after implantation of
the BAG granules. It remained unclear if this fracture could be related to the implanted
material. The handling issue is related to the granular form. Surgeons would prefer an
injectable material over loose granules. Therefore new S53P4 BAG formulations have been
developed. These were the main reasons to start the research described in this thesis.
As a �rst goal, we aimed at a better understanding and at predicting the load-bearing
capacity of S53P4 BAG granules. Osteomyelitis is a disease that often occurs in load-bearing
bones and for the treatment the surgeon needs to create a large defect that will weaken
the whole bone. In previous research it had been shown that BAG granules could withstand
high compressive forces without subsiding into bone in con�ned compression. Therefore
we indicated that BAG granules should be able to contribute to the load-bearing in con�ned
defects. As a second goal, we aimed at de�ning the how the incorporation of a synthetic
binder, to create an injectable and moldable BAG putty, would a�ect the mechanical and
antibacterial properties of the material. Also the dissolution of the synthetic binder was
studied. While implanted granules have been detected in bone years after implantation
(Lindfors et al., 2010a), it is unknown whether this could lead to di�culties for the patient in
the long-term. The degradation mechanism of bioactive glasses remained unclear (Detsch
and Boccaccini, 2014). It is also not fully understood how bioactive glass stimulates new
bone formation and whether it is able to form a strong bond with bone (Hoppe et al.,
2011; Jones, 2015). Therefore, in this thesis, we aimed at gaining a better understanding of
bone formation, the mechanical properties, the degradation behavior and the antibacterial
properties of the S53P4 bioactive glass materials through appropriate in vitro experiments.
This �nal chapter provides an overview summarizing the main �ndings and conclusions
of the research described in this thesis. Subsequently, challenges and future research
directions are discussed, to �nish with a conclusion.
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8.2 Main �ndings and implications

This thesis focused on the assessment of in vitro mechanical and biological properties of
S53P4 bioactive glass. An introduction to the topic is provided in Chapter 1. Chapter 2
gives an overview of the clinical indications in which S53P4 had been used. Good clinical
outcomes were observed in craniofacial procedures, grafting of benign bone tumor defects
and in a one-stage treatment of osteomyelitis. During the treatment of osteomyelitis, a
cortical window is created and the dead and infected bone is removed. This leaves a large
bone defect that a�ects the mechanical stability of the bone. It has been described that
osteomyelitis is often located at load-bearing anatomical sites (Calhoun et al., 2009; Malat
et al., 2018). Therefore, the in�uence of the creation of such a large defect in a load-bearing
bone on the mechanical properties was investigated in Chapter 3. It was studied what
the e�ect of the geometry of the cortical defect was on bone bending sti�ness and the
predicted failure moment. Micro �nite element (µFE) models were used, developed from
micro computed tomography (µCT) images of intact sheep radii. The bending sti�ness of
the model was validated with four point bending tests. Each µCT image of each radius
was used to create eight di�erent µFE models, with di�erently sized cortical windows.
The obtained results show that the width of a created defect does a�ect the mechanical
stability much more than the length. Increasing the width of the defect by a factor 2 led
to a decrease in bone bending sti�ness of 29%, which was signi�cantly bigger than the
decrease observed for a defect with a doubled length (only 8% additional sti�ness loss).
Reduction in the estimated failure moments showed similar results. A doubled width would
lead to 25% reduction of the failure moment, while a doubled length would only lead to a
reduction of 6%. Although the failure moment is not validated, it has been reported to
be a fair predictor for failure (Pistoia et al., 2002; van Rietbergen and Ito, 2014). Patient
speci�c tibia models were developed in a pragmatic way, with material models validated
with experimental results obtained in an earlier study (Hulsen et al., 2016). It was observed
that the implantation of bioactive glass could restore some of the lost stability in these
tibia models. The sti�ness was partially restored and the granules carried about 25% of the
applied load, in an ideal situation. The numerical models developed in this study indicate
that bioactive glass granules can contribute to the mechanical stability of a bone with a
large defect. How well these models correlate to the in vivo situation has not yet been
determined. To evaluate if a bone grafted with bioactive glass granules is mechanically
stable, it would be useful to obtain high resolution peripheral quantitative CT (HR-pQCT) of
patients with implanted BAG. These CT images could then be used to create a µFE model
and determine the mechanical properties at several points in time, with di�erent levels
of bone bonding. To do so, the model needs some adjustments. Most importantly, the
interface layer in our model should be updated to describe the bone bonding of the BAG.
The model can then be used as a tool to obtain quantitative data from the in vivo, clinical
situation.
To create an injectable material with better handling properties than loose bioactive glass
granules, a putty formulation was created out of a synthetic binder consisting of PEG
and glycerol (PEG 400 (20 wt%), PEG 1500 (40 wt%), PEG 3000 (15 wt%) and glycerol
(25 wt%)). The study in Chapter 4 showed that the mechanical properties in con�ned
compression were dependent on the binder content in the putty. Putty formulations with
increasing binder contents from 6 wt% to 35 wt% were subjected to con�ned compression
to determine the mechanical properties. The protocol was previously used to determine the
mechanical properties of bioactive glass granules/bone morsel samples (Hulsen et al., 2016).
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The results showed that the impactability of all �ve tested formulations was low compared
to other materials such as allograft, porous titanium particles and hydroxyapatite/tricalcium
phosphate particles (Hulsen et al., 2016; Verdonschot et al., 2001; Walschot et al., 2010). It
has been reported that impaction is important in order to reduce the graft layer strains
(Kerboull et al., 2009). The creep strains of the putty grafts were low compared to creep
strains reported for bone morsels (Hulsen et al., 2016). This indicates that the putty in
terms of creep behavior, independent of its formulation, might be mechanically more
suitable in load-bearing applications than morselized bone from autografts or allografts. No
signi�cant di�erences were observed between the di�erent putty formulations. However,
the creep strains were higher than the creep strains reported for loose bioactive glass
granules (Hulsen et al., 2016). The sti�ness of the �ve di�erent putty formulations was in
range of the sti�ness reported for cancellous bone (Ratner et al., 2012). The parameter that
was a�ected most by the incorporated binder content was the residual strain. The residual
strain was used as a measure for irreversible deformation. It was signi�cantly increased
with an increased binder content. These permanent deformations probably resulted in
signi�cantly di�erent measures for the sti�ness measured in a second loading stage. It
was concluded that for well-con�ned, load-bearing applications a formulation with a low
binder content of 6 wt% would be bene�cial in terms of mechanical stability.
In Chapter 5 it was investigated what would happen to granules with and without binder
in a physiological environment. The binder dissolved within 12 hours in an in vitro setup,
resulting in a large empty volume if a large binder content would be used. After this quick
dissolution of the binder, only loose granules remained. Their further degradation behavior
showed an increased weight loss and ion release in an acidic pH of 4.6. Osteoclasts
are able to create such a low pH when resorbing bone (Zaidi et al., 1993). Therefore it
was hypothesized that osteoclasts should be able to degrade the bioactive glass surface
(Detsch and Boccaccini, 2014). We showed that di�erentiation of human monocytes derived
from peripheral blood into multinucleated, TRAP expressing cells was not a�ected by the
environment created by the ions released from the bioactive glass. These osteoclasts
actively resorbed the glass surface, leaving behind resorption pits. This was contradictive to
a study where no active osteoclasts were observed on S53P4 surfaces (Wilson et al., 2006).
In that study, only inactive osteoclasts were observed and a possible reason might be the
calcium phosphate layer that we allowed to form before seeding the cells. It may also have
been an e�ect of the used cell source, as we used human monocytes obtained from a bu�y
coat while Wilson et al. (2006) used newborn rat bone marrow cells (Wilson et al., 2006).
The active osteoclasts in our study were able to partially resorb the precipitated calcium
phosphate layer on the bioactive glass surface. These results imply that osteoclasts can
play a role in the degradation of bioactive glasses. Whether they also actively degrade the
material in vivo, remains to be evaluated.
Bioactive glasses have been reported to have osteostimulative e�ects on bone, but the
exact bone bonding mechanism remains poorly understood (Hoppe et al., 2011; Jones, 2015).
Currently, many new materials are being developed with the intention to be used as bone
graft substitute (Campana et al., 2014). Available in vitro test methods lack complexity
(Holmes et al., 2009; Kohli et al., 2018), which results in a poor correlation between the
in vitro and in vivo outcomes (Holmes et al., 2009; Hulsart-Billström et al., 2016). To
overcome this gap, a new approach was proposed to potentially study new bone formation
ex vivo. This was described in Chapter 6 of this thesis. To establish the new approach, we
made use of an approach that was previously developed to study cartilage with defects
and cartilage repair responses (Schwab et al., 2016; van Haaften et al., 2017). It uses
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left-over tissue from pigs slaughtered for meat consumption such that it also contributes
to the ethical responsibility to replace, reduce and re�ne the number of animal studies
wherever possible (Russell and Burch, 1959). In the study described in Chapter 6, we �rst
aimed at creating and longitudinally evaluating new bone formation in a critical size bone
defect, arti�cially created in porcine osteochondral tissue in an ex vivo six-week culture.
As a second aim we studied new bone formation in arti�cially grafted bone defects. Two
biomaterials were used as graft materials and this way the samples were divided in two
groups; bioactive glass (BAG) granules and collagen sponges loaded with bone morphogenic
protein 2 (BMP-2). These materials were chosen because they are both successfully used
in the clinic (van Gestel et al., 2015; McKay et al., 2007). BAG is considered to be an
osteostimulative material that can bond to bone in about one month in vivo (Heikkila
et al., 1995; Lindfors et al., 2002; Peltola et al., 2003). The BMP-2 loaded collagen sponge
(col-BMP-2) is an osteoinductive material, actively recruiting bone forming cells to form new
bone also ectopically (Geiger et al., 2003; McKay et al., 2007; Mumcuoglu et al., 2018). The
col-BMP-2 served as the positive control. We managed to isolate osteochondral plugs and
to create critical sized bone defect. Cells stayed alive for up to six weeks and there was
bone marrow left in the tissue. The cultures could be performed sterilely and in parallel a
method for the assessment of longitudinal bone formation monitoring was enabled. Two
di�erent viability tests indicated viability in the culture during the complete culture period
and µCT suggested a preserved structural integrity of the bone. In the empty controls
and in the col-BMP-2 samples abundant intact bone marrow was observed with histology
after a culture period of six weeks. The bone marrow in the BAG group appeared to
be less intact and may have contained dead cells. Although, the viability tests did show
viability in the tissue after six weeks. No new bone formation was observed in the grafted
defects with both biomaterials. In contrast to our expectations, we did not observe any
new bone formation in the defects grafted with col-BMP-2. There are a number of reasons
that might have contributed to this �nding. One might be the concentration of BMP-2 in
the culture, as it has been described that the osteoinductive e�ect is dose dependent
(Mumcuoglu et al., 2018). The whole medium within the bioreactor was changed 3 times
a week without the addition of new BMP-2. With a reported half-life of 1.87 days, this
may have led to a too quick dilution of the growth factor below a bioactive concentration,
compared to in vivo situations (Boerckel et al., 2011). Another reason for the absence
of new bone formation might have been that the remaining viable cells were either not
enough in number or not the ones responsible for regeneration, or both. Even from the
combined results of the viability test and histological analysis it remains unclear which
cell types were viable after six weeks. It should therefore be studied which cell types
were present at the end of the culture, in further experiments. If cells with regenerative
potential are indeed absent, substitution of them might help to promote bone formation.
Even though no new bone formation was observed in this study yet, the obtained results
obtained are an important step forward in developing techniques that predict the in vivo
results in biomaterials research better and this way may reduce the number of animal
studies needed.
While the addition of the synthetic binder in the putty materials showed a clear relationship
between the mechanical properties and the binder content (Chapter 4), the antibacterial
properties of bioactive glass were also in�uenced (Chapter 7). Four glass materials (two putty
formulations, bioactive glass granules, and an inert glass) were tested on their potential to
reduce the number of colony forming units of �ve di�erent bacterial strains: methicillin
sensitive Staphylococcus aureus (MSSA), methicillin resistant Staphylococcus aureus (MRSA),
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Enterococcus coli (E. coli), Enterococcus faecalis (E. faecalis), and Pseudomonas aeruginosa
(P. aeruginosa). To evaluate the antimicrobial properties of the putty materials, the putty
formulations were cultured with the pathogens in a Müller-Hinton II broth for a week with
daily colony forming unit (CFU) counting. As controls, S53P4 BAG granules and inert glass
were used. None of the tested putty formulations was able to completely eradicate the
pathogens in the broths, which would be needed for safe infection treatment. In addition,
previously reported results for S53P4 granules could not be reproduced (Munukka et al.,
2008; Zhang et al., 2010). This may have been an e�ect of the di�erent particle sizes used,
as it has been reported that the particle size and associated surface area of the bioactive
glass has a big e�ect on its antibacterial properties (Coraça-Huber et al., 2014; Drago et al.,
2013; Stoor and Frantzen, 2017). It has also been shown that the pH increase is dependent
on the surface area (Zhang et al., 2008). This may explain the di�erences in pH increase
by the di�erent materials studied. The increase in local pH and osmotic pressure, which is
an e�ect of the ions that are released from the bioactive glass surface, are suggested to
be the antibacterial mechanism of the S53P4 bioactive glass (Drago et al., 2015). Although
the osmotic pressure was not evaluated in our study, the results suggest a more complex
mechanism that dependent on the material formulation and the tested pathogen. The
in Chapter 7 described results stretch the importance for a better understanding of the
underlying antimicrobial mechanism of S53P4 BAG. In addition, it should be elucidated
how these antimicrobial properties are a�ected by changes in the material formulation,
for example by addition of binders to improve the handling properties or by changing the
surface area.

8.3 Remaining challenges and future research perspectives

8.3.1 S53P4 bioactive glass formulations in the treatment of bone
infections

As reviewed in Chapter 2 and later also con�rmed by a multinational, multicenter study,
the clinical use of S53P4 bioactive glass granules in the treatment of chronic osteomyelitis
show excellent clinical results (Lindfors et al., 2016). Reported infection eradication rates
are around 90%, mainly in cases that had a long history of di�cult-to-treat chronic
osteomyelitis (Lindfors et al., 2016). This success rate is higher to reported success rates
for the gold standard procedure using antibiotic loaded polymethylacrylate (PMMA) beads or
antibiotic loaded hydroxyapatite (HA) or calcium sulfate (CaSO4) beads (Romanò et al., 2014;
Walenkamp et al., 1998). A success rate of 92% success rate was reached for PMMA-beads
if all treatment periods were included. Only 78% of the patients was successfully treated
(without a reinfection) in a single treatment period, which already included 1 to 5 operations.
Another 14% healed after two or three treatment periods (Walenkamp et al., 1998). The
success rates reported for the antibiotic loaded HA and CaSO4 beads were slightly lower,
respectively 88.9% and 86.3% (Romanò et al., 2014). Considering all costs involved in the
treatment of chronic osteomyelitis, S53P4 bioactive glass granules have been shown to be
signi�cantly cost-e�ective compared to the PMMA-beads treatment (Van Vugt et al., 2018).
The costs are mainly reduced by the decrease in hospitalization costs and surgical costs.
These good results might not be limited to the treatment of chronic osteomyelitis and
might also be bene�cial for other bone infection cases. Currently, it is clinically explored
if the material can be also used in other infection cases like septic non-unions, diabetic
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feet, or infections after cochlear implant surgery. It should however be considered that the
antibacterial mechanism has not been fully elucidated yet. To date, it has been assumed
that the local pH and osmotic pressure increase, due to ion release when bioactive glass
gets in contact with body �uid (van Gestel et al., 2015; Leppäranta et al., 2008; Munukka
et al., 2008; Zhang et al., 2010). There is one publication that describes that the bacterial
morphology changes upon incubation with S53P4 bioactive glass, where they show cell
shrinkage, with reduction of the cell dimensions and damage to the bacterial cell wall (Drago
et al., 2015). Evidence remains limited as only three di�erent pathogens were evaluated.
Future research should therefore focus on a better understanding of the antibacterial
mechanism of S53P4 bioactive glass, taken into account dose dependency based on surface
area (Zhang et al., 2008; Coraça-Huber et al., 2014). When the antibacterial mechanism
is determined, it should be investigated whether bacteria can develop resistance against
the bioactive glass. If bacteria would not develop resistance, this would be a big step
forward in the current �ght against antimicrobial resistance (AMR), which is currently one
of the biggest treats to global health according to the world health organization (WHO)
(Durand et al., 2019; Alanis, 2005; O’Neill, 2016; World Health Organization, 2018). It has
been estimated that by the year of 2050, 10 million people will die if no solutions are
found (O’Neill, 2016). Bacterial infections would then be the �rst cause of death, beating
cancer (López-Jácome et al., 2019). The antibiotics that have recently been developed and
approved for the treatment of infection diseases often fail, because resistance is developed
quickly (López-Jácome et al., 2019). Some newly developed antibiotics failed already within
their �rst year on the market. It is proposed that this is due to the fact that these ‘new’
antibiotics are only improved versions or combinations of existing antibiotics (López-Jácome
et al., 2019). Therefore, other antimicrobial mechanisms, like the one proposed for S53P4
bioactive glass, need to be de�ned and further developed. However, when de�ned, the
material should be applied with care. It has been described that the overuse of antibiotics
is largely responsible for the current AMR problem (O’Neill, 2016). For antibiotics it has
been proposed that the demand should be reduced as much as possible to make sure the
current stock of drugs lasts longer (O’Neill, 2016). This should also be considered for all
newly developed materials with di�erent antimicrobial mechanisms. As the antimicrobial
mechanism of S53P4 is not yet identi�ed, the use of the material should be well-considered.
Limiting the current use may result in a longer lasting treatment option.

8.3.2 Improved handling properties of bioactive glasses

The main reason for the development of the putty materials, consisting of bioactive
glass granules, powder and a binder made is the fact that the handling properties of
the loose bioactive glass granules are unsatisfactory. The results described in this thesis
show suboptimal mechanical and biological properties of the currently developed putty
materials. The composition dependent mechanical properties showed that, for load-bearing
applications, the material with the lowest binder content would be most appropriate. In
addition, degradation was observed to be extremely fast, leaving an un�lled volume. It
has been reported that in the treatment of chronic osteomyelitis, a dead space, due to
improper �lling of the defect, can increase chances of reinfections (Lindfors et al., 2010a).
Di�erent putty formulations have been studied on their antibacterial properties, but the
current putty materials are not e�ective in the treatment of infections. Although an
increase in pH was observed for the putty formulations, similar to what is expected for
loose granules, it should be determined whether the ion release and subsequent bone
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bonding capacity would be a�ected by the incorporation and degradation of the binder.
Taking these considerations into account, it may be needed to re-evaluate the current
binder material.
Other bioactive glass composite materials have previously been developed to be used as
injectable bone graft substitutes (Brauer et al., 2012; Cui et al., 2017; Douglas et al., 2014;
Goñi et al., 2018; Harmata et al., 2015; Yu et al., 2013; Zhang et al., 2015; Zhu et al., 2017;
Sadiasa et al., 2014). They all have their considerations to choose for a speci�c binder
material. In most cases, they resembled a bone cement, strengthened by the incorporation
of bioactive glass, mainly in powder form (particle sizes in the nm-µm ranges) (Brauer
et al., 2012; Cui et al., 2017; Douglas et al., 2014; Goñi et al., 2018; Harmata et al., 2015; Yu
et al., 2013; Zhang et al., 2015; Zhu et al., 2017). The evaluation of these materials was
mainly focused on the mechanical properties as the authors aimed for stronger materials
with the incorporation of the bioactive glasses. Some of the injectable materials were
further evaluated and also apatite formation, antibacterial properties or cell cytotoxicity
were determined in vitro, or animal tests were performed to determine the biocompatibility
in vivo.

8.3.2.1 In vitro mechanical properties of injectable bioactive glass composite
materials

The compressive strength of the injectable composites mostly ranged from 1 to 100 MPa
(Brauer et al., 2012; Cui et al., 2017; Sadiasa et al., 2014; Yu et al., 2013; Zhang et al., 2015).
The compressive strength of bone is in the range of 130-180 MPa for cortical bone and
in the range of 4-12 MPa for trabecular bone (Carter and Hayes, 1977; Giesen et al., 2001;
Keaveny et al., 2001; Røhl et al., 1991; Yeni and Fyhrie, 2001; Zioupos and Currey, 1998).
Most of the reported material strengths are somewhere in between those ranges (Brauer
et al., 2012; Cui et al., 2017; Sadiasa et al., 2014; Yu et al., 2013; Zhang et al., 2015). When
compressive strength was determined over time with particles submerged in phosphate
bu�ered saline (PBS), the compressive strength decreased from approximately 24 MPa to 8
MPa in ten days (Cui et al., 2017).
Physiological loads are not limited to compression and often include shear or cyclic
loads. Compressive strength alone has been shown to be a poor indicator for the in vivo
performance for load-bearing applications (Harmata et al., 2015). Brittle materials, such
as bone cements with incorporated bioactive glasses, may fail due to repeated loading
due to microcracks and damage accumulation (Harmata et al., 2015). In this thesis, cyclic
loading was applied in con�ned compression, which may resemble the physiological loading
conditions of walking better. Still, this was a rather simple in vitro setup that lacked the
physiological complexity and the degradation behavior of the material.

8.3.2.2 In vitro apatite formation on surfaces of injectable bioactive glass
composite materials

The bioactivity of bioactive glass containing materials is often evaluated by SEM after the
immersion in simulated body �uid (SBF) (Kokubo et al., 1990; Maçon et al., 2015). When
bioactive glasses are incorporated in the injectable materials, usually calcium phosphate
like structures are observed with SEM (Cui et al., 2017; Douglas et al., 2014; Goñi et al.,
2018; Yu et al., 2013; Zhang et al., 2015). However, only some studies further analyze
which are elements on the surface (Sadiasa et al., 2014; Yu et al., 2013; Zhang et al., 2015).
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For example, X-ray di�raction (XRD) or energy-dispersive X-ray spectroscopy (EDX) could
provide additional information on the changes on the surface of the material. However,
it remains a challenge to distinguish between di�erent minerals (e.g. amorphous calcium
phosphate vs. crystalized hydroxyapatite) (Keller and Dollase, 2000; Yu et al., 2013).

8.3.2.3 In vitro antibacterial testing of injectable bioactive glass composite
materials

Literature suggests that bioactive glass composites have some antimicrobial capacity,
reductions in CFUs/mL are often observed when a composite is containing a bioactive glass
(Brauer et al., 2012; Douglas et al., 2014). However, full eradication has never been observed
and responses are dependent on the tested pathogen. This has also been observed for
the PEG and glycerol containing S53P4 bioactive glass putty materials in this thesis. If the
injectable biomaterials are intended to be used as antimicrobial material, a full screening
should be performed to de�ne a list of pathogens that can be treated and the ones that
cannot be treated with that speci�c material. A generalized e�ect, which means that the
material will be able to successfully treat all pathogens, can probably not be expected.

8.3.2.4 In vitro cell cytotoxicity tests of injectable bioactive glass composite
materials

The antimicrobial properties of a gellan gum bioactive glass composite also seem to kill
eukaryotic cells when seeded on top (Douglas et al., 2014). Only small amounts of living
MG63 cells (human osteosarcoma cell line), were observed on bioactive glass containing
composites with live/dead staining after 1 and 7 days (Douglas et al., 2014). However,
these cells did stay viable on calcium phosphate bioactive glass composites (Sadiasa
et al., 2014). Similar viability was observed for, MC3T3-E1 (mouse osteoblastic cell line),
human �broblasts (FBs), osteoblasts (OBs), bone marrow derived mesenchymal stromal
cells (MSCs), and primary rat OBs on di�erent bioactive glass composites (Cui et al., 2017;
Goñi et al., 2018; Zhang et al., 2015). Cell cytotoxicity was determined with various cell
sources and in various ways with di�erent analysis to obtain the results. Standardization of
such cell experiments would be bene�cial in the screening for new injectable biomaterials.
It has been shown in many studies, as reviewed by Jones 2015, that bioactive glasses by
itself are not cytotoxic (Jones, 2015). However, with the incorporation another material as a
binder this should always be tested in a standardized way.

8.3.2.5 Animal models for the in vivo testing of injectable bioactive glass
composite materials

For the previously mentioned injectable bioactive glass composite materials, also (non-
infection) animal studies have been performed (Cui et al., 2017; Sadiasa et al., 2014; Yu
et al., 2013; Zhang et al., 2015; Zhu et al., 2017). They all used a rabbit femoral condyle
defect model to determine the in vivo behavior of their materials. However, the analysis of
the in vivo results was focused on the incorporation of bone and the bioactivity of the
material. Neither the mechanical stability, nor the antibacterial properties were assessed.
For load-bearing bone graft applications, the mechanical stability of the material should be
determined. µFE models from µCT images may be useful tools to predict the mechanical
stability and failure. First, validated material models of the graft material need to be
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developed that can then be used in the µFE analysis of the in vivo scans. An approach as
described in Chapter 3 with experimental validation of the material models for bioactive
glass granules and bone morsels could be considered.
If the materials are intended to be used as antimicrobial implant materials, infection models
should be used to determine the capacity of the material to treat an infection in vivo.
The type of animal model should be well-considered based on the intended applications
(trauma-associated vs. implant-associated infection models). An overview of experimental
models in orthopedic infection research has previously been described (Odekerken et al.,
2017). Animal models are needed to bridge the gap between the in vitro results and the
clinical applications. Similar to the approach described in Chapter 6, research should
focus on the development of more complex 3D infection models in vitro, to screen the
materials on their antibacterial properties in a more complex situation before animal trials
are started. This may reduce the number of animals needed or the unnecessary su�ering
due to an insu�ciently antibacterial material. Validation of such a model will be challenging,
but can be achieved with materials of which the in vivo outcomes are clear.

8.3.3 In silico bone models for biomaterial testing

Not only in vitro or in vivo tests can contribute to the determination of the load-bearing
capacity of biomaterials. Images obtained with µCT or HR-pQCT can be converted to µFE
models that can provide insights into the responses of the material upon loading. These
techniques are currently mainly used to predict the strength of (human) bone (Dalstra
and Huiskes, 1995; van Rietbergen and Ito, 2014; Ulrich et al., 1998; Vilayphiou et al., 2011).
However, such approach can also be used to determine the mechanical stability of implants
in di�erent loading conditions (Marcián et al., 2018; Steiner et al., 2017). Such models could
be used to calculate the load and stress distributions on materials implanted in a bone,
taking into account the geometry at a high resolution. The models can also account for
changes over time in case of longitudinal follow-up. In the case of bioactive glass the level
of bone bonding would in�uence the sti�ness of the total bone with graft and will have
a big e�ect on the load-transfer. The proposed µFE could be used to quantify this and
to predict failure upon speci�c loading regimes. Furthermore, it is important to consider
that in bone regeneration, the material usually is intended to be a temporary material. It
would be degraded and new bone will develop, and the timing of these two processes is
very important considering the total strength of the material. Ideally, the rate of material
degradation (and related strength loss) is equal to rate in which new bone forms, such
that strength of the complete structure is not lost (Figure 8.1). This could be quanti�ed
by longitudinal monitoring with high resolution imaging techniques and subsequent µFE
modeling.
A predictive µFE model for bioactive glass granules or composites will be complicated
and challenging to develop. The mechanical properties of the total region of interest
change with the degree of bone bonding and initial movement in-between the granules and
between the granules and bone is possible. However, the exact timing of ‘initially’ remains
unde�ned. In addition, all di�erent materials and components of the model will have their
speci�c material properties that need to be de�ned and validated. In Chapter 3, we chose
to use a pragmatic approach with the incorporation of an interface layer. The material
properties were de�ned based on literature and trial-and-error based modeling while
validating the output with the experimental results (Hulsen et al., 2016). Other approaches
may be possible, considering contact or friction between the bioactive glass granules.
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Figure 8.1: Schematic overview of the ideal strength balance over time with a degrading material
and new bone forming.

Newly developed models would need validation, which can be challenging if in vivo images
are the input for the models. However, with experimentally validated input parameters for
the used materials, they may contribute to the prediction of fracture risks of patients that
would load the implant. Successfully validated models could be used as predictive tools for
fracture risk analysis and patient speci�c load patterns.

8.3.4 In vitro bone models for biomaterials testing

Bone is a complex tissue in which well-coordinated biological events are going on in order
to maintain the bone over time. Current in vitro models for biomaterial testing mainly
focus on the cellular behavior of one cell type, usually osteoblasts in the �eld of bone
regeneration. Lacking the complexity of the in vivo situation is suggested to be the problem
why the in vitro analyses of biomaterials correlate poorly with in vivo outcomes, which may
be a reason why newly developed biomaterials do not end up in the clinic (Hulsart-Billström
et al., 2016; Kohli et al., 2018). To be able to understand how the material a�ects the bone
tissue, it is also important to understand the physiological behavior of bone. In cases
where graft implantation is needed, the bone may be a�ected by a disease, which should
be considered and if possible added to the model.
Recently, several reviews have been published summarizing the advances in the develop-
ment of in vitro 3D models to get a better understanding of the physiological behavior
of bone (Owen and Reilly, 2018; Scheinp�ug et al., 2018; Wittkowske et al., 2016). Many
approaches try to create a 3D bone model in the laboratory, such as: sca�old-containing
approaches and sca�old-free approaches to recreate bone tissue; 3D printing approaches
to mimic the structure and biochemical cues spatially; bioreactor approaches to include me-
chanical cues; micro�uidic approaches to create miniature bioreactors on a chip (Scheinp�ug
et al., 2018). All these approaches can be considered for a various number of reasons. In all
approaches, the degree of complexity remains an important consideration. To study bone
remodeling, one could argue that the system needs (human) osteoblasts, osteocytes and
osteoclasts and maybe some of their precursors, it is known to be a cascade of events not
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limited to cell related events (Wittkowske et al., 2016). One of the issues is the timeline:
when should which cell type be added? Another issue is the choice of medium, the addition
of fetal bovine serum (FBS) and/or other biochemical cues. It is known that di�erent
media types are needed for the di�erent cell types, but it has also been shown in our lab
that di�erent FBS batches or animal component free alternatives alter the di�erentiation,
extracellular matrix deposition and mineralization in bone tissue engineering (Melke et al.
(nd)). This also stresses the importance of a careful analysis of the data gathered with
an in vitro bone model. As reported, some standard in vitro analytical approaches in
bone research, like alkaline phosphatase expression, correlate poorly to in vivo results
(Hulsart-Billström et al., 2016).
The complex models described to study the physiological behavior of bone could be
adjusted or extended to be used for bone graft material testing (Kohli et al., 2018). Again it
is important to understand the complex mechanism that occurs when a graft material is
implanted and what events happen when. Therefore it is important to de�ne the timing
of cells added in a model and also which cells should be added. A very speci�c timing
upon biomaterial implantation has been described with an early phase, followed by a
bone forming phase, followed by a remodeling phase (Figure 8.2) (Chen et al., 2016; Kohli
et al., 2018). In case of new bone formation, the addition of osteoblasts or its precursors
like MSCs to the in vitro model are obvious choices. Also monocytes or osteoclasts are
needed to instruct the bone forming cells and to create a complete basic multicellular unit
(BMU) (Kohli et al., 2018). However, when the three phases are considered, cells from the
immune system should be added as the immune system is activated in the early phase
(Boersema et al., 2016; Chen et al., 2016; Kohli et al., 2018). It has been proposed that the
immune system should be incorporated in biomaterials testing for orthopedic and dental
applications (Chen et al., 2016). This way, not only the e�ect of the material on the bone
cells will be addressed, but also the e�ect on the immune response. This is important since
an immune response that leads to bone formation and remodeling needs to be activated
rather than a response that leads to chronic in�ammation and the development of a �brous
capsule (Chen et al., 2016). The immune response is strongly regulated by the phenotype
of macrophages, which might therefore play an important role in the development of
predictive in vitro methods to screen biomaterials on their bone forming capacity. Besides
the BMUs and the immune system, also vasculature is an important feature to consider in
fracture repair (Stegen and Carmeliet, 2017). It has been described that osteogenesis and
angiogenesis are tightly coupled through the hypoxia-inducible factor (HIF)-1α and vascular
endothelial growth factor (VEGF) pathway (Lampert et al., 2016; Schipani et al., 2009; Stegen
and Carmeliet, 2017; Wang et al., 2007). Impaired fracture healing is also associated with a
reduced or disorganized blood vessel network (Stegen and Carmeliet, 2017). Therefore it has
been proposed that that treatment options should target the coupled mechanism (Stegen
and Carmeliet, 2017). This also implies that a coupled test system should be modeled
in vitro, in order to test the e�ect properly before animal testing.
To address the whole cascade of events that will occur after biomaterial implantation might
be a bridge too far for the near future. The addition of whole new systems such as the
immune system and/or vascular system will add a tremendous amount of complexity.
This will create problems in the analysis, as current techniques will be limited and it will
be di�cult to separate to what extent which added system contributes to the outcome.
However, it should be considered when developing new ways of in vitro biomaterials testing
to be potentially added in the future or to use as a starting point. Ideally one could add or
remove complexity to a model system in a modular way.
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Figure 8.2: Conceptual illustration of the host response to a biomaterial after implantation. Within
minutes after implantation of a biomaterial, a blood clot is formed, and the biomaterial is exposed to
in�ammatory cells and cytokines. Once the initial in�ammatory response diminishes, microcapillaries
are formed within the biomaterial which leads to the initiation of vascularization. At this point,
the bulk of the biomaterial is invaded with �broblasts and progenitor cells of the osteoblastic and
osteoclastic lineage. The osteoblast progenitors di�erentiate to form woven bone over the course of
next few weeks. After 6–9 months, the woven bone is remodeled to lamellar bone by the coupling
activity of osteoclasts and osteoblasts. This image is adopted from (Kohli et al., 2018). Reprinted
with permission. Copyright© 2018, Springer Science Business Media, LLC.

8.4 General Conclusion

In this thesis, S53P4 bioactive glass formulations have been discussed as a bone graft
substitute. The mechanical and antibacterial properties, degradation behavior, and stimu-
lation of bone formation have been investigated in vitro. These factors were addressed in
order to evaluate the currently available material, but also to de�ne how these may be
changed when a binder was incorporated for better handling properties of the material.
With the incorporation of a synthetic binder of PEG and glycerol to create the putty for-
mulations, the handling properties of S53P4 bioactive glass granules may be improved as
it becomes injectable and shapeable, but the mechanical properties became suboptimal
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for load-bearing applications. The fast dissolution of the water soluble binder will result
in a large un�lled space, which would a�ect the mechanical stability and would increase
the risk of reinfections when it would be used to treat chronic osteomyelitis. The results
described in this thesis conclude that the use of current formulations of injectable material
should not be used in infection treatment since the antibacterial properties varied with
speci�c putty formulation and bacterial strains. Moreover, in load-bearing applications,
only low amounts of binder should be considered. Therefore the binder material that was
used in the current putty formulations, might need re-evaluation to be able to balance the
mechanical properties and antibacterial properties in the future.
The loose granules were also addressed in this thesis and it was observed that active
osteoclasts on the bioactive glass surface were able to partly resorb it. This indicated
that the bone resorbing cells are capable to play a role in the degradation of the material,
however; it remains unclear how this relates to the in vivo situation. In addition, it was
observed that bioactive glass granules used as graft materials can contribute to the in vivo
load sharing and restoration of the bone sti�ness.
Finally, to be able to study the bioactive glass in a more realistic setup, an ex vivo approach
was described. Osteochondral plugs with large bone defects that could be grafted with
biomaterials were cultured ex vivo. To isolate the osteochondral plugs and to create the
defect, rough methods are used and the conditions are harsh for the tissue. The cells
stayed alive for six weeks and there was bone marrow left in the tissue. The cultures
could be performed sterilely and in parallel a method to assess longitudinal bone formation
monitoring was enabled. New bone formation had not yet been achieved, therefore further
experiments are needed. The results obtained in the study hold promise that it the
approach can be used in the future to screen biomaterials on their bone forming capacity.
This biomaterial testing system should be extended to create a platform that can predict
in vivo outcomes better. The level of complexity needed has to be investigated. As a �rst
step, bone forming cells can be added to the system and later maybe bone resorbing cells
to create a BMU. However, it should also be considered to add immune cells to mimic the
early phase after biomaterial implantation. The model should be validated with materials
that are already used in the clinic. When this is achieved, it could even be considered to
make it a standardized ex vivo infection model.
In conclusion, the load-bearing capacity of loose bioactive glass granules can contribute
to load-bearing in bones that are weakened by a cortical defect. When these granules
are incorporated in a synthetic binder, to improve the handling properties, the mechanical
properties for load-bearing applications are impaired. The degradation of the binder is
extremely fast, while the degradation of the loose granules is slow. Actively resorbing
osteoclasts have been observed on bioactive glass surfaces in vitro, indicating they may
play a role in the degradation of the bioactive glass.
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A.1 Elasticity and Plasticity

Some important mechanical properties of a material can be assessed by tensile or com-
pression tests, by which a stress-strain curve can be obtained. The stress (σ) is de�ned as
the force per cross-sectional area (Equation (A.1)). Whereas the strain (ε) is de�ned as the
length change of the specimen scaled by its original length (Equation (A.2)).

σ= F
A0

[N/m2 = Pa] (A.1)

ε= ∆l

l0
[−] (A.2)

A schematic example of a typical stress-strain curve that could be assessed with a tensile
test on a ductile material is shown in Figure A.1. In the �rst region of this curve, the material
behaves elastic, which means that the deformation is reversible. This linear behavior is
described by Hooke’s law, which results in a material property that is a measure for the
sti�ness of the material i.e. the Young’s modulus or elastic modulus (E in Equation (A.3)).

E = σ

ε
[Pa] (A.3)

If a specimen is stressed in one direction, it will not only be strained in the direction parallel
to that stress direction, but also perpendicular to that stress direction the specimen will
change in size. It will mainly become thinner. The Poisson’s ratio (ν) is a material property
that describes this phenomenon (Equation (A.4)).

ν=−
(
εperpendicular

εparallel

)
[−] (A.4)

When the stress or strain gradually increases the material may reach its yield point at
the yield strength (σy) and the material starts to deform permanently (irreversibly). Brittle
materials, like ceramics, will break before σy is reached. On the contrary, ductile materials,
like most metals and polymers, will undergo plastic deformation before they break. At a
certain strain, the stress will start to decrease (ultimate stress (σT)) because of the de�nition
of the stress which only accounts for the initial cross-sectional area of the specimen. A
more accurate way of stress determination takes the change in cross-sectional area during
the tensile test into account. This is called the true stress. However, this is usually not
applied because it is di�cult to keep track of the cross-sectional area during testing,
therefore mainly the engineering stress is de�ned (as in Figure A.1). To calculate the more
accurate true strain, the length change is measured in very small increments, which is
scaled for the length corresponding to the length just prior to that increment (Viney, 2013)
and leads to Equation (A.5).

εtrue = ln

(
l

l0

)
[−] (A.5)
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Figure A.1: Typical stress-strain curve for a ductile material (schematically)

The area under the curve in the elastic region is called the resilience and is a measure for
elastic energy that can be stored in a unit volume of the material (absorbed energy by the
material). The area under the total curve correspondents to the toughness of the material
and is a measure for the energy that is needed to deform a unit volume of the material
until it breaks.
Not only the applied force determines the mechanical properties that are described here,
but the rate in which it is applied will a�ect the results. This is related to the ability of
the material’s microstructure to adapt for the imposed deformation, by rearranging the
microstructure. Moreover, compression tests can be executed in uncon�ned and con�ned
conditions, both ways can be used in a test but will provide di�erent results as the material
will be restricted in con�ned conditions. Compression tests are commonly executed in the
materials science to determine the mechanical properties. The compressive strength is
then often reported, which is the compressive stress that leads to failure of the material
(fracture).
Not only a perpendicular tensile or compression force can be applied to a specimen to
determine mechanical properties, a force can also be applied parallel to the specimen (as
schematically shown in Figure A.2). This shear force results in a shear stress (τ) and shear
strain (γ) (Equation (A.6) and Equation (A.7)).

τ= F
l

[Pa] (A.6)

γ= tanθ [−] (A.7)
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Similar to the Young’s Modulus, the shear modulus (G) of a material can be determined
(Equation (A.8)).

G = τ

γ
[−] (A.8)

Figure A.2: Shear force applied on a rectangular specimen

A.2 Viscoelasticity

The mechanical behavior of some materials is time dependent, most importantly polymers
and biological materials. This time dependent behavior is also known as viscoelastic
behavior and cannot be ignored since it will a�ect the performance of the biomaterial
(Findley et al., 1989). As the name of this behavior already implies, a viscoelastic material
both shows elastic and viscous behavior (Janmey and Schliwa, 2008; Price et al., 2008).
If a viscoelastic material is subjected to a constant strain, it will show stress relaxation,
meaning that the stress gradually reduces over time. The energy is therefore not stored
in the material, but will be dissipated. The stress-strain curve of a viscoelastic material
(Figure A.3) is di�erent than the stress-strain curve for a material that only shows elastic
and/or plastic behavior, such as the example in Figure A.1. The amount of relaxation is
highly dependent on the strain rate and the magnitude of the applied strain, but also the
frequency and temperature play important roles. If a viscoelastic material is subjected to a
constant stress, it will show creep, which is a slow and continuous deformation over time.
This can even lead to a fracture, which is detrimental for biomaterials that are intended to
serve for a long time (Viney, 2013). As visualized in Figure A.3, a viscoelastic material shows
hysteresis, meaning that the loading stress-strain curve is di�erent from its unloading
phase. The material can only absorb energy partially, a part (indicated as the hysteresis in
Figure A.3) will be dissipated as heat (lost energy). Since the loading and unloading follow
di�erent paths in the stress-strain curve of a viscoelastic material, its mechanical behavior
will be in�uenced by its loading history.
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Figure A.3: A schematic stress-strain curve of a viscoelastic material, showing hysteresis: dissipation
of energy

To test the mechanical behavior of viscoelastic materials, fatigue tests are performed. The
material will be subjected to cyclic load until failure. A cyclic loading regime can not only
de�ne the lifetime under cyclic loading, but can also de�ne the mechanical properties
known as storage and loss moduli, that are related to the dynamic modulus (also known
as the complex modulus E∗, (Equation (A.11)). If an elastic material would be subjected
to a cyclic loading regime with an angular frequency (ω), the strain will follow the stress
directly (δ= 0 in Figure A.4). If a viscous or viscoelastic material would be subjected to
cyclic loading, the strain will not follow the stress directly because of a time lag due to
viscous �ow (δ 6= 0 in Figure A.4). Making use of this lag the storage modulus (E’) and loss
modulus (E”) can be de�ned (Equation (A.9) and Equation (A.10), respectively).

E ′ =
(
σmax

εmax

)
cosδ [Pa] (A.9)

E" =
(
σmax

εmax

)
sinδ [Pa] (A.10)

E∗ = E ′+ ıE" [Pa] (A.11)

The ratio of the loss modulus to the storage modulus is a measure for the damping.
Similar to the previous described methods the storage and loss modulus for shear can
be determined, where E’ can be replaced by G’, and E” by G”. Rheometers are often used
to quantify viscoelastic properties of materials, because of the possibility to control the
testing settings and determine the properties in a wide range of conditions.
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Figure A.4: Viscoelastic time dependent behavior
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B.1 Mechanical properties of bioactive glass structures in dry
in vitro conditions

Bioactive glasses are by nature brittle and lack fracture toughness. As stated earlier in this
chapter, biocompatibility of a material is dependent on its intended application; therefore,
the aimed mechanical properties are also related to the intended application. Many di�erent
scientists study bioactive glass, all having their own point of view. A brittle material that
lacks fracture toughness is not ideal for the use in bone-defect grafting or bone-tissue
engineering. For this latter aim, mechanical properties of 3D structures have been tailored
by the addition of various polymers to various bioactive glasses (see Table B.1, reviewed by
(Rezwan et al., 2006)). Moreover, various fabrication techniques have been developed and
studied to enhance the (mechanical) properties of the bioactive glass (Heinemann et al.,
2013). However, in clinical practice, mainly particulate bioactive glasses are used, which
can provide stability only when used in well-con�ned bone defects (Jones, 2015; Hulsen
et al., 2016). To enhance handling properties of these loose granules, putty materials have
been developed to be used in clinical practice, but with the currently reported formulations
no mechanical support can be guaranteed in load-bearing applications (Wang et al., 2011).
In vitro mechanical properties are tested in many ways for many bioactive glass variations
and reported in di�erent measures; therefore, an overview is presented in Table B.1. In
most published studies (con�ned) compression or tensile tests were performed. The
reported results only apply in these speci�c situations. However, in clinical practice the
loads would be distributed in a lot more complex ways. For example shear and fatigue
are mainly ignored in in vitro tests, but will a�ect the graft layer in an in vivo situation.
Indicating that a careful interpretation is required for the evaluation of the mechanical
properties of bioactive glasses and biomaterials in general.

B.2 Mechanical properties of bioactive glasses in wet in vitro
conditions

Once bioactive glasses get in contact with (body) �uid, surface reactions take place and
bone bonding is initiated. For this reason, mechanical properties will change over time in
an in vivo situation. Addition of simulated body �uid (SBF) to in vitro experimental setups is
used to simulate the in vivo environment in an in vitro setup (Kokubo et al., 1990). Not only
bone bonding is initiated, also degradation of the material is started, which may change its
geometry. For pure bioactive glass materials, it is known that the degradation is slow (order
of years), but if they are combined with polymers, degradation rates (of the composites)
can change. Degradation of a material will decrease mechanical stability of the construct,
if not counteracted or changed on time by newly formed bone in an in vivo situation.
The application of SBF to simulate degradation is included in some of the studies listed
in Table B.1. For example Blaker et al.(2011), who studied the PDLLA/45S5 bioactive glass
foams in dry and wet (SBF) conditions with a follow-up period of 600 days. They observed
a substantial reduction in, among others, elastic modulus and compressive strengths
when the samples were submerged in SBF compared to dry samples. Moreover, they
also observed a serious weight loss over time, due to the degradation (Blaker et al.,
2011). Substantial weight loss was also observed for poly(3-hydroxybutyrate)/bioactive
glass-composite �lms submerged in SBF (Misra et al., 2008). A change in Young’s modulus
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due to degradation has been observed in several studies (Jiang et al., 2005; Douglas et al.,
2014). In another study a stress-dependent, fatigue life (longevity tested with fatigue
tests) when testing in PBS was observed, with a signi�cant decrease in fatigue life with
an increasing stress applied to robocasted 13-93 bioactive glass sca�olds (Liu et al., 2013).
This shows the importance of mechanical testing in wet conditions and considering the
degradation behavior of the material.

B.3 Mechanical properties of bioactive glasses in vivo

It has to be noted that in a real in vivo situation, in-growing bone might take over the
structural support of the (degrading) sca�old over time. Bone bonding will occur in the
order of weeks and it can thus be considered that bone bonds have been developed while
the material degrades and the mechanical stability is maintained (Andersson et al., 1990;
Hench et al., 1971; Fujishiro et al., 1997). Bone remodeling with S53P4 bioactive glass is
reported in a number of clinical studies, but in the meantime these studies also show that
the degradation is in the order of years and is dependent on the geometry of the implant
and defect size (Lindfors et al., 2010a; Aitasalo et al., 2001; Peltola et al., 2008; Stoor et al.,
2015). 45S5 bioactive glass is known to degrade faster than S53P4 and borate bioactive
glasses are reported to degrade even faster than the 45S5 composition (Zahid et al., 2016;
Jones, 2015).
Animal studies have been conducted in the long history of bioactive glass research, but the
majority of these studies focused on the bone bonding capacity of the material without
reporting mechanical characteristics. Liu et al.(2013) implanted their robocasted 13-93
sca�olds subcutaneously and observed that the mechanical response of the sca�old was
di�erent than when tested in SBF in vitro. The subcutaneously implanted sca�olds showed
elasto-plastic response when the explants were tested after 2–4 weeks, whereas it showed
brittle, elastic, responses up to 2–4 weeks. Scanning electron microscopy images showed
a substantial hydroxyapatite layer formation in vivo, which was less prominent for the
samples that were in vitro submerged in SBF (Liu et al., 2013). This study indicates that the
simulated in vivo-like environment in vitro not always represents the real in vivo situation
appropriately. This has to be taken into account when assessing the mechanical properties
of bioactive glasses (and other materials).
The results of the treatment of chronic osteomyelitis patients with S53P4 granules were very
promising in a recent multinational study. Treated sites were mainly in the lower extremities,
which are considered load-bearing sites. The study reported only one spontaneous fracture
out of 116 treated patients (Lindfors et al., 2016). This can indicate that the assumption of
su�cient load-bearing capacity of the granules in rather well-con�ned environments is fair
(Hulsen et al., 2016).
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