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VEGF  Vascular endothelial growth factor 
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Background and aim. The treatment of bone defects is challenging 
regardless of the aetiology of the defect. Traditionally, long-bone defects are 
treated with autologous bone grafting, vascular bone grafting, distraction 
osteogenesis, or with tumour prosthesis techniques. New treatment modalities 
are emerging and the induced membrane technique (Masquelet technique, 
IMT) has been presented to treat large long-bone defects. The IMT is a two-
staged surgical procedure where the induced membrane is regarded as the key 
element. In the first stage, the bone defect area is carefully debrided, 
supplemented with proper soft-tissue reconstruction, and filled with a 
polymethylmetacrylate (PMMA) spacer. This PMMA spacer induces the 
formation of a foreign body membrane around the bone defect, i.e. an induced 
membrane (IM). The IM conveys neovascularization to the bone defect site, 
isolates the bone defect site hindering bone graft resorption, serves as a source 
of mesenchymal stem cells (MSC), and provides an osteogenic stimulative 
effect via secretion of bone morphogenic proteins (BMP). In the second stage, 
typically 4 to 8 weeks after the initial surgery, the IM is carefully incised, the 
PMMA spacer removed, and the defect filled with autologous bone graft. 

To replace the two-staged procedure and to eliminate the need for 
autologous bone grafting, we developed a bioactive glass (BAG) scaffold by 
sintering BAG-S53P4 granules for use in a single-stage IMT without the need 
for autologous bone graft. Furthermore, selected scaffolds were coated with 
poly(DL-lactide-co-glycolide) (PLGA) to increase the mechanical properties of 
the scaffold and to potentially induce a more potent IM compared to BAG-
S53P4 alone. We sought to introduce a BAG scaffold that can induce a 
membrane similar to PMMA and that allows bone formation at the bone defect 
site in the metaphyseal area of a long bone. 

Materials and methods. The present study consists of in vitro and in 
vivo evaluations of BAG-S53P4(±PLGA) scaffolds. The in vitro study was 
conducted on macrophages and MSCs to evaluate the immunomodulatory and 
osteogenic effects of BAG scaffolds. The in vivo study was conducted on New 
Zealand White (NZW) rabbits to assess IM formation and bone formation in a 
bone defect model located in the metaphysis of a long bone. 

Results. The BAG-S53P4 scaffolds demonstrated a clear 
immunomodulatory and osteogenic effect on macrophages and MSCs, 
respectively, and this effect was attenuated by the PLGA coating. The in vitro 
results of osteogenic ability were similar as those from the in vivo experiments 
in rabbits. New bone formation was observed in BAG-S53P4(±PLGA) scaffolds 
at the 2-week timepoint, and bone formation increased during the 8-week 
follow up. The IMs of PMMA and BAG-S53P4(±PLGA) had a similar 
appearance in microscopic evaluations throughout follow up. The 
aforementioned IMs were less fibrotic and displayed more abundant capillary 
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formation than control samples during follow up. The highest number of 
capillaries at the 8-week timepoint was observed in BAG-S53P4-PLGA IMs. 
The IMs of BAG-S53P4(±PLGA) showed similar or superior mRNA expression 
rates when compared with PMMA IMs regarding tumour necrosis factor alpha 
(TNFα), vascular endothelial growth factor (VEGF), and BMP-2, -4, and -7. 

Conclusion. In this study, the sintered BAG-S53P4(±PLGA) scaffold 
addresses the key requirements of successful bone regeneration in the 
metaphyseal area of long bones, namely sintered BAG-S53P4(±PLGA) 
scaffolds are osteoconductive; induces a membrane that serves as a source of 
inflammatory mediators and growth factors; has the capacity to stimulate 
MSCs towards osteogenic differentiation (osteostimulation); and  
immunomodulates inflammatory cells that can possibly be tailored for a 
specific clinical need. Thus, BAG-S53P4(±PLGA) scaffolds demonstrate the 
requisite properties for potential use as a bone graft substitute in a IMT 
performed in a single-stage fashion. 
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Tutkimuksen tausta ja tavoite. Luupuutos voi olla seurausta 
vammasta, infektiosta,  kasvaimesta tai näiden kirurgisesta hoidosta. 
Luupuutosten hoitomenetelmät ovat vakiintumattomat. Luupuutoksia on 
perinteisesti hoidettu luusiirteillä, verisuonitetuilla luusiirteillä, ulkoisella 
kiinnityslaitteella tapahtuvalla veto-osteogeneesilla tai keinonivelratkaisuin. 
Uusista hoitomenetelmistä indusoitu kalvo -tekniikan (Masquelet-tekniikka) 
on esitetty olevan toimiva pitkien luiden luupuutoksissa. Masquelet-tekniikka 
on kaksivaiheinen leikkaustekniikka, jonka ensimmäisessä vaiheessa 
luupuutosalue täytetään PMMA (polymetyylimetakrylaatti) -luusementillä, 
joka kehittää vierasesinereaktion avulla luupuutosalueen ympärille ns. 
indusoidun kalvon. Muodostuttuaan kalvo ohjaa verisuonitusta, toimii 
kantasolujen lähteenä, sekä tuottaa kasvutekijöitä luupuutosalueelle. 
Leikkaustekniikan toisessa vaiheessa kalvo avataan ja PMMA-luusementti 
poistetaan, jonka jälkeen kalvon sisään asetetaan luusiirrettä täyttämään 
luupuutosalue. 

Olemme kehittäneet BAG-S53P4 -biolasi rakeita käyttäen keinoluusiirteen, 
jonka avulla mahdollistetaan yksivaiheinen Masquelet-tekniikka ilman 
erillistä tarvetta luusiirteelle. Lisäksi osa biolaseista on päällystetty poly(DL-
lactide-co-glycolide) (PLGA) -polymeerillä, jonka avulla lisätään biolasin 
mekaanisia kestävyysominaisuuksia, sekä mahdollisesti indusoidaan 
bioaktiivisempi kalvo verrattuna ei-päällystettyyn biolasiin. 

Tämän tutkimuksen tavoitteena on osoittaa että BAG-S53P4(±PLGA) 
biolasi voi kehittää luupuutosalueen ympärille bioaktiivisen kalvon, joka on 
verrattavissa PMMA-luusementin kehittämään kalvoon. Lisäksi tutkimuksen 
tavoitteena on todentaa että BAG-S53P4(±PLGA) biolasin sisään muodostuu 
luukasvua. 

Aineisto ja menetelmät. Tämä tutkimus koostuu soluviljely- ja koe-
eläintutkimuksista.  Soluviljelytutkimuksessa selvitimme BAG-
S53P4(±PLGA) -biolasin vaikutuksia tulehdusreaktioon sekä kantasolujen 
erilaistumiseen luuta muodostaviksi soluiksi. Koe-eläintutkimuksen 
tavoitteena oli selvittää indusoituneen kalvon ominaisuuksia sekä luun 
muodostumista BAG-S53P4(±PLGA) biolasin sisälle luupuutosmallissa. 

Tulokset. BAG-S53P4 -biolasilla todettiin olevan sekä selvä 
tulehdusreaktiota muokkaava että luunmuodostusta stimuloiva vaikutus. 
Päällystämällä BAG-S53P4 -biolasi PLGA:lla em. vaikutukset vaimenivat. 
BAG-S53P4(±PLGA) -biolasin ympärille muodostuneen kalvon todettiin 
olevan verrattavissa PMMA-indusoituun kalvoon. Lisäksi osoitimme selvää 
uudisluumuodostusta luupuutosalueella sijaitsevan BAG-S53P4(±PLGA) -
biolasin sisällä. 

Yhteenveto. Tutkimuksessa osoitimme, että BAG-S53P4(±PLGA) -
biolasi tukee luunmuodostusta luupuutosalueella, kykenee muodostamaan 
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tehokkaan bioaktiivisen kalvon luupuutosalueen ympärille, kykenee 
stimuloimaan kantasoluja kypsymään luutamuodostaviksi soluiksi, sekä 
muokkaamaan luupuutoalueen tulehdusvastetta. Täten BAG-S53P4(±PLGA) 
-biolasilla on tarvittavat ominaisuudet mahdollistamaan sen käytön 
keinoluusiirteenä yksivaiheisessa Masquelet-tekniikassa. BAG-
S53P4(±PLGA) -biolasia käyttämällä vältetään sekä kaksivaiheinen leikkaus 
että tarve erilliselle luusiirteen käytölle.
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The aetiology of long-bone defects includes acute bone loss following 
trauma or debridement necessitated by infection, non-union, or both, and 
secondary bone loss due to tumour surgery. Due to the heterogenicity and 
complexity of long-bone defects, no single surgical technique has emerged as 
the treatment of choice. It is generally considered that small bone defects in 
the diaphyseal area with adequate soft tissue coverage can be treated with 
shortening and surgical stabilisation or autograft bone grafting and surgical 
stabilisation (Keating et al., 2005). While many different approaches have 
been described to treat larger (>5 cm) segmental diaphyseal defects of long 
bones, vascular bone grafting and distraction osteogenesis are regarded as the 
gold-standard treatment (Lasanianos et al., 2010). 

More recently, a bioactive membrane technique (induced membrane 
technique, IMT) (Gugala et al., 2007; Masquelet et al., 2000) has emerged as 
a promising treatment modality for the management of bone defects. The IMT 
is a two-staged surgical procedure where an induced membrane is regarded as 
the key element. In the first stage, the bone defect area is carefully debrided, 
supplemented with proper soft tissue reconstruction, and filled with a 
polymethylmetacrylate (PMMA) spacer. This PMMA spacer induces the 
formation of a foreign body membrane around the bone defect. In the second 
stage, typically 4 to 8 weeks after the initial surgery, the induced membrane is 
carefully incised, the PMMA spacer removed, and the defect filled with 
autologous bone graft (Masquelet, 2017). The IM conveys neovascularization 
to the bone defect site and isolates the bone defect site, hindering bone graft 
resorption (Aho et al., 2013; Masquelet & Begue, 2010). Furthermore, the IM 
serves as a source of MSCs and has an osteogenic stimulative effect via 
secretion of BMPs (Patel et al., 2010). Thus, the induced membrane fulfils 
several key requirements of optimal bone formation as summarized by the 
diamond and hexagon concepts (Giannoudis et al., 2007; Giannoudis et al., 
2008; Loi et al., 2016). The success rate has been reported to be 73-91% in 
long-bone diaphyseal defects ranging from 5 to 25 cm (Durand et al., 2020; 
Masquelet, 2003; Masquelet & Begue, 2010). The drawbacks of the IMT are 
that the technique requires two separate surgeries and the need for bone 
grafting, thus increasing the risk for complications. Furthermore, the optimal 
timing of the second procedure, the role of antibiotic-loaded PMMA, and the 
ideal constitution of bone graft (i.e. ratio of bone vs. bone substitutes and 
possible combination with growth factors, osteoprogenitor cells, or both) 
remain to be determined (Giannoudis et al., 2018). 

In the late 1960s, the research of Hench and co-workers led to the discovery 
of bioactive glass (BAG) (Hench, 2006). The aim was to create a material that 
was capable of forming a bone-like hydroxyapatite layer on its surface and thus 
allow the material to bond to bone, i.e. bioactive (Hench, 1971). To date, 
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numerous BAG compositions have been developed, studied, and even 
marketed (Baino et al., 2018). The concept of BAG as scaffolds were first 
developed over 10 years ago; the first 45S5 BAG scaffold was published by 
Chen et al. in 2006 (Chen et al., 2006) with the goal of creating a scaffold that 
provides sufficient mechanical properties while still maintaining its 
bioactivity. To further optimise the mechanical properties of BAG scaffolds, 
the concept of polymer coating was established by Chen et al. (Chen et al., 
2006). They showed that the mechanical properties of BAG scaffolds can be 
enhanced by polymer (poly(D,L-lactic acid, PDLLA) coating (Chen & 
Boccaccini, 2006) and this observation was confirmed by others (Mantsos et 
al., 2009; Shi et al., 2018). Additionally, PLGA in combination with BAG can 
evoke enhanced biological reactions when compared with BAG alone (Magri 
et al., 2019). 

BAG-S53P4 (wt-% composition of 53% SiO2, 23% NaO, 20% CaO, and 4% 
P2O5) is the most frequently used BAG in clinical practice (Baino et al., 2018; 
Jones, 2013). In orthopaedic and trauma surgery of extremities, BAG-S53P4 
has successfully been used as a void filler. In a randomised controlled trial 
(RCT) comparing autologous bone grafts with BAG-S53P4 as a void filler after 
benign tumour resection, no significant differences were noted in the healing 
of cavities after a 36-month follow up. No major complications regarding bone 
graft material was noted (Lindfors et al., 2009). Due to its antibacterial effects, 
BAG-S53P4 has been clinically investigated in bone infection surgery 
(Ferrando et al., 2017; Lindfors et al., 2017; Malat et al., 2018; Romano et al., 
2014). In these studies, the rate of infection eradication was 82-92% and 
deemed comparable to the 2-staged approach with antibiotic-PMMA beads. 
Application of BAG-S53P4 in trauma surgery has been described in treatment 
of depressed tibial plateau fractures (Heikkilä et al., 2011; Pernaa et al., 2011). 
In both RCTs, BAG-S53P4 was compared with autologous bone grafting and 
no significant differences were observed between the two groups. In the study 
with a follow up of 11 years, no material-related adverse effects were observed 
(Pernaa et al., 2011). 

The highly biocompatible BAG-S53P4 is thus an osteoconductive and 
osteostimulative bone graft substitute with angiogenic and antibacterial 
properties. Future studies aimed at expanding the indications of BAG-S53P4 
are emerging. An interesting study protocol was published by Tanner et al. in 
2018 that aims to evaluate the effectiveness of BAG-S53P4 granules as a stand-
alone bone graft substitute when treating long-bone non-unions with the 2-
staged IMT (Tanner et al., 2018). The use of BAG-S53P4 as scaffolds for bone 
tissue engineering remains an interesting topic and warrants further research. 

In this preclinical study, we sought to introduce a bioactive glass scaffold 
feasible for application in a single-stage IMT in a metaphyseal bone defect 
model. This would eliminate the need for bone grafting and the need for a 
second invasive surgery related to the two-staged IMT. BAG-S53P4 was 
selected as the synthetic bone substitute for scaffold manufacturing due to its 
known osteoconductive and osteostimulative properties and for its excellent 
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biocompatibility. Half of the BAG-S53P4 scaffolds were coated with PLGA, 
with the rationale that PLGA coating would provide greater mechanical 
stability to the scaffold and also create an enhanced tissue-scaffold reaction 
compared to BAG-S53P4 alone and thereby a more potent induced membrane. 
To evaluate the potential use of sintered BAG-S53P4 and BAG-S53P4-PLGA 
scaffolds for a single-stage IMT, in vitro and in vivo studies were conducted 
with the following specific aims: to assess the immunomodulatory effect on 
macrophages; to compare the BAG-S53P4(±PLGA)- and PMMA-induced 
membranes in relation to angiogenic and osteogenic properties; and to 
evaluate the osteoconductive and osteostimulative properties of BAG-S53P4 
and BAG-S53P4-PLGA scaffolds. 
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Upon gross inspection, bone consists of a cortical outer layer (compact 
bone) and an inner part of spongy or trabecular bone (cancellous bone). The 
trabeculae are oriented to accommodate the mechanical forces applied on the 
bone and distribute the forces and moments to the cortical shell (Wolff’s law) 
(Brand, 2010; Wolff, 2010). Microscopically, the cortical and the trabecular 
bone consists of woven and lamellar bone tissue. Woven bone (immature 
bone) consists of randomly oriented extracellular matrix surrounded by 
vascular tissue, whereas lamellar (mature bone) has a highly organised 
structure as a result of a slow formation process and consists of parallel layers 
of bone tissue (lamellae) (Shapiro & Wu, 2019; Smith, 1960). In the adult 
skeleton, woven bone is usually temporary and produced during periods of 
immediate need (e.g. fracture repair) and is ultimately replaced with lamellar 
bone (Rubin et al., 1995).  

The structural unit of mature lamellar bone is an osteon, which consists of 
cylindrical calcified formations called lamellae. In the centre of each osteon is 
a central canal that contains blood vessels, lymphatic vessels, and nerves. 
Perforating canals are formed so that the vessels and nerves are connected to 
the periosteum and medullary canal. Primary osteons are formed de novo, e.g. 
when woven bone is replaced by lamellar bone. On the other hand, secondary 
osteons (or Haversian systems) form via secondary bone formation where 
previously existing bone has been resorbed and deposited with new lamellar 
bone (Figure 1). 

There are three types of bone cells, namely osteoblasts, osteocytes, and 
osteoclasts. These cells co-operate to maintain bone strength and regulate 
mineral homeostasis. The actions of osteoblasts and osteoclasts are in 
constant balance, resulting in a subtle reshaping of bone tissue in response to 
the present mechanical loading conditions (bone remodelling) (Bonewald & 
Johnson, 2008). Osteoblasts are derived from undifferentiated periosteal 
mesenchymal stem cells (MSC) under the influence of Runt related 
transcription factor 2 (Runx2) and appropriate mechanical loading. 
Osteoblasts are responsible for the production of extracellular bone matrix 
(Caplan, 1991; Ducy et al., 1997). This matrix consists of an organic component 
(collagen fibres), responsible for the tensile strength, and an inorganic 
component (hydroxyapatite, HA), responsible for compressional strength of 
the bone. As a result of bone matrix formation, the osteoblast becomes 
surrounded by the matrix and undergoes differentiation into an mature 
osteocyte (Franz-Odendaal et al., 2006). In other cases, osteoblasts can either 
become inactive bone-lining cells residing on the bone surface or undergo 
apoptosis (Manolagas, 2000). Osteocytes (i.e. terminally differentiated 
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osteoblasts) respond to changing mechanical loading conditions and via 
different signalling factors coordinate bone remodelling by regulating the 
behaviour of the other bone cells (Knothe Tate et al., 2004). Osteocytes form 
a lacuna-canalicular network, which allows interconnection to other 
osteocytes and a connection to bone-lining cells (Curtis et al., 1985). 
Osteoclasts are the cells responsible for enzymatic bone matrix resorption and 
are located on the endosteal (inner cortical) part of the bone. Osteoclasts are 
multi-nucleated cells stemming from the monocyte-macrophage cell lineage 
originating from the bone marrow (Boyle et al., 2003). 

 

Under optimal conditions, bone is one of the few tissues in the human body 
that can heal without scar formation. Postnatal bone healing of skeletal 
fractures is controlled by similar signals of regulation as embryonic bone 
development (Vortkamp et al., 1998). Thus, the process of fracture healing is 
complicated and highly regulated, involving specific interactions between 
different cell types located in the bone marrow and surrounding tissues 
(Einhorn & Gerstenfeld, 2015). While the complete process of bone healing is 
not yet fully understood, several fundamental principals have been identified 
that crucially influence the outcome of successful fracture healing (Einhorn & 
Gerstenfeld, 2015; Giannoudis et al., 2007; Loi et al., 2016). It has also been 
shown in vitro that reduced oxygen tension followed by an acidic pH 
inactivates the growth and differentiation of osteoblasts, thereby impeding 
bone formation (Arnett, 2010). To better understand the prerequisites of bone 
healing, the two histologically different types of bone healing are described in 
more detail, i.e. direct and indirect (endochondral and intramembranous) 
bone healing. It is important to understand that these two modes of bone 
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healing can occur simultaneously at different parts of the fracture site, 
depending on the stability of the fracture. 

Direct, or primary, bone healing of complete fractures seldom occurs as a 
natural process as it requires exact anatomical reduction and a stable fixation 
of the fracture ends, leaving no gap in between (Shapiro, 1988). The fracture 
heals through contact healing, which resembles the remodelling of normal 
bone. In this manner, bone resorption through the fracture line is followed by 
bone deposition, directly re-establishing the Haversian system (McKibbin, 
1978; Perren, 1979). 

In case of a larger gap(<1 mm) (Kaderly, 1991), direct fracture healing can 
occur via gap healing by filling of gap with woven bone, which is then 
remodelled by an osteoclast-mediated remodelling process to rebuild the 
lamellar Haversian system (intramembranous bone healing) (Perren, 2002; 
Shapiro, 1988). 

The majority of fractures heal via indirect or secondary bone healing, which 
consists of endochondral and intramembranous bone healing (Einhorn, 
1998). In this case, complete rigidity at the fracture site is not achieved and the 
fracture gap exceeds the threshold where direct bone healing can occur (Claes 
et al., 2012; Harwood et al., 2010; McKibbin, 1978; Perren, 1979; Perren, 
2002; Shapiro, 1988). Indirect bone healing is a multi-staged process that 
attempts to increase mechanical stability in a stepwise fashion, ultimately 
leading to a stable bony union of the fracture fragments. In this process, fragile 
provisional tissues are subsequently replaced by more stable ones. The process 
can be classified into three different stages, namely inflammatory, 
endochondral (callus forming), and coupled remodelling (Einhorn & 
Gerstenfeld, 2015). 

In the first stage of fracture healing, a haematoma is formed followed by an 
acute inflammation (Claes et al., 2012; Kolar et al., 2010; Marsell & Einhorn, 
2011). The fibrin network of the haematoma serves as a provisional matrix or 
scaffold for the inflammatory cells that are attracted to the fracture site by 
multiple signals from the damaged tissue. Neutrophils are the first 
inflammatory cells to arrive at the fracture site. Their role, while not fully 
understood, is partly to secrete signalling factors to recruit a second wave of 
inflammatory cells. The secondary inflammatory wave consists of 
monocyte/macrophages and bone-specific macrophages (osteomacs) 
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(Alexander et al., 2011; Hurst et al., 2001; Pettit et al., 2008; Raggatt et al., 
2014; Xing et al., 2010), which remove the provisional fibrin matrix. 
Monocyte-derived osteoclasts, in turn, clear the bone fragments at the fracture 
site. Additionally, the macrophages secrete various mediators to recruit 
fibroblasts, MSCs, and osteoprogenitor cells from the local tissues (Bielby et 
al., 2007; Kon et al., 2001; Wu et al., 2013). Platelet- and macrophage-derived 
mediators guide the proliferation of the recruited MSCs and osteoprogenitor 
cells, ultimately leading to the clearance of the initial fracture haematoma, 
resolution of the inflammatory reaction, and formation of a granulation tissue. 
Granulation tissue is characterised by developing neovascularisation and 
formation of an unorganised extracellular collagen matrix (Claes et al., 2012; 
Harwood et al., 2010; Marsell & Einhorn, 2011; Schindeler et al., 2008). 

The low oxygen tension and relative micromotion at the fracture site along 
with various other local signals stimulate the differentiation of MSCs towards 
the chondrogenic pathway (Claes et al., 2012; Gerstenfeld, Cullinane, et al., 
2003; Thompson et al., 2002; Tsiridis et al., 2007). The developed 
chondrocytes produce cartilage, and over time cartilage formation is seen 
throughout the fracture gap. Along with cartilage formation, fibrotic tissue is 
formed, thus creating an initial soft callus that further increases the 
mechanical stability of the fracture and provides a provisional scaffold that 
allows the endochondral bone formation to proceed (Claes et al., 2012; 
Gerstenfeld, Cullinane, et al., 2003; Harwood et al., 2010; Marsell & Einhorn, 
2011; Tsiridis et al., 2007). Simultaneously as the soft callus takes form,  
intramembranous bone formation occurs in areas of more abundant blood 
supply. In this type of bone formation, mesenchymal progenitor cells directly 
differentiate to preosteoblasts and then osteoblasts and start to synthesize 
woven bone, i.e. there is no cartilage template formation in intramembranous 
bone formation, differentiating it from endochondral bone formation. 
Typically, the callus formation is located away from the fracture gap and 
proceeds progressively towards the fracture site (Bielby et al., 2007; Claes et 
al., 2012; Malizos & Papatheodorou, 2005). Upon completion of the 
fibrocartilaginous scaffold and increased formation of woven bone on top of 
the cartilage, the callus matures and is commonly considered as the hard callus 
(Claes et al., 2012; Marsell & Einhorn, 2011). This hard callus further 
mineralises and ultimately reaches the ability to withstand mechanical 
loading. 

Completing the process of fracture healing is the remodelling phase, in 
which immature woven bone and cartilage matrix complex is resorbed and 
formation of the Haversian system is re-established (aligned collagen fibre 
orientation) (Claes et al., 2012; Harwood et al., 2010). The newly formed bone 
is further remodelled in response to the mechanical stresses applied on the 
bone in question (Figure 2).  
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Optimal bone healing requires both a spatially and temporally balanced 
release of pro-inflammatory and other cellular mediators (Mountziaris & 
Mikos, 2008). According to Gerstenfeld et al., the mediators promoting 
fracture healing can be classified into three distinct groups, namely pro-
inflammatory cytokines, growth factors, and metalloproteinases and 
angiogenic factors (Gerstenfeld, Cullinane, et al., 2003). Selected cellular 
mediators relevant to this thesis are described below. 

Tumour necrosis factor alpha (TNFα), interleukin-1 (IL-1), and 
interleukin-6 (IL-6), among others, are classically regarded as bone resorption 
promoting and/or bone formation inhibiting mediators (Cavagis et al., 2014; 
Gilbert et al., 2000; Lorenzo, 2000). However, these cytokines are central for 
initiating the fracture repair (bone regeneration) cascade (Einhorn et al., 1995; 
Gerstenfeld, Cho, et al., 2003). The initial inflammatory response to these 
factors includes recruitment of inflammatory and other cells necessary for 
bone regeneration and promotion of angiogenesis (Sfeir et al., 2005). 

In an in vivo study, mice lacking TNFα show a critical disturbance in 
fracture healing, with bone formation being markedly delayed (Gerstenfeld et 
al., 2001; Gerstenfeld, Cho, et al., 2003). In the acute phase of fracture healing, 
temporary TNFα signalling from macrophages activates recruitment of MSCs 
to the fracture site (Mountziaris & Mikos, 2008). Synergistically with IL-1β, 
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TNFα stimulates bone matrix mineralization in vitro (Ding et al., 2009). After 
the initial inflammatory phase of bone regeneration, TNFα levels are reduced, 
followed by an increase later in the remodelling phase where TNFα induces 
apoptosis in chondrocytes and stimulates osteoclastic functions (Gerstenfeld, 
Cho, et al., 2003; Kon et al., 2001). This crucial role of TNFα in bone formation 
was observed in TNFα receptor deficient mice, which had impaired 
intramembranous and endochondral bone formation (Gerstenfeld et al., 2001; 
Gerstenfeld, Cho, et al., 2003). Thus, TNFα has a dualistic effect on bone 
regeneration depending on its concentration, cell type, and exposure time and 
can either promote or hinder osteogenesis (Locksley et al., 2001; Osta et al., 
2014). On the other hand, systemically elevated and prolonged levels of TNFα 
is damaging to bone and can lead to chronic inflammation, increased bone 
resorption, and reduction of bone mechanical strength (Guo et al., 2008). 

Although IL-1β has a molecular signalling pathway of its own, its effects on 
fracture healing are similar to TNFα. Additionally, IL-1 promotes the release 
of IL-6, prostaglandins, and various other pro-inflammatory signals (Lee & 
Lorenzo, 2006). IL-1 also  stimulates angiogenesis and promotes formation of 
cartilaginous callus (Sfeir et al., 2005). 

IL-6 is released from osteoblasts in response to IL-1, promotes 
angiogenesis through stimulating release of VEGF, and promotes 
differentiation of osteoblasts and osteoclasts. IL-6 is essential for the acute 
phase of bone regeneration. IL-6 concentrations, in contrast to TNFα and IL-
1, are not increased in the later stages of bone regeneration (Yang et al., 2007).  

Bone morphogenic proteins (BMPs) are members of the transforming 
growth factor-beta (TFG-β) superfamily and promote intramembranous and 
endochondral bone formation during fracture healing (Cho et al., 2002; 
Hogan, 1996; Wozney et al., 1988). Furthermore, Cheng et al. proposed that 
BMPs have a distinct osteogenic hierarchy in the regulation of bone formation, 
e.g. BMP-2, -6 and -9 promote osteoblastic differentiation of MSCs and BMP-
4 and -7 stimulate committed osteoblastic precursors and osteoblasts (Cheng 
et al., 2003). BMP-2, -4, and -6 also stimulate angiogenesis via osteoblast-
derived vascular endothelial growth factor A (VEFG-A) (Deckers et al., 2002). 

In later stages of fracture healing, adequate blood supply is needed to allow 
bone regeneration inside the callus formation (Einhorn & Lee, 2001; Gerber & 
Ferrara, 2000; Glowacki, 1998; Rowe et al., 1999). Of note, matrix remodelling 
by specific matrix metalloproteinases (MMPs) is essential to allow the invasion 
of new blood vessels (Vu et al., 1998). In fracture healing, VEGF signalling is 
essential for neoangiogenesis to occur (Ferrara & Davis-Smyth, 1997). 
Treatment with anti-VEGF proteins during endochondral bone formation 
significantly inhibits angiogenesis, hindering trabecular bone formation 
(Gerber et al., 1999). Furthermore, exogenous administration of VEGF 
enhances fracture repair (Street et al., 2002). 

In summary, bone regeneration is a multifaceted process that requires 
several molecular factors to coordinate the interactions of the different cell 
types involved to achieve successful fracture healing. 
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As discussed above, potent osteogenic cell populations, osteoinductive 
mediators, and an osteoconductive scaffold form a triad of mandatory 
elements for successful bone regeneration. Surgical interventions aim to 
improve or maintain adequate stability of the fracture site and thereby 
enhance fracture healing. Although equally important for successful bone 
regeneration, mechanical stability has not gained enough attention in the basic 
science community. This fact led to the introduction of the diamond concept, 
where mechanical stability was incorporated in the triad along with an 
emphasis on sufficient vasculature (Giannoudis et al., 2007; Giannoudis et al., 
2008).  

More recently, macrophages and their reversable mode of polarisation 
have received much attention and are regarded as a possible target for 
intervention to improve bone regeneration (Mantovani et al., 2013; Martinez 
et al., 2008; Mountziaris et al., 2011). Loi et al. further refined the diamond 
concept, adding inflammatory cells as an important factor in bone 
regeneration, thus proposing the hexagonal concept of bone regeneration (Loi 
et al., 2016) (Figure 3). The optimal fracture milieu also contributes to the 
success of bone healing; in vivo evidence indicates that low oxygen tension and 
acidic surroundings impair osteoblast activity, thus hindering bone formation 
(Arnett, 2010). 
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The aetiology of long-bone defects includes acute bone loss following 
trauma or debridement necessitated by infection, non-union, or secondary 
bone loss due to tumour surgery. According to some pre-clinical animal 
studies, a critical bone defect is defined as the smallest defect that is not able 
to heal during the lifetime of the animal (Gugala & Gogolewski, 1999; 
Rimondini et al., 2005). In other animal studies, a critical bone defect is 
defined as a defect that is a minimum of 2–2.5 times in length compared to the 
diameter of the bone in question (Gugala et al., 2007; Lindsey et al., 2006). It 
has been postulated that in humans, segmental defects exceeding 2 cm are 
unlikely to heal spontaneously after surgical stabilisation alone (Pneumaticos 
et al., 2010). Additionally, patient-, fracture-, and treatment-related specific 
factors may cause fractures to show prolonged or absent healing regardless of 
the extent of the bone defect (Andrzejowski & Giannoudis, 2019; Nandra et al., 
2015). 

Due to the heterogenicity and complexity of diaphyseal long-bone defects, 
no single surgical technique has emerged as the treatment of choice. It is 
generally considered that small diaphyseal bone defects with adequate soft-
tissue coverage can be treated with shortening and surgical stabilisation or 
autograft bone grafting and surgical stabilisation (Keating et al., 2005). Many 
different approaches have been described to treat larger (>5 cm) segmental 
diaphyseal defects of long bones. However, vascular bone grafting and 
distraction osteogenesis are regarded as the gold standard of treatment 
(Lasanianos et al., 2010). More recently, bioactive membrane techniques 
(induced membrane technique [IMT] and lactide and/or titanium mesh cages) 
(Gugala et al., 2007; Masquelet et al., 2000) and tissue engineering strategies 
(Drosse et al., 2008; Verboket et al., 2018) have emerged as promising 
treatment modalities in the management of larger diaphyseal bone defects. 
For nonbiological treatment strategies, metaphyseal and diaphyseal bone 
defects can be treated with mega prostheses or intercalary prostheses. These 
solutions are mainly described in the treatment of bone tumours (Aggarwal & 
Baburaj, 2021; Ahmad & Schwarzkopf, 2015; Errani et al., 2021; Smolle et al., 
2019; Vaishya et al., 2020). 

In general terms, when a bone defect is not present, the necrotic fracture 
ends serve as a natural scaffold for bone regeneration. When this natural 
scaffold is absent, an autograft or allograft can be utilised in treatment of bone 
defects. 
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Osteoinduction 

 
Induction of undifferentiated MSCs to 
differentiate into osteoprogenitor cells 
capable of forming new bone 
 

 
Osteogenesis 

 
Promote osteoprogenitor cells to mature 
into osteoblasts 
 

 
 

Osteostimulation 

 
Ability of a graft or scaffold to enhance 
production of growth factors and promote 
proliferation and differentiation of bone 
cells 
 

 
 

Osteoconduction 

 
Property of a matrix or scaffold that 
supports attachment of bone forming cells 
and subsequent bone formation 
 

 
Osteointegration 

 
Ability of surface bonding of graft material 
and host bone 

Bone grafts have been used in reconstructive surgery for 200 years. In 
1820, P. von Walter used the first autograft bone to repair holes in the skull 
after trepanotomy. In 1915, F.H. Albee published the book “Bone-graft 
surgery”, which he dedicated “to the progress of surgery of bones and joints”. 
This book has made an immense contribution to the development of bone 
reconstruction and bone grafting and it represents another 100-year milestone 
in orthopaedic and trauma surgery (de Boer, 1988). 

Autograft bone (i.e. bone from same host) has, due to its theoretical 
osteoinductive, osteogenic, and osteoconductive properties, remained the gold 
standard bone substitute in reconstruction surgery (Cypher & Grossman, 
1996; De Long et al., 2007). The most common donor site is the iliac crest, due 
to its easy access and good quality and quantity of cancellous bone. Treatment 
of bone defects with iliac crest bone grafts is reserved for smaller defects 
ranging from 0.5– 3 cm (Ashman & Phillips, 2013). Possible limitations for the 
use of autograft bone includes poor quality (elderly patients) or quantity 
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(paediatric patients) (Bridwell et al., 1994; Gau et al., 1991; McCarthy et al., 
1986). Furthermore, a substantial portion of the osteogenic cells do not survive 
the transplantation process (Sandhu et al., 1999). Direct complications of iliac 
autograft harvesting are seen 2.5–39% of cases and include haematoma, blood 
loss, iatrogenic tissue injury (pelvic fractures, nerve, blood vessels, and 
urethra), cosmetic defects, and chronic pain at harvest site (Arrington et al., 
1996; Ross et al., 2000; Seiler & Johnson, 2000; Shin & Tornetta, 2016; 
Skaggs et al., 2000; Summers & Eisenstein, 1989). When managing larger 
diaphyseal bone defects, partial resorption and revascularisation of the graft 
is seen, thus non-union, bone atrophy, and fractures of the graft site are 
common (Masquelet, 2003; Soucacos et al., 2006; Soucacos et al., 2008; 
Soucacos et al., 2013). Reamer-Irrigator-Aspirator (RIA) (DePuy Synthes, 
Paoli, PA, USA) is a system where an autologous bone graft is obtained from 
the medullary canal by a reaming technique. RIA bone grafts have abundant 
amounts of osteoprogenitor cells and higher levels of growth factors compared 
to iliac bone grafts (Frolke et al., 2004; Henrich et al., 2010; Porter et al., 2009; 
Schmidmaier et al., 2006; Wenisch et al., 2005). Furthermore, the amount of 
bone graft obtained is high, frequently 50 cm3 or more (Belthur et al., 2008; 
Cox et al., 2011; Hak & Pittman, 2010; Newman et al., 2008; Stafford & Norris, 
2010; Westrich et al., 2001). Bone defects ranging from 5.8–6.6 cm have 
successfully been treated with RIA bone grafting technique (McCall et al., 
2010; Stafford & Norris, 2010). The RIA procedure has a lower incidence of 
donor site pain compared to iliac bone grafting (Calori et al., 2014). However, 
donor site fractures can occur due to reduction of cortical thickness (Pape & 
Tarkin, 2008) and significant perioperative blood loss has been observed 
(Haubruck et al., 2018). The drawbacks of RIA bone grafts are similar to those 
of standard autologous bone grafting, as described above. 

In 1880, W. Macewen used the first allograft bone (i.e. bone that is obtained 
from a donor) to reconstruct an infected humerus of a child. Allograft bone, 
which today is stored in bone banks, is an osteoconductive and osteoinductive 
bone substitute that lacks the cellular component of the bone. Cortical 
allografts can be manufactured in many forms, such as cylindrical rods, strips, 
or chips (Sandhu et al., 1999). Allograft bone substitutes are used for structural 
indications or for filling of larger bone voids in the extremities, in combination 
with joint arthroplasty or in the spine (Abjornson et al., 2018; Aggarwal & 
Baburaj, 2021; Ahmad & Schwarzkopf, 2015; Cuckler, 2004; Houben et al., 
2019). The downside of allograft bone substitutes is that they have the 
potential to transfer viral disease (Atique & Khalil, 2014). Furthermore, due to 
the sterilisation process, the osteogenic and osteoinductive properties are low 
and the mechanical property compared to fresh allograft is weakened 
(Bonfiglio & Jeter, 1972; Bos et al., 1983; Damien & Parsons, 1991; Henman & 
Finlayson, 2000; Keating & McQueen, 2001; Palmer et al., 1999; Pelker & 
Friedlaender, 1987). 

Demineralised bone matrix (DBM) is produced from allograft bone and 
contains type 1 collagen, non-collagenous proteins, and a small amount of 
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growth factors (BMPs, TGF-b 1-2-3, insulin-like growth factor), thus 
potentially having osteoconductive and osteoinductive properties (Einhorn et 
al., 1984). However, DBM has inferior osteoconductive properties compared 
with autologous bone graft and has high variability of growth factor 
concentrations (Bae et al., 2006; Drosos et al., 2007; Peterson et al., 2004). In 
the context of bone defects, the use of DBM as a bone graft substitute is very 
limited and scientific evidence is lacking (Kinney et al., 2010). Thus, it can be 
regarded as a “bone graft extender” rather than as a bone graft substitute 
(Giannoudis et al., 2005). 

In 1905, Huntington was the first to describe free VBG (Huntington, 2012). 
The fibula is regarded as the most suitable bone for VBG (Lin et al., 1999). The 
main advantages of VBG include a single-stage surgical approach, which 
permits vascular supply throughout the bone defect site and the possibility to 
cover the bone defect with soft tissues harvested with VBG, thus avoiding the 
need for a separate flap. The use of vascular fibula graft (VFG) is usually 
limited to bone defects >10 cm. However, in smaller defects where non-
vascularised bone grafting has failed and in the presence of infection, VFG can 
be considered (Pederson & Person, 2007; Wood, 2007). The drawback of this 
technique includes donor site morbidity, requirement of a high-demand 
surgical technique with prolonged operation time, possible flap failure, size 
mismatch of the bone (lower limb), and stress fractures (Houben et al., 2019; 
Pipitone & Rehman, 2014). The primary union rates range from 66.7–100% 
and the complication/re-intervention rate ranges from 5.9–91.7% (Houben et 
al., 2019). VBG can be combined with allograft to achieve increased 
mechanical strength (Houben et al., 2019). 

The modern technique of distraction osteogenesis (DO) with an external 
fixator was developed in the 1950s by Ilizarov (Ilizarov & Deviatov, 1969). DO 
together with VBG are regarded as the gold standard treatment in long-bone 
defects. In a recent review, the Ilizarov DO technique was deemed to be an 
effective treatment modality in cases of bone loss and in cases with 
longstanding osteomyelitis (Papakostidis et al., 2013). Furthermore, in 
children with excellent bone healing capacity, DO is frequently used with good 
results in certain conditions (Hill et al., 2011; Sabharwal, 2009). The Ilizarov 
distraction osteogenesis technique involves an osteotomy between intact bone, 
which is then gradually distracted with following new bone formation 
(regeneration site) such that the bone defect is eventually closed (docking site) 
(Ilizarov, 1990). The main advantages of DO are the ability to simultaneously 
correct limb length and deformity, the possibility to avoid the use of a separate 
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flap (distraction histogenesis), and the possibility to achieve successful healing 
without the use of bone grafting (Quinnan, 2017). Furthermore, the use of a 
multiplanar external fixator (Taylor Spatial Frame [TSF], Smith & Nephew, 
Memphis, TN, USA) allows correction of rotation, angulation, and translation 
(Feldman et al., 2003). The treatment spectrum of DO ranges from 2–10 cm 
(Pipitone & Rehman, 2014). The main disadvantages of DO are frame-related 
problems, i.e., neurovascular damage, broken hardware, pin-tract infections, 
and joint stiffness (Girard et al., 2013; Oh et al., 2008). Intra-medullary 
systems have been used together with external fixators to achieve a more 
stable construct to overcome hardware failure (Gordon et al., 2002; Paley et 
al., 1997; Simpson et al., 1999; Song et al., 2005). However, the use of 
simultaneous external and internal fixators (Quinnan, 2017) increases the risk 
of deep infections (Paley et al., 1997; Simpson et al., 1999; Song et al., 2005). 
Intramedullary lengthening devices have been developed to overcome the 
drawbacks of external fixators, and several devices are available (Cole et al., 
2001; Guichet et al., 2003; Kirane et al., 2014). Complications related to 
intramedullary lengthening devices include excessively rapid or slow bone 
transport, leading to insufficient or premature bone consolidation, and 
hardware failures (nail breakage and failure of transport mechanism) 
(Kenawey, Krettek, Liodakis, Meller, et al., 2011; Kenawey, Krettek, Liodakis, 
Wiebking, et al., 2011). Additionally, non-union of the docking site can occur 
when using DO and requires secondary procedures (Dhar et al., 2008; 
Watanabe et al., 2005; Watson, 2006). It also needs to be considered that DO 
is time consuming and potentially painful, thus thorough patient education is 
required. 

Masquelet et al. described an IMT for the treatment of long-bone defects 
(Aho et al., 2013; Masquelet et al., 2000) (Figure 4). It is a two-staged 
surgical procedure where an induced membrane is regarded as the key 
element. In the first stage, the bone defect area is carefully debrided, 
supplemented with proper soft-tissue reconstruction, and filled with a 
polymethylmetacrylate (PMMA) spacer. This PMMA spacer induces the 
formation of a foreign body membrane around the bone defect. In the second 
stage, typically 4 to 8 weeks after the initial surgery, the induced membrane 
(IM) is carefully incised, the PMMA spacer removed and the defect filled with 
autologous bone graft (Masquelet, 2017). The IM conveys neovascularization 
to the bone defect site and isolates the bone defect site hindering bone graft 
resorption (Aho et al., 2013; Masquelet & Begue, 2010). Furthermore, the IM 
serves as a source of MSCs and has an osteogenic stimulative effect via 
secretion of BMPs (Patel et al., 2010). Thus, the IM fulfils several key 
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requirements supporting bone formation, as summarised by the diamond and 
hexagon concepts (Giannoudis et al., 2007; Giannoudis et al., 2008; Loi et al., 
2016). The success rate is 73-91% in diaphyseal long-bone defects ranging 
from 5 to 25 cm (Durand et al., 2020; Masquelet, 2003; Masquelet & Begue, 
2010). The drawbacks of the IMT are that the technique requires two separate 
surgeries and the need for bone grafting, thus increasing the risk for 
complications. Furthermore, the optimal timing of the second procedure, the 
role of antibiotic loaded PMMA, and the optimal constitution of bone graft (i.e. 
ratio of bone vs. bone substitutes and possible combination with growth 
factors and/or osteoprogenitor cells) remain to be defined (Giannoudis et al., 
2018). 
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The utilisation of the Masquelet IMT technique at the Helsinki University 
Hospital, Department of Musculoskeletal and Plastic surgery is on average 1-
2 cases per year (unpublished data). 

The single-stage procedure of using a mesh cage to contain and protect the 
bone graft was initially demonstrated by Gugala et al. in a sheep model. In this 
study, the bone graft was contained with the use of a porous polylactide 
membrane or mesh, which significantly enhanced bone healing across the 
defect site (Gugala & Gogolewski, 1999, 2002). Cobos et al. reported the first 
successful use of a cylindrical titanium mesh cage in a case study of 2 patients 
with segmental diaphyseal bone defects of 85 and 95 mm, respectively (Cobos 
et al., 2000). This technique offers several advantages compared to other 
commonly used techniques described above, namely a straightforward 
surgical intervention, a single-stage approach, and the possibility 
accommodate a variety of different types of bone graft materials (Giannoudis 
et al., 2018; Honnami et al., 2014). Drawbacks of this technique include the 
need for bone grafting, requirement of sufficient soft-tissue coverage, and 
aseptic wound conditions (Lasanianos et al., 2010). Despite these advantages, 
the titanium mesh technique has not achieved widespread use and to date no 
clinical trials of treatment of long-bone defects with lactide/titanium mesh 
cages in humans have been published. 

Nonbiological or prosthetic implants can be utilised in diaphyseal long-
bone defects. This treatment modality is a viable option particularly for bone 
tumour surgery. A recent review of intercalary reconstruction techniques in 
bone tumour surgery showed that intercalary prosthetic implants have similar 
functional outcomes compared to allograft and autograft techniques (Errani 
et al., 2021). Aseptic loosening of the intercalary prosthesis (0–33%) seemed 
to be lower compared with non-union rates of allograft techniques (6–43%) 
(Errani et al., 2021). In bone tumour surgery, the use mega prostheses is well-
established in metaphyseal bone defects or in bone defects around the joint 
(Smolle et al., 2019). Furthermore, the indications of mega prostheses have 
expanded and are regarded as a viable treatment option in cases with severe 
bone loss, e.g. severe bone loss in revision arthroplasty, in fractures with 
extensive bone loss in the elderly with poor bone quality, and after failed non-
union surgery (Vaishya et al., 2020). 
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In 1993, Langer and Vacanti defined tissue engineering as “an 
interdisciplinary field that applies the principles of engineering and life 
science towards the development of biological substitutes that restore, 
maintain, or improve tissue function” (Langer & Vacanti, 1993). In the scope 
of long-bone defect treatment, the aim is to find an ideal combination of 
osteoconductive biomaterials, osteogenic cells, and osteoinductive growth 
factors to allow a functional tissue engineering approach (bone tissue 
engineering, BTE). 

Since the original discovery of osteoinductive growth factors within 
demineralised bone matrix (Urist, 1965), over 15 bone morphogenic proteins 
(BMPs) have been discovered. Their osteoinductive potential has been 
demonstrated in several in vitro and in vivo studies (Heckman et al., 1991; 
Heckman et al., 1999; Johnson & Urist, 1989; Johnson et al., 1990). Based on 
findings in these studies, recombinant human BMPs (rhBMP-2 and rhBMP-7) 
were developed for clinical use (Ozkaynak et al., 1990). In a clinical setting, 
Geesink et al. were the first to describe that rhBMP-7 induces healing of bone 
defects in humans (Geesink et al., 1999). There are a few long-bone defect 
clinical trials that have studied the use of rh-BMPs in conjunction with surgical 
stabilisation and autologous, allogenous, or synthetic bone grafting (first- or 
second-generation substitutes) (Giannoudis et al., 2009; Johnson & Urist, 
2000; Johnson et al., 1988; Jones et al., 2006; Moghaddam et al., 2010; Rüden 
et al., 2016). In non-randomised settings with a small number of patients, 
union rates varied from 80–100% in bone defects ranging from <1.5 to 8.3 cm 
(Giannoudis et al., 2009; Johnson & Urist, 2000; Johnson et al., 1988; 
Moghaddam et al., 2010). Jones et al. conducted a RCT comparing allograft 
bone combined with rhBMP-2 with autologous bone grafting in bone defects 
averaging 4 cm. The results showed that there was no difference in union 
(14/15 allograft group vs. 15/15 allograft + rhBMP-2 group) or complications 
rates (7/15 allograft group vs 4/15 allograft + rhBMP-2 group) at the end of 
the trial; the authors concluded that the use of rhBMP-2 may be useful when 
treating cortical bone defects (Jones et al., 2006). Another RCT by Rüden et 
al. assessed the use of rhBMP-2 and rhBMP-7 in upper extremity long-bone 
non-union treatment in conjunction with autologous bone grafting and 
compression plating. However, the article did not specify the extent of the 
bone defect. They concluded that addition of rhBMPs did not result in a 
difference in union rates compared to autologous bone grafting alone (Rüden 
et al., 2016). 

It has been proposed that the unexpected lack of effect of BMPs may be due 
to already defective target cells at the bone defect site, thus rendering BMP 
addition ineffective (Ehnert et al., 2012; Hausmann et al., 2014). 
Complications related to the use of rhBMP are largely unknown, however, 
concerns regarding concentration, dosage (single vs. multiple), and even 
elevated cancer risk have been debated (Carragee et al., 2011; Govender et al., 
2002; Lieberman et al., 2002; Wen et al., 2020). Furthermore, there are 
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reports that autologous bone grafting combined with rhBMPs can lead to 
premature graft resorption (Masquelet, 2017). In addition, long-term data on 
the use of rhBMPs is lacking. 

Cell-based strategies with mesenchymal stem cells (MSCs), osteoblasts, 
and periosteal cells have also been proposed as a treatment option for long-
bone defects. MSCs are the most used cells for cell-based strategies, and have 
been studied extensively in several in vitro and in vivo experiments in 
combination with various different synthetic scaffolds in critical sized bone 
defects (Jafarian et al., 2008; Leonardi et al., 2008; Niemeyer, Fechner, et al., 
2010; Niemeyer, Szalay, et al., 2010; Schneider et al., 2010; Seebach et al., 
2010; Sumanasinghe et al., 2009; Zavan et al., 2007). In these preclinical 
studies, cell-based strategies were useful and demonstrated bone-forming 
capacity in critical sized bone defects. However, clinical studies regarding cell-
based therapies in the treatment of long-bone defects are lacking, and the few 
available studies can be regarded as anecdotal (Quarto et al., 2001; Vacanti et 
al., 2001). The treatment of bone defects using MSC still have obstacles to 
overcome, as  summarised in a review by Perez et al. (Perez et al., 2018). These 
include ethical issues, proper qualitative evaluation of MSC products, expense 
and labour, and possible immunological rejection issues (allogenic stem cells). 

Synthetic bone grafts were developed to minimise or eliminate the need for 
bone grafts and thus reduce possible complications related to bone grafting as 
described above. An ideal bone graft substitute should be osteoconductive, 
osteoinductive, or osteostimulative and biocompatible and bio-resorbable. 
Furthermore, the ideal synthetic bone graft substitute should allow different 
modalities of internal fixation (i.e. plate or nail osteosynthesis) with no added 
risk of infection and its mechanical properties should match that of bone. 
Developing such a graft substitute has proven to be a difficult task, with most 
of the current bone graft substitutes being simple osteoconductive scaffolds. 

The evolution of biomaterials has been ongoing since the 1960s. 
Technologically, bone graft substitutes can be divided into three different 
generations (Hench & Polak, 2002; Navarro et al., 2008). Biomaterials in the 
first generation (e.g. titanium, aluminium, silicone, and PMMA) match the 
physical properties of the replaced tissue but are inert with the surrounding 
microenvironment. The second generation of biomaterials are additionally 
able to form an implant-tissue bond (e.g. hydroxyapatite [HA] and tricalcium 
phosphate [TCP]) or be resorbable (e.g. polylactic [PLA] and polyglycolic 
[PGA] acids). The third generation of bone graft substitutes aims to get closer 
to the autograft standard and possesses the ability to bond to tissues and 
promote specific cellular responses (Hench & Polak, 2002). Modern bioactive 
glasses can be considered a third-generation bone graft substitute (Hench et 
al., 2004; Xynos, Edgar, et al., 2000; Xynos, Hukkanen, et al., 2000). 
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In recent years, there have been many studies on synthetic bone graft 
substitutes and their use in long-bone defect reconstruction. The focus of these 
studies has been on different materials, including ceramics (β-tricalcium 
phosphate [β-TCP]), polymers (porous PGA), hydrogels (alginate, chitosan), 
DBM, and their different combinations with or without tissue engineering 
(Zhang et al., 2020). However, BAGs were not considered or discussed in the 
review by Zhang et al. (Zhang et al., 2020) and local soft-tissue responses (e.g. 
induced membrane formation) were addressed only in one study (Sasaki et al., 
2018). In this study (Sasaki et al., 2018), β-TCP was used as a graft extender 
and mixed with autograft bone and was not used as a stand-alone bone graft 
substitute. 

In the late 1960s, the research of Hench and co-workers led to the discovery 
of BAG (Hench, 2006). The aim was to create a material that was capable of 
forming a bone-like hydroxyapatite layer on its surface and thus allow the 
material to bond to bone, i.e. bioactive (Hench, 1971). They studied a variety 
of different compositions of BAG based on the SiO2-Na2O-CaO-P2O5 oxide 
system, and ultimately selected the wt-% composition 45SiO2-24.5Na2O-
24.5CaO-6P2O5 (45S5, Bioglass®) for its high amounts of Na2O and CaO and 
relatively high CaO/P2O5 ratio, making the material very reactive in a tissue 
microenvironment (Wilson et al., 1981). To date, numerous compositions of 
BAGs have been developed, studied, and even marketed (Baino et al., 2018). 
BAG-S53P4 (wt-% composition of 53% SiO2, 23% NaO, 20% CaO, and 4% 
P2O5) is the most frequently used BAG in clinical practice (Baino et al., 2018; 
Jones, 2013). 

Bioactive glass scaffolds were developed more than 10 years ago. The first 
45S5 BAG scaffold was published by Chen et al. in 2006 (Chen et al., 2006), 
with the aim of producing a scaffold that provides sufficient mechanical 
properties while still maintaining bioactivity of the materials. To further 
increase the mechanical properties of BAG scaffolds, the concept of polymer 
coating was established by Chen et al. (Chen & Boccaccini, 2006). In their 
work, they showed that the mechanical properties of BAG scaffolds can be 
enhanced by polymer (poly(D,L-lactic acid, PDLLA) coating (Chen & 
Boccaccini, 2006); this observation has been confirmed by others (Mantsos et 
al., 2009; Shi et al., 2018). Additionally, PLGA in combination with BAG can 
evoke enhanced biological reactions compared with BAG alone (Magri et al., 
2019). 
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When a BAG is subjected to an appropriate biological microenvironment, 
a rapid ion exchange of Na+ and Ca2+ from the BAG with H+ and H3O+ from 
the environment takes place, leading to elevated pH in the surrounding 
microenvironment and the formation of Si-OH (silanol) groups on the BAG 
surface. This in turn leads to the formation of a silica-rich gel on the BAG 
surface and allows precipitation of a calcium phosphate layer to form. This 
calcium phosphate layer crystallises and forms a CaO-P2O5 hydroxyapatite 
layer, resembling the mineral of normal bone and enabling the formation of a 
strong bond between BAG and bone (Andersson & Kangasniemi, 1991; 
Andersson et al., 1990; Hench & Paschall, 1973) (Figure 5). The 
hydroxyapatite layer serves as an osteoconductive surface for osteoprogenitor 
cells to attach, proliferate, differentiate and deposit bone matrix (Hench & 
Polak, 2002). Furthermore, bone can also be formed on the BAG surface that 
is away from the BAG-bone interface, presumably due to the ions released 
from the BAG. However, BAGs are not osteoinductive in vivo as they cannot 
stimulate bone formation in ectopic sites (Wilson & Low, 1992). 

 

 

The ionic dissolution products of SiO2-Na2O-CaO-P2O5 based BAGs have 
been extensively studied. The osteogenic, angiogenic, and anti-bacterial 
properties have been summarised previously (Hoppe et al., 2011). However, 
this review did not specifically include BAG-S53P4, and since different BAGs 
vary in composition and dissolution kinetics and therefore potentially induce 
different responses, the specific cellular responses and biological properties 
related to BAG-S53P4 are reviewed below. 

Human adipose stem cells (h-ASCs) showed osteogenic differentiation 
when seeded on BAG-S53P4 granules (Waselau et al., 2012). Ionic extracts of 
BAG-S53P4 in an osteogenic medium showed increased mineral formation 
compared to osteogenic medium alone (Ojansivu et al., 2015). Furthermore, a 
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direct BAG-cell interaction, and not only ionic dissolution products, has a role 
in the osteogenic effect of BAG-S53P4 (Ojansivu et al., 2018). Thus, some 
insight into the mechanism behind the BAG-S53P4 osteogenic differentiation 
property has been postulated. Additionally, the pH buffering effect of the BAG-
S53P4 might constitute a significant role in osteogenesis. It has been shown 
that more alkaline surroundings promote mineralisation (Arnett, 2010). 
However, this alkalinisation effect on mineralisation has not been studied for 
BAG-S53P4. 

BAG-S53P4 supports VEGF expression in h-ASCs and stimulates VEGF 
expression in human fibroblasts (Detsch et al., 2014; Waselau et al., 2012). 

BAG-S53P4 has been shown in vitro to have anti-bacterial effects on 
several different clinically important aerobic and anaerobic bacteria 
(Leppäranta et al., 2008; Munukka et al., 2008; Zhang et al., 2010). While the 
antimicrobial effect of BAG-S53P4 is not fully understood, it is generally 
considered that the increase in local pH and the increased osmotic pressure 
via ionic dissolution of the BAG is responsible for the bacteriostatic or 
bactericidal effects. 

The resorption of BAG-S53P4 in the tissue microenvironment is slow and 
the mechanisms behind resorption/degradation are not fully understood. The 
resorption/degradation process is partly due to ion release when in contact 
with an appropriate microenvironment. Of note, it has recently been shown 
that in in vitro conditions, osteoclasts can survive on the surface of BAG-
S53P4 (Wilson et al., 2006) and are able to resorb the calcium phosphate layer 
formed on the surface of BAG-S53P4 (van Gestel et al., 2019). This suggests 
that osteoclasts, in addition to ion release, are involved in the degradation 
process of BAG-S53P4.  

In the current literature, there are no studies that have determined if BAG-
S53P4 can induce a biologically active membrane when introduced in a living 
organism. When a biologically active foreign body is introduced into a living 
organism it is followed by an inflammatory foreign body reaction. Although 
BAG-S53P4 is regarded as a highly biocompatible bone substitute, it is known 
that porous/rough-surfaced materials have higher ratios of macrophages and 
foreign body giant cells compared to smooth-surface materials in the 
surrounding tissues. Thus, for this thesis it can be hypothesised that a porous 
scaffold of BAG-S53P4 might be able to form a biologically active membrane 
when introduced into an appropriate milieu. Additionally, studies on 
macrophage reactions (direct or indirect) to BAG-S53P4 have not been 
conducted and the possible immunomodulatory properties of BAG-S53P4 are 
unknown. 

BAG-S53P4 has been successfully used as a void filler in orthopaedic and 
trauma surgery of extremities. In benign bone tumour surgery, a RCT 
comparing autologous bone grafts with BAG-S53P4 as a void filler in bone 
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cavities (average size range: 2.3/1.1–23.4/28.8 cm3) revealed no significant 
differences in healing of cavities after a 36-month follow up. Furthermore, no 
major complications regarding bone graft material was noted (Lindfors et al., 
2009). In a long-term follow up (average 168 months) conducted on 21 of 25 
patients from the same study, new bone formation was noted to be slower 
when using BAG-S53P4 compared to autologous bone grafting. However, the 
remodelled bone in the BAG-S53P4 group appeared to be denser and have a 
thicker cortex (Lindfors et al., 2010).  

Due to its antibacterial effects, BAG-S53P4 has been clinically investigated 
in bone infection surgery (Ferrando et al., 2017; Lindfors et al., 2017; Malat et 
al., 2018; Romano et al., 2014). In these studies, the rate of infection 
eradication was 82-92% of the cases and deemed comparable to the two-stage 
approach with antibiotic-PMMA beads. Furthermore, a review on the 
treatment of osteomyelitis deemed BAG-S53P4 to be a safe and effective 
treatment option, even in single-stage operations without the use of additional 
local antibiotics (van Gestel et al., 2015). 

Application of BAG-S53P4 in trauma surgery has been described in two 
RCTs for treatment of depressed tibial plateau fractures (Heikkilä et al., 2011; 
Pernaa et al., 2011). In both studies, BAG-S53P4 was compared with 
autologous bone grafting and no significant differences were detected between 
the two groups. In the study with a follow up of 11 years, no material-related 
adverse effects were observed (Pernaa et al., 2011). 

Taken together, these observations indicate that the highly biocompatible 
BAG-S53P4 is an osteoconductive and osteostimulative bone graft substitute 
with angiogenic and antibacterial properties. Indeed, BAG-S53P4 has been 
successfully utilised as a bone graft substitute in several clinical applications. 
Furthermore, additional studies aimed at expanding the indications of BAG-
S53P4 are emerging. An interesting study protocol has been published by 
Tanner et al. in 2018, which seeks to evaluate the effectiveness of BAG-S53P4 
granules as a stand-alone bone graft substitute when treating long-bone non-
unions with the two-staged IMT (Tanner et al., 2018). The use of BAG-S53P4 
as scaffolds for bone tissue engineering remains an interesting topic and 
warrants further research. 
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1 Bioactive glass (BAG), autologous bone graft (ABG), follow up (FU) 
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In this preclinical metaphyseal bone defect model study, we sought to 
develop a bioactive glass scaffold feasible for application in a single-stage IMT. 
This would eliminate the need for bone grafting and the need for a second 
invasive surgery related to the two-staged IMT. BAG-S53P4 was selected as 
the synthetic bone substitute for scaffold manufacturing due to its known 
osteoconductive and osteostimulative properties and its excellent 
biocompatibility. We hypothesised that BAG-S53P4 would not only function 
as a bone graft substitute but would also induce a biologically active membrane 
that could support bone formation. Half of the BAG-S53P4 scaffolds were 
coated with PLGA. The rationale for PLGA coating was that it would produce 
improved mechanical properties of the scaffold and would create an enhanced 
tissue-scaffold reaction (compared with BAG-S53P4 alone) and thereby a 
more biologically active induced membrane. 

To evaluate the use of sintered BAG-S53P4 and BAG-S53P4-PLGA 
scaffolds for a single-stage IMT, in vitro and in vivo studies were conducted 
with the following specific aims: 

 
 
1. Assessment of the angiogenic and osteogenic properties of the induced 

membranes of BAG-S53P4(±PLGA) scaffolds compared to PMMA-
derived IMs. 

 
2. Assessment of the osteoconductive and osteostimulative properties of 

BAG-S53P4 and BAG-S53P4-PLGA scaffolds 

3. Assessment of the immunomodulatory effects on macrophages of BAG-
S53P4 and BAG-S53P4-PLGA scaffolds  
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BAG-S53P4 scaffolds (wt-% composition of 53% SiO2, 23% NaO, 20% CaO, 
and 4% P2O5) were produced from mixtures of Belgian sand for SiO2 and 
analytical grades of Na2CO3, CaCO3, and CaHPO4·2H2O. The mixture was 
melted in a platinum crucible for 3 hours at 1360°C. Homogeneity was ensured 
by crushing and re-melting of glass blocks. Glass blocks were left to anneal in 
520°C for an hour, after which the glass block was left to cool overnight. 
Annealed glass blocks were crushed and sieved to a size range fraction of 300-
500 μm to achieve ideal porosity for osteoconduction of scaffold (Ikada, 
2006). The crushed and sieved BAG granules were sintered in graphite moulds 
(5 x 15 mm) at 720°C for 90 minutes in nitrogen atmosphere to obtain 
cylindrical porous scaffolds (Figure 6). 

Designated scaffolds were coated with an acid terminated poly(DL-lactide-
co-glycolide) (PLGA) named PDLG5002A at a 50/50 ratio between DL-lactide 
and glycolide (Corbion, Gorinchem, the Netherlands). Scaffolds for in vitro 
studies were coated throughout, and scaffolds for in vitro studies were dip 
coated (approximately 2 mm of one end of scaffold) with 20 wt-% PLGA in 
dichloromethane solution. The utilised PLGA has a theoretical minimum 
degradation time of 14 d (Cyphert et al., 2020). The BAG-S53P4-PLGA 
scaffolds were then dried in air and vacuum. Sterilization of scaffolds was 
achieved by a 25-kGy gamma irradiation dose. 

Scaffolds of BAG-S53P4(±PLGA), designated for either in vitro or in vivo 
studies, were then randomised to minimise possible effects of variability in 
weight or coating mass, or both. 

 

 

Figure 6  Scale bar is 2 mm. 
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PMMA rods of 5 x 15 mm were produced in sterile conditions of 
commercially available Palacos + G (Heraeus Medical GmbH, Wehrheim, 
Germany) bone cement and mixed according to the manufacturer’s 
instructions. The PMMA rods were sterilised in an autoclave and randomised 
to minimise possible effects of variability in weight and size. 

 

Human peripheral blood mononuclear cells (h-PPBMCs) were obtained 
from four healthy donors (two women, two men). Donor mean age was 39 
years and all donors provided signed informed consent. h-PBMCs were 
isolated from the buffy coats (by-products of blood preparation) and the use 
of the buffy coats for monocyte isolation was approved by the Finnish Red 
Cross Blood Service. Isolation and macrophage differentiation of mononuclear 
cells were performed according to a previously described protocol by Nurmi et 
al. (Nurmi et al., 2017).  

The buffy-coat samples were diluted in Ca/Mg-free phosphate-buffered 
saline (PBS) and centrifuged at 800 x g on top of a Ficoll-Paque PLUS density 
gradient medium for 30 minutes. The mononuclear cell layer was collected, 
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washed with PBS four times, and suspended in fresh DMEM media (Sigma, 
Saint Louis, MO) supplemented with 1% Penicillin-Streptomycin antibiotic 
solution (Gibco, Life Technologies, Grand Island, NY). Monocytes were 
counted using a TC20 automated cell counter (Bio-Rad, Hercules, CA) and 
transferred to 24-well culture plates (Greiner Cellstar, Kremsmünster, 
Austria) at a concentration of 1.5 x 106 cells/well. After 1 hour of incubation in 
a humified 37°C incubator at 5% CO2, non-adherent cells were removed by 
rinsing with PBS. Monocyte differentiation to macrophages was facilitated in 
a 7-day culture in macrophage serum-free medium (macrophage-SFM, Gibco) 
supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, and 10 
ng/mL granulocyte macrophage colony-stimulating factor (GM-CSF, Miltenyi 
Biotec, Bergisch Gladbach, Germany).  

To characterise the macrophage inflammatory response to BAG-
S53P4(±PLGA) scaffolds, the scaffolds were introduced to macrophage 
cultures (one scaffold per well) and incubated for 6 or 24 hours. At the given 
timepoints, the BAG-S53P4(±PLGA) scaffolds were removed from the wells, 
the culture medium supernatants were collected, and macrophages were 
disrupted by adding RLT Plus lysis buffer (Qiagen, Valencia, CA). Duplicate 
wells were used for each timepoint, and appropriate controls were included. 
Culture media and cell-lysate samples were stored at -75°C until further 
analysis. 

To elucidate the immunomodulatory effect of BAG-S53P4(±PLGA) on 
macrophages, the scaffolds were introduced into the wells on day 6 of 
macrophage culturing, which allowed the scaffolds to interact with the 
macrophages for 24 hours. On day 7, culture media were supplemented with 
100 ng/mL lipopolysaccharide (LPS, Sigma) for 6 or 24 hours. At the given 
timepoints, lysate and media samples were obtained as described above. The 
LPS concentration used was based on a previous investigation by Day and 
Boccaccini (Day & Boccaccini, 2005). Duplicate wells were used for each 
timepoint, and appropriate controls were included. Culture media and cell 
lysate samples were stored at -75°C until further analysis. RT-qPCR analysis 
was performed on cell lysates from the 6-hour timepoint, whereas ELISA 
assays were used to analyse media samples from the 24-hour stimulation. 
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A sandwich ELISA (DuoSet kits, R&D Systems, Minneapolis, MN) was 
performed to measure the concentrations of the cytokines TNFα, IL-1β, IL-6, 
and IL-1Ra from 24-hour macrophage culture media according to the 
manufacturer’s instructions. 

To analyse the potential LPS-binding ability to BAG-S53P4(±PLGA) 
scaffolds, LPS levels were determined from macrophage culture media 
following the manufacturer’s protocol using a Limulus Amebocyte Lysate 
(LAL) quantitation kit (Pierce LAL Chromogenic Endotoxin Quantitation Kit, 
Thermo Scientific, Waltham, MA) and serial dilutions of endotoxin standards. 
This experiment was conducted by simulating the macrophage stimulation 
protocol on a 24-well plate (Cellstar), i.e., scaffolds were immersed in media 
and incubated for 24 hours in a 37°C incubator followed by 100 ng/mL LPS 
supplementation for 6 and 24 hours. LPS concentrations were measured from 
these media samples. Media without scaffolds served as positive controls. 

Macrophage viability after co-culture with BAG scaffolds was measured 
using a lactate dehydrogenase (LDH) detection kit (Roche Diagnostics, Basel, 
Switzerland) according to the manufacturer’s instructions at the 6-h and 24-h 
timepoints. 

Rabbit MSCs (Cat. No. RBXMX-01001, Oricell, Cyagen Biosciences Inc., 
CA) were used to study the osteogenic effect of BAG-S53P4(±PLGA) scaffolds. 
MSCs in P4 were cultured in Oricell basal MSC growth medium (BM, Cat. Nr. 
GUXMX-90011, Cyagen Biosciences Inc.) on a 0.1% gelatin-precoated 12-well 
culture plate (Cellstar). The cell count per well was 1.2x104 and the total 
volume of media per well was 2 mL. Before the experiment, the cells were 
allowed to reach 70% to 80% confluence. At the start of the experiment, BAG-
S53P4(±PLGA) were submerged in wells with the seeded MSCs. Wells without 
scaffolds served as appropriate controls and Oricell MSC osteogenic 
differentiation medium (OM, Cat. Nr. GUXMX-90021, Cyagen Biosciences 
Inc.) served as positive control and BM served as negative control. Cells were 
refreshed twice per week until the termination of the experiment at the 11-day 
timepoint, after which mineralization assays were performed. Additionally, at 
the 3- and 7-day timepoints cell lysates were collected as described earlier. For 
ICP-OES analysis, cell media samples were collected at the 6-hour and 3-, 7-, 
and 11-day timepoints. The mineralisation experiment with Rb-MSCs was 
conducted three independent times. 
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After the 11-day stimulation of Rb-MScs with BAG-S53P4(±PLGA) 
scaffolds, mineralisation assays were performed. OsteoImageTM 
Mineralisation assay (Lonza, Basel, Switzerland) was used for quantitative 
hydroxyapatite measurements and was performed according to the 
manufacturer’s instructions. After removal of culture media, Rb-MSCs were 
fixed with 4% paraformaldehyde (PFA) for 30 minutes and then incubated in 
a staining solution for 30 minutes at room temperature. Measurements of the 
quantitative fluorescence were conducted at 480 nm/520 nm 
excitation/emission wavelengths (Hidex/Spark). Due to unforeseen 
equipment failure, two different fluorescence readers were used, and a 
correction factor was determined to harmonise the results. 

The mineralisation was further assessed qualitatively at the 11-day 
timepoint by staining the calcium deposits of identical samples with Alizarin 
Red (Cyagen Biosciences Inc.) as above. After removal of culture media, Rb-
MSCs were fixed with 4% PFA for 30 minutes and then incubated in a staining 
solution for 5 minutes at room temperature. Wells were photographed after 
washing in PBS. To differentiate cellular mineralisation from direct surface 
mineralisation from the BAG-S53P4(±PLGA) scaffolds due to scaffold 
precipitation, an identical experiment was conducted without the presence of 
Rb-MSCs. 

Given that the two different methods have different mechanisms of 
identifying mineralisation (hydroxyapatite vs. calcium deposits), these two 
methods are complimentary to each other. 

The culture media of Rb-MSC stimulated with BAG-S53P4(±PLGA) 
scaffolds were analysed using ICP-OES (Optima 5300 DV; Perkin Elmer, 
Waltham, MA) to determine the concentrations of the elements silicon (Si), 
calcium (Ca), and phosphorous (P). Culture media without scaffolds served as 
negative controls. 

The pH changes in macrophage-SFM and BM media stimulated with BAG-
S53P4(±PLGA) scaffolds were measured without the presence of cells 
(Thermo Scientific™ Orion™ PerpHecT™ ROSS™ Combination pH Micro 
Electrode (Thermo Scientific)). The pH measurement experiment was 
performed in an identical setting as described above in the experiments with 
cells. pH measurements were performed at the 15-minute, 30-minute, 1-hour, 
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6-hour, and 24-hour timepoints for both media and additionally at the 3-d, 7-
d and 11-d timepoints in the BM media. 

 

The in vivo animal study in a rabbit model was approved by the Animal 
Experimental Board of Finland (ESAVI/440/04.10.07/2014). The ethics of 
laboratory animal care of the University of Helsinki were meticulously 
followed. Thirty-six skeletally mature New Zealand white rabbits (NZW, 
Harlan laboratories) were used and randomly assigned into four groups with 
a 2-, 4-, or 8-week follow-up period. The interventions were as follows: control 
drilling only or scaffold (5 mm x 15 mm) filling of either PMMA, BAG-S53P4, 
or BAG-S53P4-PLGA. Each intervention had three parallel animals. One 
rabbit died in the 2-week PMMA group 2 days postoperatively and thus the 2-
week PMMA group consisted of only two parallel specimens. Prior to surgery, 
the animals were placed under general anaesthesia using subcutaneous 
medetomidine hydrochloride and ketamine hydrochloride. Utilising a direct 
lateral approach to the metaphyseal region of the distal femur, a bone defect 
was created with a 6-mm drill without penetrating the medial cortex. 
Cefuroxime, buprenorphine, and carprofen were administered 
postoperatively for infection prophylaxis and pain relief. The animals were 
euthanised with an overdose of pentobarbital at specific follow-up timepoints. 
The soft tissue overlying the scaffolds or the empty bone defect (i.e. the 
induced membrane) was harvested from each specimen and stored. Samples 
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for real time-quantitative polymerase chain reaction (RT-qPCR) were stored 
in RNA later solution (AM7020) at 4°C overnight and then transferred to 
sterile tubes and stored at -80°C until further analysis. Samples for 
histochemistry were stored in 10% formalin overnight then washed and stored 
in 70% EtOH until further processing. Finally, the distal part of the femur was 
cut and stripped from the remaining soft tissues and stored in formalin in 4°C 
until imagining studies. 

The total RNA from cell lysate samples of macrophages and Rb-MSCs were 
extracted and purified with a RNeasy Mini Kit (Qiagen) according to the 
manufacturer’s instructions. The amount of RNA was measured with a 
NanoDropTM 1000 spectrophotometer (Thermo scientific) and 100 ng of 
isolated RNA from each sample was used to synthesise cDNA with an iScript 
cDNA synthesis kit (Bio-Rad). RT-qPCR was performed in a LightCycler 
instrument (Roche) with a reaction mix consisting of HOT FIREPol EvaGreen 
qPCR SuperMix reagent (Solis BioDyne, Tartu, Estonia), 20 ng of sample 
cDNA, and primer mix (forward and reverse primers). For negative controls, 
an equal amount of RNase-free water was used instead of the cDNA samples. 

The harvested soft-tissue (i.e. IM) samples of 30-50 mg were homogenised 
with an Ultra-Turrax homogeniser in a Trizol solution (Invitrogen/Life 
Technologies, Paisley, UK). Total RNA was isolated from the upper aqueous 
layer after the samples had been centrifuged with chloroform using a RNeasy 
Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s 
instructions. The amount of RNA was measured with a NanoDropTM 1000 
spectrophotometer (Thermo scientific). cDNA was synthesised from 600 ng of 
isolated total RNA using an iScript cDNA synthesis kit (BioRad, Hercules, CA, 
USA) and then diluted 1:3 with RNA-free water. RT-qPCR was preformed 
using the iQ5 real-time PCR detection system (Bio-Rad). The reaction mixture 
for RT-qPCR consisted of 10 μl of iQ SYBR green, 7 μl of water, 2 μl of cDNA 
(20 ng), and 1 μl of 5 μM primers. For negative controls, an equal amount of 
RNase-free water was used instead of the cDNA samples. 
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The relative mRNA expression of TNFα and IL-1β was analysed from 
macrophage cell lysate samples. NCBI/Primer-BLAST was used to design PCR 
primers. The results were normalised to the housekeeping gene RPLP0. The 
relative mRNA expression of RUNX2, fibromodulin (FMOD), and osteoglycin 
(OGN) was analysed from Rb-MSC lysates. Results were normalised to the 
housekeeping gene HPRT1. The relative mRNA expression of TNFα, BMP-2, 
BMP-4, BMP-7, and VEGF was analysed from soft-tissue samples overlying 
the bone defect site obtained from rabbits. Results were normalised to the 
housekeeping gene GAPDH. All primers are listed in Table 2. The results of 
relative expression were calculated with Gene Expression Macro for Microsoft 
Excel, version 1.1 (Bio-Rad) with the ΔΔCt method (Schmittgen & Livak, 
2008). 

List of primers.

After harvesting, induced membrane samples were fixed in 10% formalin 
overnight until haematoxylin and eosin (H&E) staining. A KOS 
multifunctional microwave tissue processor (Milestone Srl, Sorisole BG, Italy) 
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was used to process the samples. Samples were embedded in paraffin blocks 
using a Microm EC 350 Tissue Embedding Center (Thermo Scientific, 
Kalamazoo, MI, USA). The samples were cut into 3-μm sections using a RM 
2255 Microtome (Leica Microsystems, Wetzlar, Germany). Using an 
automatic stainer (Varistain XY, Shandon, Life Sciences International LTD, 
Cheshire, England), tissue sections were first deparaffinised in xylene and 
then hydrated through a descending alcohol series to water. Following the 
hydration process, the samples were first incubated in haematoxylin for 10 
minutes to allow staining of cell nuclei and then in 0.5% eosin for 5 minutes to 
allow staining of cytoplasm and extracellular matrix. The stained samples were 
dehydrated in an ascending alcohol series, cleared in xylene, and mounted on 
glasses. Using a Leica DM6000 B/M light microscope connected to a digital 
camera (DFC420 and DFC365FX; Leica Microsystems, Wetzlar, Germany), 
images from each H&E-stained sample were obtained for each timepoint. An 
equal number of representative samples from each treatment group and 
timepoint were selected for manual capillary vessel counting. For each 
representative sample, capillary counting was performed using ImageJ 
software (version 2.0.0-rc-43/1.51h, open-source image processing software, 
National Institute of Health, USA) in three different regions with the most 
capillaries seen adjacent to the lining of the membrane. 

 

An Nanotom 180 NF μCT apparatus with 50-μm image resolution (Phoenix 
x-ray Systems & Services GmbH) was used to obtain scans of the distal femurs. 
Upon evaluation of the μCT scans, three different regions could be observed, 
namely areas of intact BAG, areas of reaction surface (RS) on the BAG, and 
areas of new bone (NB) formation. By thresholding the μCT scans, the total 
areas of intact BAG, NB, and RS could be calculated. Thereafter, by defining 
the total area of the scaffold, a ratio between NB and RS to total scaffold area 
could be determined. NB and RS were calculated together as they were difficult 
to accurately distinguish from each other. Slices in the sagittal plane, 
approximately 0.5–1 mm apart, were created and analysed with ImageJ 
software (version 2.0.0-rc-43/1.51h, open-source image processing software, 
NIH) regarding NB and RS ratio to total scaffold area. Each sample was 
analysed from lateral to medial, starting from the point where the scaffold was 
completely surrounded by the cortex (i.e. the part of the scaffold located 
outside of the bone was not included in analysis) and ending at the point where 
the scaffold ended. To more accurately characterise the bone formation inside 
the scaffolds, the scaffolds were subdivided into three distinct regions of 
interest (cortical, middle, and inner). The measurements were performed by 
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one author (RB), repeated two separate times, and the average result was used 
for analysis. 

BAG-S53P4(±PLGA) scaffolds from in vitro Rb-MSC stimulations and 
distal femurs from the in vivo study were analysed by SEM imagining. The 
specimens were moulded in epoxy and grinded in the axial plane to the level 
showing the approximate centre of the scaffold. Additionally, the in vivo 
specimens were processed by drying in a vacuum oven at 40°C for 4 weeks. 
Before SEM imaging, the surface of the specimens was finalised with 
aluminium paste and polished using SiC papers. The specimens were 
visualised by SEM imaging using a Leo Gemini 1530 SEM instrument (Carl 
Zeiss, Oberkochen, Germany) to allow analysis of the potential reaction layer 
formation on BAG-S53P4(±PLGA) scaffolds (in vitro and in vivo) and possible 
bone ingrowth inside the scaffolds used in the in vivo study. The in vitro 
scaffolds were additionally analysed with EDX to confirm that the formed 
reaction layer is indeed a CaP layer. 

All statistical analyses were performed with GraphPad Prism version 8 
(GraphPad Software, La Jolla, CA), and p<0.05 was chosen as the threshold 
for statistical significance. All results are presented as mean values ± SEM. 

In the in vitro study, experiments on human macrophages were analysed 
using Friedman’s test and Dunn’s multiple comparison tests. All other in vitro 
experiments were analysed using one-way analysis of variance (ANOVA) 
followed by Holm-Sidak’s post-hoc tests. 

In the in vivo study, all study groups consisted of three parallel samples 
except for the 2-week PMMA group, where one animal died. Statistical 
comparisons in the micro CT data were analysed using unpaired t-test and 
one-way ANOVA followed by Tukey’s multiple post-hoc test. For the RT-qPCR 
results, one-way ANOVA analysis followed by Tukey’s multiple post-hoc test 
were used to calculate statistical differences. 
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The inflammatory potential of BAG-S53P4(±PLGA) scaffolds was assessed 
in a human macrophage culture model. Macrophages stimulated with the 
scaffolds did not express significantly elevated mRNA levels of TNFα and IL-
1β at the 6-hour timepoint as assessed with qPCR (Figure 9a). 
Correspondingly, no significant differences in the concentrations of TNFα, IL-
1β, and IL-6 were noted in scaffold-stimulated macrophages compared to 
native macrophages after 24 hours of stimulation as assessed by ELISA 
(Figure 9b). In contrast, secretion of the anti-inflammatory cytokine IL-1Ra 
was elevated in scaffold-stimulated macrophages at the 24-hour timepoint and 
BAG-S53P4 showed a significant difference compared to native macrophages 
(Figure 9b). 

 

 

When native macrophages were challenged with LPS, marked upregulation 
of mRNA expression levels of TNFα and IL-1β (as assessed by qPCR) and 
elevated concentrations of cytokines TNFα, IL-1β, and IL-6 (as assessed by 
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ELISA) were observed. Interestingly, when preincubating the macrophages 
with BAG-S53P4(±PLGA) scaffolds prior to LPS challenge, marked depression 
of the mRNA expression levels of the pro-inflammatory cytokines TNFα and 
IL-1β was observed (Figure 10a). While differences between the scaffolds 
were not noted,  a significant difference was observed in the IL-1β expression 
level between control cells and cells with BAG-S53P4 preincubation. 
Furthermore, in the same setting, concentrations of TNFα, IL-1β, and IL-6 
were decreased in comparison with LPS-challenged macrophages without 
scaffold preincubation. Significant differences were observed for BAG-S53P4-
PLGA-preincubated macrophages for TNFα concentration levels and for BAG-
S53P4-preincubated macrophages for IL-1β and IL-6 concentration levels 
(Figure 10b). While no statistically significant differences were observed 
when comparing BAG-S53P4 with BAG-S53P4-PLGA scaffolds, the PLGA 
coating marginally elevated the concentration of the pro-inflammatory 
cytokines. Concentration levels of the anti-inflammatory cytokine IL-1Ra were 
unaffected by the BAG-S53P4(±PLGA) scaffold preincubation compared with 
control cells. 

 

 

As the aforementioned immunomodulatory effects on macrophages could 
in theory be artefacts due to elevated cytotoxicity, non-specific binding of LPS 
after scaffold incubations, or both, cell viability and LPS concentration 
measurements were conducted. A modest decrease in cell viability was noted 
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for the scaffold groups compared with control cells and the effect was 
enhanced by the addition of LPS. BAG-S53P4 scaffolds led to a slightly higher 
rate of cell death than BAG-S53P4-PLGA scaffolds, due to the rougher surface 
and higher mechanical irritation of scaffolds when placed on top of cells (data 
not shown). As expected, some LPS binding to the BAG-S53P4(±PLGA) 
scaffolds was observed, i.e., slightly reduced LPS amounts were recovered 
from the media of the BAG-S53P4(±PLGA) scaffold groups compared to 
control after 6 and 24 hours of incubation. However, these differences in LPS 
recovery rate were not statistically significant (data not shown). 

The average pH at baseline was 7.50 (± 0.01 SD) and 7.34 (± 0.02 SD) in 
macrophage-SFM and Oricell basal MSC growth media (BM), respectively. 
The pH values peaked at the 30-minute timepoint in all samples and stabilised 
thereafter. The pH values of BAG-S53P4 were significantly higher than BAG-
S53P4-PLGA and control samples in both examined media. BAG-S53P4-PLGA 
displayed significantly elevated pH values compared to control samples up to 
the 7-d timepoint. Of note, the pH in BAG-S53P4-PLGA BM at the 11-d 
timepoint was significantly lower compared to the control. This finding was 
probably due to continued PLGA degradation and subsequent pH decrease by 
acidic PLGA monomers (data not shown). 

Upon general inspection of the 2-week H&E-stained histological samples 
of the different IMs, a highly cellular composition with fibroblasts and 
myofibroblasts together with inflammatory cells was observed. Foreign body 
giant cells were noted in the scaffold groups, especially in PMMA IMs. 
Additionally, numerous capillaries could be identified, especially in the lining 
of the membranes. At later timepoints in the control samples, the amount 
fibrotic tissue increased, and the cell population decreased notably. For 
PMMA and BAG-S53P4(±PLGA) IMs, the cell population did not clearly 
decrease over time and fibrotic tissue did not increase. In general, no apparent 
differences between the PMMA and BAG-S53P4(±PLGA) IMs were noted. 

The amount of capillaries was evaluated from H&E-stained tissue samples 
obtained from control drill tissue samples and from the PMMA or BAG-
S53P4(±PLGA) IMs (Figure 11a-e). Control drill tissue samples displayed a 
high number of capillaries at the 2-week timepoint and then decreased, being 
scarce at the 8-week timepoint (2-week vs 8-week, p<0.05). While the PMMA 
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IMs had stable amounts of capillaries throughout the follow up, a slightly 
declining trend was observed. BAG-S53P4 IMs showed a peak in capillary 
count at 2 weeks (2 weeks vs. 4 weeks, p<0.05; 2 weeks vs. 4 weeks, p<0.05), 
then decreased to similar amounts of capillaries as PMMA and BAG-S53P4-
PLGA IMs. The BAG-S53P4-PLGA IMs displayed a stable number of 
capillaries but exhibited an increasing trend, in contrast to the other samples 
(Figure 11e). In the timepoint comparison, no significant differences between 
the samples were noted at the 2- and 4-week timepoints. Interestingly, at the 
8-week timepoint, BAG-S53P4-PLGA IMs showed significantly more 
capillaries compared to control tissue samples (p<0.01) and PMMA IMs 
(p<0.05) (Figure 11f). 
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The quantitative mRNA expression levels from control drill tissue samples 
could not be calculated from the later timepoints due to high (>35) or 
significant variability (>1 Ct in parallel samples) or undetectable Ct values for 
housekeeper genes or index primers. Therefore, the control drill tissue 
samples were not included in the statistical analysis of the complete follow up 
due to numerous missing values.  

The mRNA expression levels of TNFα showed no statistically significant 
differences at any timepoint (i.e. timepoint comparison) when comparing the 
different IMs of PMMA and BAG-S53P4 (±PLGA). Furthermore, when 
comparing different timepoints from respective IMs (i.e. over time 
comparison), no significant differences were observed. However, subtle 
differences could be noted in the mRNA expression trend. The expression 
levels of TNFα peaked at 2 weeks in PMMA IM samples, at 4 weeks in BAG-
S53P4 IMs, and at 8 weeks in BAG-S53P4-PLGA IMs. Control tissue samples 
showed initially low TNFα mRNA expression, but values were not detectable 
at a later timepoint (Figure 12). 
 

 

During the 8-week follow up, VEGF mRNA expression exhibited an 
increasing trend for BAG-S53P4-PLGA IMs, a peak in mRNA expression at 2 
weeks for BAG-S53P4 IMs, and a steady trend for PMMA IMs. Interestingly, 
at the 2-week timepoint, BAG-S53P4 IMs showed significantly higher VEGF 
mRNA expression levels compared to BAG-S53P4-PLGA IMs (p<0.05). At 8 
weeks, VEGF mRNA expression levels were significantly elevated for BAG-
S53P4-PLGA IMs in comparison with PMMA IMs (p<0.05). Control tissue 
samples expressed similar VEGF mRNA levels compared with PMMA and 
BAG-S53P4(±PLGA) IMs at 2 weeks but decreased rapidly and was 
undetectable at the late timepoint (Figure 13). The amount of capillaries 
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detected in the tissue sections corresponded with VEGF mRNA levels for the 
respective IM samples. 

 

BMP-2, BMP-4, and BMP-7 mRNA levels were similar in the control tissue 
samples compared with the PMMA and BAG-S53P4(±PLGA) scaffolds at early 
timepoints. However, at later timepoints the expression diminished below the 
detection range and was therefore not included in the analysis. 

BMP-2 mRNA was steady for PMMA and BAG-S53P4-PLGA IMs 
throughout the 8-week follow up. BAG-S53P4 IMs showed a significant peak 
in BMP-2 mRNA expression at 4 weeks compared to the 8-week timepoint 
(p<0.05). However, no significant differences were observed between the 
respective IMs when compared with each other at any timepoints (Figure 14). 
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In the comparison over time, PMMA and BAG-S53P4 IMs exhibited steady 
BMP-4 mRNA levels. Interestingly, BMP-4 mRNA levels showed a 
significantly increasing trend for BAG-S53P4-PLGA IMs (2 weeks vs. 8 weeks, 
p<0.005; 4 weeks vs 8 weeks, p<0.005). Additionally, BAG-S53P4-PLGA 
showed significantly higher BMP-4 mRNA levels compared to BAG-S53P4 
IMs (p<0.05). 
 

 

While BMP-7 mRNA levels were steady for all respective IMs, no significant 
differences were observed. However, while PMMA and BAG-S53P4 IMs 
exhibited steady BMP-7 mRNA levels, BAG-S53P4-PLGA IMs exhibited a 
markedly increasing trend during the follow-up period. 
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The release of Si, Ca, and P species form BAG-S53P4(±PLGA) scaffolds was 
assessed in a time-course study by ICP-OES from Rb-MSC culture media. 
Culture media (Oricell basal medium) without scaffolds served as negative 
control samples.  

As expected, the concentrations of Si in the control basal media were not 
detectable at the different timepoints. However, at the 1-d timepoint, 
unusually high Si concentrations were measured from the basal media sample 
compared with the other timepoints; thus, this timepoint was discarded as an 
outlier. The concentrations of Ca and P in the control basal media were steady 
throughout the time-course study and varied from 65.1 mg/L to 68.3 mg/L 
and 23.7 mg/L to 23.1 mg/L, respectively. 

In the basal media from BAG-S53P4 scaffold stimulations, the Si 
concentration peaked at the 6-hour timepoint then exhibited a decreasing 
trend to the 3-d timepoint, after which it remained stable until the end of the 
experiment (range 57.4 mg/L to 45.3 mg/L). The Ca concentration exhibited 
an increasing trend during the first days and peaked at the 3-d timepoint 
(210.7 mg/mL), after which it stabilised and remained unchanged during the 
reminder of the experiment. The P concentration decreased during the first 3 
days of the experiment until stabilising for the reminder of the experiment 
(range 13.9 mg/mL to 6.0 mg/mL). 

The BAG-S53P4-PLGA-stimulated media had a peak Si concentration at 
the 24-hour timepoint, after which it exhibited a declining trend (range 18.8 
mg/mL to 46.6 mg/mL). Ca concentrations exhibited an increasing trend 
during the first days and peaked at the 3-day timepoint (147.7 mg/mL), after 
which it stabilised and remained constant throughout the rest of the 
experiment. The P concentrations were stable for the first 24 hours of the 
experiment and then exhibited a decreasing trend towards the endpoint of the 
experiment (range 20.9 mg/L to 9.18 mg/L) (data not shown). 

Rb-MSCs stimulated with BAG-S53P4(±PLGA) scaffolds were assessed for 
osteogenic markers after 3 and 7 days of culture in basal cell media. Cells 
cultured in osteogenic media without scaffolds served as a positive control. 
The results obtained from the qPCR assay are presented as fold-change values 
compared to unstimulated cells cultured in basal cell media without scaffold 
stimulation. However, statistical calculations were performed using absolute 
mRNA expression values. 
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At the 3-d timepoint, Rb-MSCs cultured in osteogenic media without 
scaffold stimulation had markedly elevated mRNA levels of the osteogenic 
markers RUNX2, FMOD, and OGN at the 3-d timepoint. BAG-S53P4-
stimulated Rb-MSCs cultured in basal media had an identical mRNA profile 
of the osteogenic markers compared with the control cells cultured in 
osteogenic media. Of note, significant differences were observed for FMOD 
when comparing BAG-S53P4 stimulated cells with control cells cultured in 
basal media (p<0.01), control cells cultured in osteogenic media (p<0.05), and 
BAG-S53P4-PLGA-stimulated cells cultured in basal media (p<0.01). BAG-
S53P4-PLGA-stimulated cells exhibited somewhat elevated mRNA levels of 
the tested osteogenic markers. However, these levels were markedly lower 
than those from osteogenic media-stimulated and BAG-S53P4-stimulated 
cells (Figure 17a). 

 

 

 

After 7 days of culture, the mRNA levels for the osteogenic markers were 
low and no significant differences were observed. Interestingly, BAG-S53P4-
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PLGA scaffold-stimulated cells showed constant and slightly increased OGN 
mRNA levels at the 7-d timepoint (Figure 17b). 

Qualitative mineralisation assessment was performed using Alizarin Red 
staining at the 11-d timepoint. The negative control remained blank. BAG-
S53P4-stimulated Rb-MSCs exhibited a clear mineralisation. The positive 
control also displayed mineralisation but to a lesser degree than that observed 
with BAG-S53P4-stimulated cells. Modest mineralisation was observed in the 
BAG-S53P4-PLGA-stimulated cells (Figure 18 a-d). Of note, direct surface 
mineralisation due to BAG precipitation was observed in the experiment 
performed without cells (Figure 18 e-h). However, the direct mineralisation 
effect was only noted in areas where the BAG scaffold had been present. This 
contrasts with the mineralisation observed in experiments performed with 
cells, where the mineralisation also occurred at sites where the scaffold had 
not been in direct contact with the well surface. Due to this finding, the 
quantitative results should be interpreted with caution. 
 

 
 

 
Quantitative mineralisation measurements of identical samples were 

assessed at the 11-d timepoint using OsteoImageTM. BAG-S53P4 stimulated 
Rb-MSCs showed a significant elevated mineralisation compared to the other 
groups. Cells cultured in osteogenic media and BAG-S53P4-PLGA-stimulated 
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cells exhibited similar levels of mineralisation, i.e., both were slightly higher 
than the unstimulated control cells (Figure 18i). The qualitative 
mineralisation results corresponded with the quantitatively measured 
mineralisation patterns. 

The BAG-S53P4(±PLGA) scaffolds were analysed by SEM imaging after 
incubation in Rb-MSC cultures in basal cell media for 11 d. Cross-sectional 
analysis of the BAG-S53P4 scaffolds revealed a calcium- and phosphate-rich 
(Ca-P) layer that had formed on the outermost particles. In contrast, the Ca-P 
layer was absent or minimal in the BAG-S53P4-PLGA scaffolds, even though 
the scaffold contained partially bare areas where PLGA coating was missing. 
These findings were confirmed with EDX analysis; a clear Ca-P layer could be 
identified on the BAG-S53P4 scaffold surfaces (Figure 19a-b). 

The SEM images obtained from distal femur specimens at 2, 4, and 8 weeks 
containing either a PMMA spacer or BAG-S53P4(±PLGA) scaffolds were 
assessed. Control drill specimens were not analysed due to the preparation 
process of specimens before SEM imaging, i.e., the grinding process could 
potentially damage the new bone formation inside the created bone defects 
and thus the results would be considered unreliable. 

SEM imagining revealed that new bone formation was seen inside the BAG-
S53P4(±PLGA) scaffolds already at the 2-week timepoint and then gradually 
increased throughout the follow up. Consistently, the reaction layer formation 
seen on the granules of the scaffolds increased during the follow-up period 
(Figure 19 c-d). As expected, no bone formation was seen in the PMMA-filled 
bone defects (data not shown). 
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μμ
μCT images from bone defects filled with either a PMMA spacer or BAG-

S53P4(±PLGA) scaffolds were obtained at 2, 4, and 8 weeks postoperatively. 
Empty bone defects created by drilling served as control samples. 

In the empty bone defects, some woven new bone (NB) formation was 
observed in the μCT images. However, they were still clearly visible at 8-week 
timepoint. Consistently with SEM imaging results, the PMMA-filled bone 
defects did not show any NB formation in the μCT images (data not shown). 

BAG-S53P4(±PLGA) scaffolds exhibited visible NB growth and RL 
formation inside the scaffolds with an increasing trend throughout the follow 
up. In the early timepoints, NB and RL formations were observed on the 
superficial layers of the scaffold. In the later timepoints, NB and RL formation 
extended to the deeper layers of the scaffold. Additionally, NB and RL 
formation increased in thickness over time (Figure 20 a-b). BAG-S53P4 
scaffolds exhibited significantly higher NB and RL formation at the 8-week 
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timepoint compared to the 2-week timepoint (p<0.05). NB and RL formation 
were significantly higher at the 4- and 8-week timepoint compared to the 2-
week timepoint in the BAG-S53P4-PLGA scaffolds (p<0.05 and p<0.05, 
respectively) (Figure 20 c-d). 
 

 

 

No significant differences were noted in the timepoint comparison of BAG-
S53P4 and BAG-S53P4-PLGA scaffolds. When evaluating the three different 
regions (cortical, middle, and inner), no significant differences were noted at 
the 2- and 4-week timepoints. Interestingly, a greater NB and RL formation 
was observed at the 8-week timepoint in the middle part of the BAG-S53P4-
PLGA scaffolds compared to the middle part of the BAG-S53P4 scaffolds 
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(p<0.05). No significant differences were observed at the cortical or inner part 
of the scaffolds at the 8-week timepoint (data not shown). 
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The principal aim of this study was to introduce a bioactive bone graft 
substitute applicable for treatment of bone defects with a single-stage IMT. To 
do this, BAG-S53P4 was selected as the bone graft substitute for its 
preclinically documented osteoconductive and osteostimulative properties. 
Additionally, BAG-S53P4 is the most clinically studied BAG currently in use. 
BAG-S53P4 scaffolds were constructed by sintering and coated with PLGA to 
further modulate the actions of the scaffolds. It has been shown that coating 
BAGs with PLA-based polymers (e.g. PLGA) increases its mechanical strength 
(Chen & Boccaccini, 2006; Eqtesadi et al., 2016; Mantsos et al., 2009). In 
addition to providing the BAG-S53P4 scaffold increased mechanical strength, 
our hypothesis was that BAG-S53P4 scaffolds can induce a similar membrane 
as PMMA around the bone defect site and that PLGA coating would enhance 
the scaffold-tissue reaction so that IM formation would be more effective 
compared to BAG-S53P4 scaffolds alone. We also sought to demonstrate that 
BAG-S53P4(±PLGA) scaffolds have excellent osteostimulative and 
osteoconductive properties akin to BAG granules, thus allowing bone 
formation inside the scaffold. 

We observed that BAG-S53P4 scaffolds had an anti-inflammatory effect on 
macrophages and significantly increased production of the anti-inflammatory 
cytokine IL-1Ra compared with control cells; BAG-S53P4-PLGA did not have 
this effect. Additionally, mRNA levels and concentrations of pro-inflammatory 
cytokines TNFα, IL-1β, and IL-6 remained at the levels of the control cells. The 
immunomodulatory effect of BAG-S53P4(±PLGA) was assessed by inducing 
an inflammatory reaction with addition of LPS in the culture media of the 
macrophages. In LPS-challenged macrophages, decreased mRNA levels of 
TNFα and IL-1β were observed for BAG-S53P4(±PLGA)-stimulated 
macrophages. Consistently, pro-inflammatory cytokine concentrations of 
TNFα, IL-1β, and IL-6 also decreased. Interestingly, BAG-S53P4-PLGA 
scaffolds exhibited marginally higher pro-inflammatory cytokine 
concentrations compared to BAG-S53P4 scaffolds. The immunomodulatory 
effect observed here is consistent with previous reports conducted with 
different BAG compositions (Day & Boccaccini, 2005; Kim et al., 2019; 
Varmette et al., 2009). Partially contrasting results have also been previously 
reported, as PLGA microparticles can induce a pro-inflammatory reaction in 
murine macrophages (Nicolete et al., 2011). On the other hand, PLGA 
microparticles also have immunosuppressive effects (Allen et al., 2018). A 
possible advantage of this observed anti-inflammatory effect is that it 
increases osteogenic differentiation in preosteoblasts (Zhao et al., 2018). 
Despite the marginally elevated cytotoxicity and the tendency of LPS to bind 
to the scaffolds, we conclude that these findings cannot alone account for the 
noticeable immunomodulatory effects detected for BAG-S53P4(±PLGA) 
scaffolds. The LPS-binding capacity was more evident for BAG-S53P4 
compared to BAG-S53P4-PLGA, suggesting that the coating acted as a 
mechanical barrier that prevented LPS binding to the scaffold surface. 
Furthermore, it should be noted that the biodegradation of PLGA was not 



 

65 

specified or measured in this study, and it is possible that the brief stimulation 
period (24 hours) did not allow for sufficient PLGA degradation and monomer 
release to occur. This may be one reason for the absent immunomodulatory 
reaction of PLGA on macrophages under these experimental conditions. 
Although additional investigations are needed, it is possible that the initial in 
vivo net effect of PLGA coating is pro-inflammatory due to inhibition of the 
anti-inflammatory effect of BAG, followed by a prolonged anti-inflammatory 
effect when the BAG becomes exposed. This may explain in part the 
differences between the BAG-S53P4 and BAG-S53P4-PLGA IMs, i.e., in the 
IMs of PLGA-coated BAGs, the amount of capillaries and the VEFG and BMP 
mRNA levels peaked at a later stage compared to uncoated BAGs. 

The osteostimulative effect of BAG-S53P4(±PLGA) scaffolds was assessed 
in a Rb-MSC culture model. BAG-S53P4 scaffold stimulated Rb-MSCs 
demonstrated elevated mRNA levels of RUNX2, FMOD and OGN compared 
to BAG-S53P4-PLGA at the 3-day timepoint. Of note, the mRNA expression 
levels were similar for BAG-S53P4 scaffold stimulated cells compared to the 
control cells that were stimulated with osteogenic media. After 11 d stimulation 
of Rb-MSCs with BAG-S53P4(±PLGA) scaffolds, evident mineralisation 
(qualitatively and quantitatively) was seen in BAG-S53P4 scaffold stimulated 
cells whereas BAG-S53P4-PLGA scaffold stimulations did not show clear 
mineralisation. Osteogenic media stimulated control cells displayed minor 
mineralisation at the 11 d timepoint. These results are consistent with previous 
studies conducted with BAG-S53P4 (Ojansivu et al., 2018; Ojansivu et al., 
2015; Waselau et al., 2012). 

Significant alkalinisation of the cell media when incubated with BAG-
S53P4(±PLGA) scaffolds was observed in both macrophage-SFM and BM 
media. Furthermore, the BAG-S53P4 scaffold exhibited significantly higher 
pH values compared to BAG-S53P4-PLGA at all timepoints. Of note, the pH 
rapidly decreased at the 11-d timepoint in BM media incubated with BAG-
S53P4-PLGA scaffolds and was significantly lower compared to control 
samples. The alkalinisation of the surroundings exhibited by BAG-S53P4 is 
consistent with previous investigations (Fagerlund et al., 2013). 

These immunomodulatory and osteogenic properties of BAG-S53P4 
scaffolds are likely due to the dissolution process of the BAG, the 
corresponding alkalinisation of the microenvironment, and the release of 
biologically active Ca, Si, and P species. An alkaline environment affects 
macrophages by inhibiting the response of IL-1β to several known 
inflammatory activators (Rajamäki et al., 2013) and increases osteoblast 
viability (Galow et al., 2017). Conversely, an acidic environment is beneficial 
for osteoclasts as they exhibit acid-activation responses (Arnett, 2008). In 
vitro data shows that a decrease in pH from the physiological 7.4 greatly 
increases the formation of resorption pits, reaching a plateau at pH 6.8 (Arnett 
& Dempster, 1986). In an acidic environment, the deposition of minerals by 
osteoblasts is reduced (Brandao-Burch et al., 2005). Thus, the alkaline 
surroundings produced by BAG-S53P4 decrease the activity of macrophages 
and osteoclasts and promote the functions of osteoblasts. BAG-
S53P4(±PLGA) scaffolds had similar concentrations of Ca, Si, and P ions 
compared to previous reports (Fagerlund et al., 2013). Extracellular Ca ions 
and Si species have anti-inflammatory effects on murine macrophages (Huang 
et al., 2018) and stimulate osteogenic differentiation of MSCs (Barradas et al., 
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2012). The difference between BAG-S53P4 and BAG-S53P4-PLGA in 
stimulating osteogenesis can partially be explained by the measured 
differences in pH and in the ionic dissolution patterns. As observed in the pH 
measurements and ionic dissolution analysis, BAG-S53P4 exhibited higher 
alkalinisation and elevated Ca and Si concentrations than BAG-S53P4-PLGA. 
This phenomenon is likely since PLGA coating acts as a barrier and hinders 
the reactivity and ion release from the BAG itself. Indeed, this proposition is 
supported by SEM imaging, where a clear reaction layer can be seen on the 
surface of BAG-S53P4 scaffolds. This reaction layer was absent in the BAG-
S53P4-PLGA scaffolds.  

The IMs formed at the bone defect site under the influence of either PMMA 
or BAG-S53P4(±PLGA) scaffolds were assessed histologically (H&E stain) and 
by measuring mRNA levels of TNFα, BMP-2, BMP-4, BMP-7, and VEGF. At 
the 2-week timepoint, the H&E-stained histological samples of the different 
IMs (control, PMMA, and BAG-S53P4(±PLGA)) contained large amounts of 
cells, including inflammatory cells. In the scaffold groups (PMMA and BAG-
S53P4(±PLGA)), a few foreign body giant cells could be identified. Numerous 
capillaries were also observed. During follow up, in the control IMs the amount 
of fibrosis increased, and the number of cells decreased notably. No clear 
decrease in cell population and an increase of fibrous tissue was observed for 
the PMMA and BAG-S53P4(±PLGA) IMs. The amount of capillaries decreased 
rapidly over time in the control IMs, and the amount showed a decreasing 
trend in PMMA IMs. The amount of capillaries peaked at 2 weeks and 
stabilised thereafter in BAG-S53P4 IMs and the amount showed an increasing 
trend in BAG-S53P4-PLGA IMs. Furthermore, BAG-S53P4-PLGA showed 
significantly higher numbers of capillaries at the 8-week timepoint compared 
to control and PMMA samples. BAG-S53P4(±PLGA) scaffolds exhibited 
similar or greater mRNA levels in the IMs during the follow up compared with 
PMMA IMs. No significant differences were noted for TNFα mRNA levels in 
the different IMs. mRNA expression of BMP-2, -4, and -7 in PMMA IMs 
exhibited stable levels throughout the follow up. BAG-S53P4 scaffold IMs 
showed peaked mRNA levels at the 4-week timepoint for all BMPs. However, 
this was significant only for BMP-2 mRNA levels. Interestingly, BAG-S53P4-
PLGA scaffold IMs had an increasing trend of BMP-2, -4 and -7 mRNA levels. 
Statistically significant differences were noted for BMP-4 levels when 
comparing the 8-week timepoint to the 2- and 4-week timepoints. Moreover, 
BAG-S53P4-PLGA scaffold IMs showed significantly more BMP-4 mRNA 
expression levels at the 8-week timepoint compared to BAG-S53P4. In a 
previous report, BMP-2 levels in PMMA IM in a rabbit radial defect model 
peaked at 6 weeks postoperatively (Wang et al., 2015). This apparent 
discrepancy with our results can be explained by different methodologies used 
for BMP analysis, namely qPCR in the former and ELISA in the latter. The 
patterns of VEGF mRNA levels for PMMA and BAG-S53P4(±PLGA) IMs were 
different; PMMA IMs exhibited stable levels throughout the experiment, BAG-
S53P4 scaffold IMs peaked at 2 weeks, and BAG-S53P4-PLGA scaffold IMs 
had an increasing trend. VEGF mRNA levels for BAG-S53P4 scaffold IMs were 
significantly higher at the 2-week timepoint compared to BAG-S53P4-PLGA. 
At the 8-week timepoint, BAG-S53P4-PLGA had significantly higher VEGF 
mRNA levels compared to PMMA IMs. In human PMMA IM tissue, mRNA 
levels of VEGF were elevated at the 4-week timepoint and then decreased over 
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time (Aho et al., 2013). The previously reported elevated VEGF release by 
BAG-S53P4 granules in in vitro conditions is also consistent with our findings 
(Detsch et al., 2014). The VEGF mRNA expression results are supported by the 
capillary count from the H&E-stained histological samples, i.e., at 2 weeks 
BAG-S53P4 exhibited the highest amounts of capillaries and at 8 weeks BAG-
S53P4-PLGA exhibited significantly higher amounts of capillaries when 
compared with PMMA IMs. While control drill tissue samples were obtained 
and analysed, cytokine and growth-factor mRNA levels were not included in 
the statistical analysis, as mRNA level measurements were not applicable in 
the later follow-up timepoints.  

New bone formation was seen in SEM and μCT imaging in BAG-
S53P4(±PLGA) scaffolds that were placed in metaphyseal defects. The 
formation of new bone was noted around the edges of the scaffolds already at 
the 2-week timepoint. This osteoconductive property in vivo is consistent with 
the previous early-stage in vitro osteogenic/osteostimulative findings for 
BAG-S53P4 as discussed above. During follow up, new bone was also starting 
to form inside the scaffolds as seen in the 8-week specimens. Thus, the BAG-
S53P4(±PLGA) scaffolds are both osteoinductive and osteostimulatory. When 
comparing the two BAG scaffolds, BAG-S43P4-PLGA exhibited more rapid 
new bone formation from the 2-week timepoint onwards (significant increases 
at the 2-week timepoint than the 4- and 8-week timepoints) and significantly 
more new bone formation in the middle part of the scaffold at the end of the 
experiment. This difference in new bone formation can be partially explained 
by the varying BMP expression levels in the IMs, i.e., the BMP expression 
levels of BAG-S53P4-PLGA exhibited an increasing trend during the follow-up 
period. 

Taken together, the BAG-S53P4 scaffolds exhibited an anti-inflammatory 
effect that could be modified by PLGA coating. However, in vivo results 
indicated that BAG-S53P4(±PLGA) scaffolds can produce a potent IM and are 
minimally inflammatory, thus the actions of BAG-S53P4(±PLGA) scaffolds 
are described as immunomodulatory rather than solely anti-inflammatory. 
The BAG-S53P4(±PLGA) scaffolds exhibited robust osteoconductive and 
osteostimulative properties both in vitro and in vivo. Furthermore, the ability 
of BAG-S53P4(±PLGA) scaffolds to form an induced membrane is comparable 
to PMMA and thus can create a source of osteoprogenitor cells, growth factors, 
and angiogenic factors at the bone defect site. 

There are several limitations of this study. Due to donor cell variability and 
relatively small sample size, only a few statistically significant differences were 
observed, and the results should be interpreted with caution. The results are 
not directly applicable in humans, as this study was strictly a pre-clinical 
investigation. The use of sintered BAG-S53P4(±PLGA) scaffolds were 
evaluated in a non-critical bone defect in the metaphyseal area of the distal 
femur. Accordingly, no direct conclusions can be drawn on how the scaffold 
would behave in a diaphyseal model with a critical bone defect. Additionally, 
we did not evaluate the crystallisation of the sintered BAG-S53P4(±PLGA) 
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scaffolds, as the rate of crystallisation affects the bioactivity of BAGs and thus 
could potentially affect the results. 

Future studies should focus on developing an amorphous sintered BAG-
S53P4(±PLGA) scaffold and assessing the healing capacity of the scaffold in 
diaphyseal critical-sized bone defects in a single-stage IMT model. The role of 
the PLGA coating should be further clarified. The antimicrobial properties of 
sintered BAG-S53P4(±PLGA) scaffolds on clinically important microbes, 
including multidrug-resistant bacteria, should be assessed. Further 
investigations could evaluate if there is any added value of combining the 
scaffold with osteogenic cells, growth factors, or combinations thereof. 
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This preclinical metaphyseal bone defect model study revealed that the 
sintered BAG-S53P4(±PLGA) scaffold addresses the key elements of the 
requirements of successful bone regeneration in long-bones. Sintered BAG-
S53P4(±PLGA) scaffolds are osteoconductive; induce a membrane that serves 
as a source of inflammatory mediators and growth factors; can directly 
stimulate MSCs towards osteogenic differentiation (osteostimulation); and 
have immunomodulatory properties that can possibly be tailored to meet a 
specific clinical need. 

Taken together, these results suggest that BAG-S53P4(±PLGA) scaffolds 
have properties for potential use as a bone graft substitute in a single-stage 
IMT. Additionally, specific instrumentation, BTE adjuncts (e.g. addition of 
BMPs or osteogenic cells), and bone grafting are not required with the use of 
BAG-S53P4(±PLGA) scaffolds. BAG-S53P4(±PLGA) scaffolds may also have 
immediate, “of-the-shelf” availability. 
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