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1 INTRODUCTION 

Nowadays, placing a dental implant is a standard procedure to replace missing teeth. Years of 

clinical experience regarding design and techniques has led to a success rate of more than 90% 

for dental implants.1-3 To meet the requirement of success, the patient needs to be satisfied with 

the implant function in addition to the absence of pain, bleeding or peri-implant bone loss.4 One 

important factor for the success of an implant is sufficient bone density and volume to guarantee 

stability between the implant and the bone.5,6 A loss in alveolar bone can cause problems 

regarding a sufficient bone volume. The loss of a tooth, a tumor or inflammatory diseases, such 

as periodontitis, can cause bone resorption, resulting in an insufficient bone volume for placing 

a dental implant. Thus, the treatment of missing bone volume to improve dental implant stability 

is a current challenge in dentistry. To face this challenge, bone grafts have successfully been 

used.7-10 Bone grafts are used as structures to guide bone during regeneration to achieve 

sufficient bone volume. 

The gold standard treatment for bone grafting is the use of autologous bone grafts, where 

endogenous bone from the same patient is used as a bone substitute.11,12 Other options are 

allografts, which are grafts derived from another donor of the same species, or xenografts, that 

are extracted from a donor of another species.13,14 The main disadvantages of all these types of 

biological grafts are their limited availability, risk of infections and the rejection of the graft by 

the host tissue.15-20 Because of these limitations, there is a special interest in bone grafts made 

of synthetic materials. Advantages of synthetic grafts are on the one hand the option of storage, 

which guarantees unlimited availability. On the other hand, the fabrication of synthetic grafts 

ensures the product equality and can be designed according to clinical needs.21 There are two 

main challenges for synthetic bone grafts to meet the requirements of successful bone 

regeneration. While some properties are dependent on the graft material, some important 

properties can also be influenced during the fabrication process. Consequently, the success of 

synthetic bone grafts depends on their capacity to allow the formation of new bone tissue, or 

osteogenesis, and to provide sufficient mechanical support at the defect site for the new bone 

formation to occur until enough bone tissue has been formed to allow normal function.22,23 

While some synthetic grafts show inadequate mechanical strength compared to natural bone, 

others show insufficient porosity and interconnectivity of pores to ensure bone ingrowth and 

vascularization. Thus, there is a great need for synthetic bone graft materials that have similar 

properties to natural bone tissue. 
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1.1 BONE GRAFTS  

1.1.1 REGENERATIVE CAPACITY OF BONE 

Bone tissue forms a strong supportive structure for soft tissues and muscles. It is a highly 

dynamic tissue which regenerates itself over the whole lifetime of an individual. Bone tissue 

consist of 30-35% organic and 65-70% inorganic substances. The organic phase mostly consist 

of collagen type I, while the inorganic phase is mainly composed of calcium and phosphate in 

the form of hydroxyapatite, tricalcium phosphate, calcium carbonate and calcium fluoride.24 

Two different types of bone are present, namely cortical (compact) and trabecular (cancellous) 

bone. Cortical bone is dense and constitutes approximately 80% of the skeletal mass. It exhibits 

a low porosity of 5-20% and a low surface area. Cortical bone forms the outer part of bones and 

envelopes the inner cavity, where the trabecular bone is filled with bone marrow.24-26  

Bone tissue is able to regenerate itself without scar formation by resorption of injured bone 

tissue and formation of new bone tissue.27 Furthermore, resorption and formation of bone tissue 

enables bone to adapt to its physical environment.25 Bone is a composite structure that includes 

cells, extracellular matrix (ECM) and lipids. The main bone cells related to bone regeneration 

are osteoblasts, which are responsible for bone formation, osteoclasts, which are responsible 

for bone degradation, and osteocytes, which sense mechanical strains within the ECM.28 

Following injury, three main phases of bone regeneration are present, as shown in Figure 1-1.  

 

Figure 1-1: Immune response depending on bone regeneration phase. Inflammatory signals are dominant during 

the inflammatory phase, where a hematoma is forming. To stabilize the fracture site, a callus is formed, which is 

remodelled to bone during the proliferation and remodeling phases. Adapted from Burn.29  
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During the early inflammatory stage, a hematoma is formed immediately and blood is present 

in between and around the fracture edges.30 The immune system is activated, inflammation 

occurs and a primitive callus starts to form to reduce uncontrolled mobility of the fracture 

site.24,27. To form a callus consisting of a fibrin network and aggregated platelets, a complex 

cascade of simultaneous signals starts.31 Macrophages release different inflammatory cytokines 

which activate osteoclasts. Osteoclasts then attach to the surface of the injured bone and start 

to resorb the bone tissue by secreting hydrochloric acid, which dissolves hydroxyapatite, the 

major inorganic component of bone.26,32 The cytokines recruit mesenchymal cells (MSC), 

which later on differentiate to osteoblasts. Simultaneously, platelets present in blood are 

activated and release different growth factors, mainly platelet-derived growth factor (PDGF) 

and transforming growth factor beta (TGF-β), which cause the migration, activation and 

proliferation of mesenchymal cells, and the formation of new blood vessels.33 During the 

second phase, the callus is replaced with woven bone and gets more solid and mechanically 

rigid.34 Specific proteins, such as bone morphogenetic proteins (BMP), are released from the 

bone matrix and undifferentiated MSCs start differentiating into osteoblasts.35 These 

osteoblasts express high level of vascular endothelial growth factor (VEGF) to promote further 

invasion of blood vessels.36 During the last phase, the remodeling phase, the replacement of 

woven bone to mature lamellar bone takes place. Osteoblasts lay down uncalcified bone matrix 

and differentiate to osteocytes, which interconnect in the ECM.26 Osteocytes make up 90-95% 

of cells in bone tissue and release signals to coordinate the actions of osteoblast and osteoclast 

for optimal bone regeneration.32 As shown in Figure 1-1, the inflammatory phase takes up to 7 

days, while the proliferative stage lasts for weeks and the remodeling phase can lasts for 

years.24,27,29 The complex cascade of signals during bone regeneration is characterized by 

different intensities of response and presence of different cytokines and growth factors. The 

typical responses during the phases can overlap each other, because of simultaneous resorption 

and remodeling process. 

1.1.2 CLINICAL APPLICATION OF BONE GRAFTS 

The self-regeneration potential of bone can be used in clinical applications. In guided bone 

regeneration (GBR), an alveolar bone defect is covered and stabilized with a membrane.10,37,38 

The main principle of this technique is to create space between the bone defect and the gingival 

soft tissue to promote bone regeneration within this region.39,40 The main function of the GBR 

membrane is to facilitate primary wound closure and to prevent the invasion of epithelial cells 

into the defect. Thus, the defect is kept free from soft tissue and enough space is maintained for 
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bone ingrowth and angiogenesis.39,41,42 Protected by the membrane, bone cells start to 

regenerate the tissue as described earlier. The initial inflammatory response results in migration 

of inflammatory cells, cytokines and growth factors initiating the bone healing cascade.22 

The potential of self-regeneration is limited to small, non-critical size bone defects. The loss of 

a tooth, tumor resection or an inflammatory disease such as periodontitis can cause a dramatic 

loss of alveolar bone.43,44 In case of a critical size bone defect, the self-regeneration potential 

can be used with the aid of support structures known as bone grafts. In GBR, a bone graft is 

additionally covered by the membrane.45 Osteoclasts and osteoblasts are present on the graft 

surface 46. Bone cells are growing insider the graft and bone tissue starts to regenerate.22 The 

clinical goal of bone grafts is primary bone healing and volume preservation. By minimizing 

micro-motion between the graft and host bone, the formation of a callus is suppressed and 

strong lamellae bone is formed within the bone graft.31  

1.1.3 THE IMPORTANCE OF SYNTHETIC BONE GRAFTS 

The gold standard bone graft in critical size defects is an autologous bone graft.12,47 Autografts 

are taken from another bone in the same individual.48 Advantages of these bone grafts are the 

presence of osteogenic cells as well as growth factors.48,49 Additionally, a low immune reaction 

is expected using material from the same individual. Nevertheless, autologous bone grafts show 

a complication rate of 30% with the main complications being morbidity, pain, prolonged 

hospitalization, the increased risk of deep infections caused by the second surgery and the large 

volume of bone typically needed to graft critical size defects.31,48,50 In combination with the 

limited availability of autografts, these complications have led to the use of allografts and 

xenografts as possible alternatives for autografts. Allografts are grafts transferred between two 

different individuals of the same species, while xenografts are transferred between different 

species.20 These alternatives show osteoconductive potential and they can be stored, which 

improves their availability.51,52 Disadvantages of using allo- and xenografts are the increased 

risk of infections and the potential rejection of the graft by the host tissue.13,53,54 Thus, sterility 

is a major concern for allo- and xenografts. Compared to autografts, both allo- and xenografts 

require a more sterile processing, which has been shown to result in reduced osteoinductive 

properties and less revascularization.14  

To minimize complications related to biological bone grafts, there has been an increasing 

interest in developing synthetic bone scaffolds.47,50,55 Advantages of synthetic bone grafts are 

the option for long-term storage, and thus, unlimited off-the-shelf availability, simplified 

sterilization process and reduced morbidity.56 A present challenge for designing synthetic bone 
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grafts is to reach the properties required from bone grafts, which are partly naturally present in 

biological grafts because of their similarity to natural bone. Synthetic grafts can only exhibit 

osteoconductive and osteointegrative potential.56 Osteoconduction, or the ability to support 

bone growth, is dependent on the geometrical properties of the bone graft material. Thus, 

similar properties to natural bone are required in terms of mechanical strength, porosity, pore 

size and the interconnectivity of the pores.22,57-60 Osteointegration, the ability that bone bonds 

chemically to the surface, is mostly dependent on the material surface. Because of their similar 

chemical composition to the inorganic phase of the bone matrix, calcium phosphate bioceramics 

are often used as synthetic bone graft materials.56,61,62 Due to Ca2+ and PO4
3- ions, a strong 

chemical bond between bone an the implant is possible.56,61,63-65 However, there are also 

limitations involved the use of these biocermics as bone graft materials. For example, beta 

tricalcium phosphate (β-TCP) shows a high degradation rate not equal to bone formation, which 

results in less regenerated bone volume than available volume as a consequence of the fast 

resorption of β-TCP.66 To reduce the degradation rate, the combination of β-TCP and 

hydroxyapatite (HA) are often used. Further improvement that is achieved by combining β-

TCP and HA is an increased in compressive strength. However, the strength of this biphasic 

calcium phosphate material is still not comparable to that of bone.67,68 Thus, the biggest 

disadvantage of calcium phosphate ceramics as bone graft substitutes is their low mechanical 

strength and brittleness compared to bone.28,50 Consequently, there is a need for alternatives to 

calcium phosphates that have higher compressive strength. These alternatives could be oxide 

ceramics, such as aluminum oxide (Al2O3), zirconium dioxide (ZrO2) and titanium dioxide 

(TiO2). Although Al2O3 and ZrO2 have higher compressive strength than TiO2, no exchange of 

ions between implant and bone are possible, resulting in insufficient osteointegration.56,69,70 In 

contrast, TiO2 exhibits a negatively charged material surface when exposed to the human body 

fluids and allows Ca2+ attraction.71,72 Further phosphate attraction enables the formation of a 

hydroxyapatite layer, which creates a strong bond to bone.73-75 Furthermore, TiO2 is a highly 

biocompatible material that does not show any undesirable biological effects, such as toxic, 

allergenic or immunogenic reactions, when implanted into the human body.76,77 These 

properties make TiO2 a very promising material for bone graft substitutes. 

1.2 PROCESSING OF CERAMIC BONE GRAFTS 

Several graft properties have direct influence on osteoconduction and thus, the success of a 

bone scaffold. Porosity and interconnected pore network are important properties for cell 

ingrowth and vascularization.57,59,78 Thus, a bone scaffold needs to be highly porous. To 
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produce porous ceramic scaffolds, the most common methods are direct foaming, sacrificial 

template and replica method, as shown in Figure 1-2.79 In direct foaming method, air bubbles 

are incorporated to a ceramic suspension to get the final porous structure. To control the 

porosity, the air bubbles need to be stabilized by surfactants or particles. Otherwise, destabilized 

air bubbles result in increased bubbles and larger pores. In sacrificial template foaming, a 

dispersed sacrificial phase within the ceramic suspension is removed to get the final shape. 

Thus, the final shape is a negative of the sacrificial phase. Although this method is very easy, 

it is not recommended for bone scaffold fabrication because high porosities cannot be achieved 

using this method. The replica method, on the other hand, uses a coated template which 

determines the final shape of the produced ceramic foams after removing the template.80 To 

ensure optimal replication of the foam template, the used ceramic suspension should have a 

shear-thinning behavior to guarantee sufficient removal of excess slurry, which prevents 

blocked pores.80,81  

 

Figure 1-2: Processing of macroporous ceramics (Adapted from Studart et al.80). Scaffolds produced with 

sacrificial template method show the lowest porosity with smallest pore size. An optimal pore size of 300-400 µm 

and high porosity can be reached by scaffold production via replica method. 

As shown in Figure 1-2, scaffolds produced with different methods differ in their pore size and 

porosity. While pore size and porosity are the lowest in scaffolds produced with the sacrificial 

template method, both values are increased by using the replica method. Furthermore, the 

interconnectivity of pores is the highest using the replica method. The optimal pore size for 

bone scaffolds is typically reported between 300 - 400 µm.82,83 Thus, replica method is of 
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particular interest when producing bone scaffolds. However, the production of successful 

ceramic bone scaffolds using this method begins with a suspension and includes sintering. To 

improve and control the scaffold properties, the suspension properties and material 

densification kinetics during sintering need to be well studied. 

1.2.1 CERAMIC SUSPENSIONS 

When using the polymer sponge replication method, slurry behavior is one of the most 

important factors that directly influence the scaffold properties. Ceramic suspensions contain 

particles dissolved in a liquid phase. Forces present between these particles determine the slurry 

behavior. Attractive van der Waals forces result from interactions of dipoles, while the repulsive 

forces result from charged particle surfaces.84,85 Derjaguin, Landau, Verwey and Overbeek first 

described the sum of these attractive and repulsive forces as a net-force depending on the 

distance between particles, which is known as the DLVO theory (Figure 1-3).86-88  

 

Figure 1-3: Net force in suspension according to DLVO theory. The increased energy barrier depending on pH is 

also highlighted in the figure (adapted from Israelachvili. 89) 

This net-force can be used to determine the stability of ceramic suspensions. A stable 

suspension does not exhibit any agglomeration of particles.90 Agglomeration occurs when the 

attractive van der Waals forces are dominant. Van der Waals (vdW) forces are long-range forces 

that are always attractive. Furthermore, the vdW forces are insensitive to variations in 

electrolyte concentration and pH.89,90 Therefore, to avoid agglomeration and to get a stable 

suspension, repulsive forces need to be more dominant than the vdW forces. The repulsive 

forces in colloidal systems are caused by the formation of an electric double layer (EDL) around 
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dispersed particles.91 This double layer forms because of charging mechanisms. Possible 

charging mechanism are, on the one hand, ionization or dissociation of surface groups, and on 

the other hand, adsorption or binding of ions. As opposed to the vdW forces, the repulsive 

forces are strongly dependent on pH and the electrolytes.92 This dependency has influence on 

the first maximum of the net-force, as highlighted in Figure 1-3.93 Considering a constant 

particle distance, a decrease in pH would lead to a decrease in repulsive forces and a decreased 

net-force, while vdW forces remain constant. Thus, the energy barrier for particle 

agglomeration is decreased for this specific particle distance.85,89,94 

1.2.2 ZETA POTENTIAL 

The electric double layer which causes repulsive forces around a particle is shown in Figure 

1-4. The first layer, the so-called Stern layer, consists of ions adsorbed onto the particle surface 

due to chemical interactions. The second layer is a diffusive layer between the Stern layer and 

the slipping plane. The slipping plane describes the plane beyond which ions in the solution are 

unaffected by the motion of the dispersed particles, the exact distance of which from the surface 

is unknown.95  

 

Figure 1-4 – Electric double layer forming on the surface of particles surfaces dispersed in water. The potential of 

the layer depends on the distance from the particle surface. ζ potential is defined as the potential between the 

slipping plane and the bulk solution.  
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As also shown in Figure 1-4, the zeta potential (ζ potential) is defined as the potential between 

the slipping plane and the bulk solution.95,96 Although the distance between the slipping plane 

and the particle surface is not defined, the ζ potential is a key factor in colloidal systems. Due 

to this potential, an assumption of the repulsive forces in a suspension can be made. The ζ 

potential depends strongly on the pH and the ionic strength of the solution in which the particles 

are suspended.97 The influence of ions can cause compression of the EDL, which in turn causes 

a decrease in the ζ potential, and according to the DLVO-theory, a decrease in the repulsive 

force. Furthermore, specific ion adsorption on the particles can cause a shift of the isoelectric 

point (IEP), which describes the pH where the ζ potential is zero, to higher or lower pH values.98 

These ions can interact differently with particle surfaces, and based on their dominant 

interaction in the ceramic suspension, they can be described as inert or non-inert electrolytes.99 

While inert and non-inert electrolytes cause a EDL compression, only non-inert electrolytes 

cause an IEP shift due to a specific ion bonding to the particle surface.98 The bonding, and 

furthermore, the inert or non-inert behavior of electrolytes is dependent on the material and 

electrolyte concentration.100,101 

1.2.3 SUSPENSION PROPERTIES 

By controlling the stability of the ceramic suspension, the quality, processability and properties 

of many products and devices can be directly influenced. Since the vdW forces are insensitive 

to the electrolyte, the influence of repulsive forces in a suspension become the crucial factor for 

the stability of ceramic suspensions. One important parameter influenced by the presence of 

additional ions is the suspension viscosity. Previous studies have shown that the presence of 

additional ions leads to a decrease in ζ potential.102-104 The decreased ζ potential for low pH 

values was observed for all tested ions. Furthermore, these studies also showed the pHIEP shift 

caused by non-inert electrolytes. Moreover, a decreased ζ potential can lead to an increase in 

viscosity.102 The increased suspension viscosity was caused by the dominant influence of 

attractive vdW forces as the additional ions present in the suspension decrease the repulsive 

force. As stated by the general DLVO theory, this causes high attractive forces between 

particles and results in a high suspension viscosity. Especially for the replica method, the 

suspension viscosity plays a key role and can directly influence the final scaffold properties. 

For example, an increase in viscosity can lead to a better foam impregnation, resulting in an 

increased compressive strength.81  

Nonetheless, the DLVO theory has its limits to explain suspension stability and fails to explain 

the stability of highly concentrated suspension with an interparticle distance smaller than 5 nm. 
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One reason for this is the existence of short-range non-DLVO forces, which can occur between 

surfaces in water and aqueous salt solution.89,91 Although the properties of these forces are still 

not fully understood, they can be divided into strongly monotonically repulsive forces, 

attractive forces, oscillatory forces, or a combination of these. Monotonically repulsive forces 

are known as hydration forces and were first proposed by Langmuir in 1938.89 At higher salt 

concentrations, hydrated ions bind to the surface and give rise to a repulsive hydration force. 

The higher the hydration number of an ion the higher is the strength and range of the hydration 

force. These forces are important phenomena especially in controlling technological processes 

such as ceramic processing and in preventing agglomeration of ceramic particles in highly 

concentrated suspensions to yield high packing densities.89,105 

1.2.4 SINTERING OF CERAMICS 

In the replica method, polymer foams are coated with a ceramic suspension.106 Sintering takes 

place at high temperatures below the melting temperature of the material (solid-state 

sintering).85 The driving force in this process is the reduction of free surface energy. Thus, 

particles coalesce, the internal surface area of pores is eliminated and results in the densification 

of the material. This densification process can be divided into three stages.107 At high 

temperatures, sharp necks start to form between individual crystalline particles and the crystals, 

or grains, begin to grow as the low self-diffusion coefficient of the material is increased by the 

increased temperature and the material densifies. The removal of the last few percentage of 

porosity is difficult and isolated, closed pores can be present after sintering. As shown in Figure 

1-5, the relative density increases with sintering time.  

In some cases, a liquid phase can be present during sintering. In the presence of a liquid phase, 

densification is enhanced through better rearrangement of particular solids and faster matter 

transport through liquid than solid. These influences are dependent on the liquid volume, which 

in turn can be controlled by additives. Disadvantage of a liquid phase during sintering is a 

remaining glassy intergranular phase which may alter the mechanical properties of the sintered 

material.85  
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Figure 1-5: Relative density of ceramic particles as a function of sintering time. While the material densifies, 

surface area is reduced, grain boundaries and closed pores between the grains are formed. Adapted from Tanaka 

et al.108 and Kwon et al.109 

During solid or liquid-phase sintering, the mechanism of grain growth is of special interest. 

Grain growth describes the increase in grain size of a single-phase solid. As mentioned before, 

the driving force for grain growth is the reduction of free surface energy. Atoms in grain 

boundaries have higher energy than atoms in the bulk material. Thus, increasing grain size 

reduces the total grain boundary area, which is the driving force for sintering.85 Different 

mechanism are present during grain growth. As shown in Figure 1-6, grain boundary diffusion 

and volume diffusion from the grain to the neck are the most important mechanism for material 

densification. Other mechanisms such as surface diffusion, for example, promote coarsening, 

which is defined as grain growth coupled with pore growth. As a consequence, the grains grow 

without material densification.85,110  

 

Figure 1-6: Schematic of mass transport paths during grain growth. Grain boundary and volume diffusion are the 

most important mechanisms for material densification. 
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1.3 CERAMIC BONE GRAFTS IN SITU 

Ceramic bone grafts implanted to bone are exposed to a dynamic physiological environment, 

which can cause changes in graft properties 111. The body fluid consist of water, complex 

compounds, dissolved oxygen, large amounts of sodium and chloride ions and small amounts 

of other electrolytes. Thus, ceramic bone grafts are constantly bathed in extracellular tissue 

fluid, which is a harsh environment with a NaCl content of 0.9% at pH 7.4 and a temperature 

of 37±1°C.112 Additionally, osteoclasts attach to the bone surface during bone regeneration and 

resorb bone by secreting hydrochloric acid to dissolve hydroxyapatite.26,32 This process can 

cause acidification of the microenvironment and pH values as low as 3.6-4.5 can be 

present.113,114 If ceramics are exposed to an acidic environment, corrosion in the form of ion 

leaching and dissolution can occur.115 Because hydrogen activity is the driving force for the 

corrosion, ion leaching and dissolution strongly depend on pH. Corrosion in ceramic bone grafts 

is mainly concentrated in amorphous grain boundaries. The consequence of grain boundary 

corrosion is a dramatic loss in compressive strength which further increase the risk of failure 

for bone regeneration.111 Thus, grain boundary composition is of special interest when bone 

grafts are exposed to an acidic environment.  

Grain boundaries exhibit different properties and chemistry than the bulk material. Combined 

with a lower atomic density, grain boundaries are much more open, compared to the bulk 

material. During the last step of sintering, the amount of micro-pores is reduced. However, a 

small amount of pores remain and cause a larger surface compared to grains. The higher the 

micro-porosity in the grain boundaries, the higher the surface exposed to the acidic environment 

and the higher the corrosion. Furthermore, the presence of other phases is special for ceramic 

grain boundaries. During sintering of the material, a second or third phase can occur within the 

grain boundaries and remain there afterwards. Especially in oxide ceramics, glass (SiO2) is 

often present at grain boundaries. This strongly affects the mechanical properties and can 

influence the corrosion resistance of the ceramic as well.107 The structure of ceramic grain 

boundaries is complex and depends on several factors. Impurity segregation to grain boundaries 

from the bulk material, for example, leads to further change in grain boundary composition and 

corrosion resistance.107 Because of the dependency of grain boundary porosity and thickness on 

corrosion, the investigation of these regions is of special interest when considering ceramic 

bone graft materials.116  
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2 RESEARCH CONCEPT 

Because of their high porosity and interconnected pores, TiO2 bone scaffolds have shown 

potential as successful support structures for bone regeneration.117-120 Viable bone tissue is 

formed within the entire scaffold structure, confirming the osteointegrative and osteoconductive 

capacity of TiO2 scaffolds in vivo.117,119 However, the production of these scaffolds is a 

complex and time-consuming process because of the TiO2 raw powder cleaning and double 

coating process required to produce high strength porous scaffolds. Due to the powder cleaning, 

soluble impurities are removed from the TiO2 raw material prior to slurry preparation. Slurries 

fabricated with cleaned powder have shown appropriate rheology properties such as high 

viscosity and shear-thinning behavior, which were shown to directly influence scaffold 

properties.81 Furthermore, a ceramic double coating is necessary to achieve sufficient 

mechanical strength to withstand clinical loading.119 However, dissolution of an amorphous 

impurity phase at the grain boundaries observed in vitro111 can result in dramatic loss of strength 

during bone regeneration and prevent successful bone formation.47 

To simplify the slurry production, additional ions can also be deliberately added into the 

ceramic suspension to control and optimize the slurry rheology. The electrical double layer may 

be decreased when the ionic strength is increased, which could cause lower ζ potential and 

lower repulsive forces. To optimize the slurry rheology, decreased repulsive forces between 

TiO2 particles might lead to higher viscous slurries without agglomeration. Furthermore, the 

optimal slurry could improve the mechanical strength of fabricated scaffolds while 

simultaneously ensuring high porosity and interconnected pores. Considering the segregation 

of impurity ions to grain boundaries, slurries doped with specific ions have the potential to form 

new grain boundary phases which are resistant to grain boundary corrosion. Thus, the evolution 

and dissolution of new grain boundary phases have to be investigated regarding their effect on 

important scaffold properties, such as mechanical strength, corrosion resistance and 

biocompatibility. 

2.1 AIM OF RESEARCH 

The general hypothesis of this thesis is that cationic doping of TiO2 slurries enables simple 

fabrication of biocompatible scaffolds that maintain their high compressive strength after 

exposure to acidic environment. The general aim is to simplify the existing fabrication process 

and produce highly porous TiO2 scaffolds with high compressive strength and to reduce their 
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susceptibility to corrosion in physiological environment without comprising their 

biocompatibility. 

The overall aim was divided into more specific objectives as followed: 

Cationic doping of TiO2 slurries Paper I 

○ Evaluate influence of added cations on ζ potential   

○ Examine influence of doping on slurry rheology   

Doped TiO2 scaffolds Paper I-III 

○ Characterization of doped TiO2 scaffolds  

○ Investigation of grain boundary composition  

High compressive strength after exposure to acidic environment Paper II-III 

○ Evaluate corrosion behavior in acidic environment   

○ Optimization of grain boundary corrosion by changing sintering 

conditions, and thereby, grain boundary composition  

 

○ Ensure sufficient scaffold properties after corrosion  

Biocompatibility of produced scaffolds Paper II 

○ Asses biocompatibility of doped TiO2 scaffolds   

2.2 EXPERIMENTAL DESIGN 

To investigate the defined specific objectives, an experimental design was developed. A 

schematic flow chart shows the connection and single steps to prove the hypothesis stated above 

(Figure 2-1). 
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Figure 2-1: Experimental design followed in this thesis to produce biocompatible scaffolds high in compressive 

strength after exposure to acidic environment 
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3 EXPERIMENTAL CONSIDERATIONS 

3.1 TIO2 SCAFFOLD FABRICATION 

Ideally, the fabrication method for macroporous ceramics produces foams that have controllable 

pore size and pore shape and that are adaptable to complex shapes. Furthermore, the fabrication 

process should be reproducible and economical.121 The replica method, patented by 

Schwartzwalder and Somers in 1963, fulfills these criteria and has been used to fabricate TiO2 

scaffolds high in porosity and pore size.106 In this method, polymer foams are coated with a 

ceramic suspension to replicate their structure. The polymer is burned out at low temperatures 

and the ceramic is sintered at high temperatures, as shown in Figure 3-1. The replica method is 

the most common method to produce macroporous ceramics for different industrial 

applications.80,122,123 The processing route directly influences the microstructural features of 

produced ceramic foams. Because the fabricated scaffolds are replicates of the used polymer 

foams, scaffold properties can be determined by the macroporous foam template.80 

Consequently, the shape and dimensions of the fabricated scaffolds can be easily adjusted by 

changing the foam shape. Complete evaporation of the polymer foam and the absence of 

additives result in non-toxic ceramics. Thus, the replica method enables the fabrication of non-

toxic ceramic scaffolds with sufficient macroscale properties, which can be used as bone 

scaffolds in tissue engineering application.118,124-126. Further advantages of this method are high 

reproducibility and cost-effectiveness. 

 

Figure 3-1: Replica method to produce macroporous ceramic bone scaffolds. Polymer foams are coated with a 

ceramic suspension. The polymer is burned out at low temperatures and the green body is sintered at high 

temperatures. 
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3.1.1 SUSPENSION STABILITY 

Ceramic suspension properties have been shown to directly influence scaffold properties when 

using the replica method. Shear-thinning behavior and high viscosity have been shown to 

improve scaffold porosity, interconnectivity and compressive strength.81 Suspensions rheology, 

including as shear-thinning behavior and viscosity, is governed by the suspension stability. A 

common method to investigate the suspension stability is the ζ potential measurement, in which 

repulsive forces between charges particles are determined. Additionally, the viscosity can be 

measured to investigate changes caused by the ζ potential and to guarantee shear-thinning 

behavior. 

To investigate the influence of different electrolytes on TiO2 slurry properties, the ζ potential 

as a function of pH was measured by electrophoretic light scattering (ELS). Using ELS, a 

voltage is applied to the sample and charged particles start to move, as shown in Figure 3-2.127 

A laser beam that scatters depending on the motion of charged particles in the applied voltage 

is detected. Comparison with a reference beam enables the detection of small frequency shifts 

depending on the velocity of the charged particles. The measured shift is equal to the velocity 

and the recorded electrophoretic mobility is thereby directly linked to the ζ potential.128,129 

 

Figure 3-2: Electrophoretic light scattering. An applied voltage causes movement of charged particles, which is 

depending on the ζ potential of the particles. 

As the measurement is based on the detection of the scattered light beam, the sample must be 

light transparent.130 As the prepared ceramic slurries were not light transparent due to their high 

particle content (>70wt%) the measured samples needed to be diluted, and consequently, 

exhibited a different particle-to-liquid ratio compared to the suspensions used for scaffold 

fabrication. While the IEP of the tested suspension should not be strongly affected by the 

measurement conditions, the reproducibility of the measured ζ potentials can be increased by 

optimizing conditions such as solid-to-liquid ratio and aging.131 Hence, different liquid-to-

particle ratio and aging times were tested to find the optimal measurement conditions which 
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guaranteed high reproducibility of measurements for doped TiO2 suspensions. The solid content 

of 25 mg/l in prepared samples showed optimal light transparency and reproducible 

measurements. The optimal sample aging was different for the measured samples. While all 

other samples were aged for three days, NaCl samples needed to age for six days to show 

constant ζ potential for the of dispersed TiO2 particles. Measurements without aging showed 

high deviations in ζ potential measurements, while measurements after aging showed high 

reproducibility. Feasible surface reactions could cause different surface charges and thus 

differences in ζ potentials. Due to aging of prepared samples, possible surface reactions were 

completed and caused stable surface charges und ζ potential measurements. The optimal solid 

content (25 mg/l) and aging (3-6 days) showed reliable results in high reproducibility and were 

chosen for the performed ζ potential measurement.  

To be able to measure the ζ potential as a function of pH, the pH of the sample has to be changed 

during the measurement. Changing the pH of the prepared samples involves a change in ionic 

strength. The complex surface reactions depend on the titration direction and titration time, 

which causes a hysteresis effect.132,133 Thus, the ζ potential and the measured pHIEP can differ 

between samples titrated from low to high pH values or vice versa.134,135 To minimize this 

hysteresis effect, separate samples were measured for acidic and basic pH values. Starting from 

the native pH of the suspension (pH  5-9, depending on used electrolyte), HCl was added to 

reach acidic pH values (≈pH 1.7). NaOH was used to titrate the measured samples to basic pH 

values (≈pH 9). The presented ζ potential curve for each suspension represents the average of 

three measurements of three completely independent suspensions for each titration direction.  

As mentioned before, the IEP remains mostly unaffected by sample preparation. However, the 

influence of different ions on the electric double layer, and thus, ζ potential dependent on the 

particle-to-ion ratio.104 Thus, the measured ζ potential value is expected to differ between the 

measured samples (highly diluted slurries) and the ceramic slurries prepared for scaffold 

production. To measure the ζ potential of TiO2 particles in highly concentrated slurries as close 

to the native slurry conditions as possible using ELS, the ζ potential measurement of the 

supernatant from the slurry was performed. For this purpose, prepared slurries were centrifuged 

for 15 min at 5500g. To avoid influences caused by other ions than the ions present within the 

suspension, the ζ potential was measured at the native slurry pH. Consequently, any influences 

caused by titration and the addition of HCl and NaOH were eliminated. To compare the 

measured titration curve and the supernatant measurement, a second slurry for each group at a 

higher pH was mixed and measured. 
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The performed sample preparation and the used technique provided valuable results to explain 

the general influence of different ions on slurry behavior and ζ potential of TiO2 particles. 

However, only an assumption regarding the ζ potential in the ceramic slurries can be made 

because of the large differences in particle concentration between the measured samples and 

the slurries used for scaffold production. Thus, the transfer of results between the two samples 

is limited as changes in particle-to-ion ratio and different EDL thicknesses can cause 

discrepancies in the measured and true ζ potential values in the slurry. 

Another technique available for measuring the ζ potential in ceramic suspensions would be the 

electroacoustic method. Using this technique, the electric sonic amplitude of charged particles, 

which depends on ζ potential, is measured. The advantage of this method is that a particle ratios 

up to 40 wt% can be measured because light transparency of the sample is not necessary.136,137 

Although higher particle-to-liquid ratios can be measured, the direct measurement of highly 

concentrated slurries is still not possible. Consequently, the use of electroacoustic method 

would not prevent the need for sample dilution the same limitations caused by sample dilutions 

apply for both techniques. Nonetheless, the electroacoustic technique could have been used to 

confirm results of the supernatant measurements. 

3.1.2 SLURRY VISCOSITY 

The measurement of the ζ potential depending on electrolytes was used to investigate the 

suspension stability in highly concentrated ceramic slurries. Forces between dispersed particles 

are responsible for the characteristic flow behavior of the suspension. Thus, the ζ potential can 

be used to determine the repulsive forces between the particles. When the ζ potential, and thus, 

the repulsive forces between the particles is high, particle agglomeration in the suspension is 

prevented. Agglomeration has a pronounced effect on the flow behavior of a suspension, 

typically resulting in an increased viscosity.138 Consequently, the measurement of the flow 

behavior of the produced doped slurries was used to indirectly confirm the slurry stability. To 

monitor changes in flow behavior depending on the chloride salt and its concentration, the 

viscosity of the prepared slurries was measured as function of shear rate. The slurry was 

exposed between two concentric cylinders. The inner cylinder was rotated at different speeds 

(ranging from 2.46-100 1/s) while the shear rate, shear stress and viscosity were recorded.  

Best fit rheological model analysis was done by using standard Bohlin viscometer software to 

confirm shear-thinning behavior of doped and undoped ceramic slurries. The used setup showed 

a high surface area in contact with the tested material and is therefore accurate and reliable 
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measurements even at low shear rates and viscosities. Further advantages of this technique is 

the use of the same slurry for viscosity measurement and scaffold production.  

3.2 SCAFFOLD CHARACTERIZATION 

3.2.1 PORE ARCHITECTURE AND MICROSTRUCTURE 

Bone ingrowth and vascularization within the scaffold are crucial for bone regeneration. 

Previous studies have shown that pore size, interconnectivity and porosity are some of the most 

important scaffold properties for bone ingrowth.49,139 While scaffolds with small pores showed 

the ingrowth of unmineralized and fibrous tissue, scaffolds with larger pores showed substantial 

ingrowth of bone.140,141 Thus, pore size can directly influence the tissue formation within the 

scaffold.83 A minimum pore size of 100 µm is known to be required for the formation of an 

osteon, and thus, the possibility of vascularization. To enhance new bone formation pore sizes 

between 300-400 µm are recommended.82,142-144 Consequently, the characterization of the pore 

size of the fabricated scaffolds is of special interest. Therefore, microcomputer tomography 

(microCT) was used to compare doped scaffold to undoped scaffolds and to analyze the 

influence of slurry properties and sintering conditions on scaffold properties.  

Using microCT, X-rays are emitted by a source and pass though the sample material. The 

attenuated beam is detected and a 2D image recorded. Different 2D images taken from different 

angles can be combined to a 3D model. On the basis of this 3D model, the scaffold parameters, 

such as porosity, pore size and strut thickness, can be calculated, as shown in Figure 3-3. All 

these properties can affect mechanical properties of the scaffold, the possibility of 

vascularization and the formation of new bone.83 Advantage of this technique is the non-

destructive measurement of several scaffolds at the same time. Thus, the same samples that 

have been scanned can be used for further investigations, for example, mechanical testing and 

electron microscopy. This enables the correlation of small variations in scaffold features on the 

compressive strength of the produced scaffolds. 
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Figure 3-3: Porosity, pore size and strut thickness as important scaffold properties calculated with the microCT.  

The calculated values for the key pore architectural properties of the scaffold enables the 

comparison between differently doped scaffolds and the influence of sintering and slurry 

conditions on the scaffold microstructure. Although microCT is a very powerful technique, 

because of the simple sample preparation and the non-destructive sample characterization, the 

use of other techniques is also necessary to confirm and expand the microstructural evaluation 

of the scaffolds. For example, when evaluating the strut thickness in TiO2 scaffolds, the average 

strut thickness calculated based on the microCT data does not provide enough information 

about the strut architecture. Figure 3-4 illustrates the relationship between calculated average 

strut thickness (dashed line) and strut architecture. Despite the fact that all three struts exhibit 

a different strut architecture, the calculated average strut size based on microCT data is similar, 

as demonstrated with the dashed line. Thus, scanning electron microscopy (SEM) was used to 

evaluate changes in the strut architecture of the doped TiO2 scaffolds. Although no exact 

quantitative values of strut diameter are available using SEM, the combination of microCT data 

and SEM can be used to investigate changes in scaffold properties, such as compressive 

strength. To analyze influence of doped suspensions on homogenous foam coatings, the strut 

thickness distribution calculated from the microCT data was used. The calculated strut 

thickness distribution shows the distribution as a function of strut thickness. Due to this 

distribution, the peak position and peak width (narrow vs. wide range) gives information about 

homogenous struts and the amount of blocked pores.  
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Figure 3-4: Strut thickness in differently doped TiO2 scaffolds. While the calculated strut thickness average 

(dashed lines) is similar using microCT, SEM images show differences in strut morphology. 

SEM imaging can also be used to analyse the influence of changes in the sintering conditions 

on grain growth in the doped TiO2 scaffolds. For this purpose, an image analysis algorithm was 

used to detect differences in grain size in SEM images of locally flat areas on the scaffold struts. 

Thus, different areas of three independent scaffolds were used to calculate the grain diameter 

of more than 30 grains in total to further calculate the average grain diameter. Since the 

detection of grains using the algorithm is dependent on contrast between the grain boundary 

and bulk material, the used SEM image has a high impact on the quality of the results. The 

depth of field, and thus, the focus of the used images is limited to small regions and affects the 

sharpness and the contrast between grain boundaries and the bulk material.  

 

Figure 3-5: Different detection artefacts when using an image analysis algorithm for grain size calculation. The 

contrast-dependent detection of grains can cause incomplete detection of a grain (A), the division of a single grain 

into several grains (B) or a combination of both (C). 
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The resulting artefacts are shown in Figure 3-5. Possible artefacts were grains that were not 

fully detected (A), the separation of one grain in several smaller grains (B) or the combination 

of both (C). While artefacts A and C were discarded, B could be manually corrected. Using an 

image analysis algorithm, a fast and easy first estimation of the overall grain size enables the 

comparison of grain growth in differently treated scaffolds produced using different processing 

parameters. 

3.2.2 MECHANICAL PROPERTIES 

Compressive strength was stated as one of the most important scaffold properties to improve 

within this study. Consequently, the mechanical characterization of these scaffolds is an 

important element of scaffold characterization. A stress-strain diagram of porous materials 

shows typically three different sections: a linear elasticity phase, a plateau phase and further 

densification, as shown in Figure 3-6. After first struts collapse, a decrease in compression and 

a plateau stress is present while the strain further increases. Because of the densification of the 

material, the compression increases again until total failure of the scaffold. The calculated 

strength was taken at the end of the linear elasticity phase, as highlighted in Figure 3-6. Using 

a previously established method for compressive testing of TiO2 scaffolds enables direct 

comparison of compressive strength results for the doped TiO2 scaffolds to previous 

findings.81,111,145 

 

Figure 3-6: Stress-strain diagram of TiO2 bone scaffolds. After first struts collapse, the stress is further increased 

until the maximum compressive stress is reached. The densification of collapsed struts causes a plateau phase and 

further increase in measured compressive stress.  
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3.2.3 CORROSION TEST 

Scaffold strength is an important parameter during bone remodeling to support bone to form 

and remodel. Especially during the first phases, where injured bone is resorbed and new bone 

forms, an acidic environment can be present and influence scaffold strength by grain boundary 

dissolution, as shown in Figure 3-7.111 During inflammation, macrophages and osteoclasts are 

present at the defect site and can cause a drop in local pH to values of 3.0 - 3.7.114 To simulate 

this pH drop and to investigate the effect of grain boundary corrosion on the compressive 

strength of the doped scaffolds, the scaffolds were exposed to 1 mM HCl (pH 3) at 37°C under 

static conditions. To investigate corrosion in a neutral environment, scaffolds were exposed to 

deionized water (dH2O) as well. Different time points were chosen to evaluate time dependent 

dissolution effects. After corrosion test, scaffolds were rinsed with dH2O and dried for 24 h at 

37°C before further characterization and measurements were performed. The compressive 

strength of corroded scaffolds was used as the main indicator to determine corrosion. For further 

investigation regarding details of grain boundary dissolution in different treated scaffolds, SEM 

images and EDX were used.  

 

Figure 3-7: Corrosion in doped ceramic scaffolds. A decreased compressive strength was used to determine 

corrosion, while SEM images showed dissolution concentrated in the grain boundaries. 

3.2.4 ATOMIC ABSORPTION SPECTROSCOPY 

Corrosion in polycrystalline ceramics occurs by ion dissolution that is typically concentrated in 

the grain boundaries.111 As shown in Figure 3-7, grain boundary dissolution was present in 

acidic solutions. Therefore, the concentration of released dopant ions from grain boundaries 

present in the liquid can be quantified. Atomic absorption spectroscopy (AAS) was used to 
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measure the release profile of these ions and further quantify and characterize the magnitude of 

the dissolution in grain boundaries. Using this technique, samples are vaporized. The existing 

free gaseous atoms absorb electromagnetic radiation at an absorption wavelength that is specific 

for each atom. Because of a proportional correlation between the absorption signal and the 

atomic concentration, the number of atoms of interest present in the sample can be 

determined.146 To analyze the ion-release profile as a function of time, corrosion samples were 

prepared for each time point and thus a cumulative presentation was chosen.  

Disadvantage of this method is the limitation of atoms which can be detected using AAS. 

Metalloids, for example silicon, have a high electronegativity, which leads to high ionization.147 

Consequently, resonance lines are at very short wavelengths and the potential of interferences 

with emission from the atomizer are significantly higher.148,149 Silicon has been shown to be 

present in TiO2 grain boundaries and released after corrosion.111 Determining a silicon release 

profile for all the doped TiO2 scaffolds could give more information about their grain boundary 

chemistry and the dissolved phase after corrosion. However, the inadequate detection of silicon 

was also observed for other spectroscopic techniques such as ICP-MS.150 

3.3 GRAIN BOUNDARY INVESTIGATION 

Grain boundaries are of special interest in ceramics, because of their influence on mechanical 

properties. Especially when ceramics are used as porous bone scaffolds, most grain boundaries 

are exposed to the corrosive environment due to the high porosity and high surface area-to-

volume ratio. Corrosion in ceramics is typically concentrated in the grain boundaries. Thus, 

grain boundary dissolution is the most important influence on the corrosion behavior. 

Evaluating grain boundaries is of special interest to investigate differences in the corrosion 

mechanism. However, the investigation of grain boundaries is still a big challenge. Because of 

the small volume of grain boundaries compared to the large volume of grains within the 

scaffold, some techniques and their analytical capability are not specific enough to investigate 

the influence of dopants on grain boundary formation and dissolution. X-ray diffraction (XRD), 

for example, could give information about new phase formation within the grain boundaries by 

detecting crystal structures. In this technique, scattered x-rays are detected. Constructive 

interference of scattered x-rays is detectable when x-ray wavelength (λ), beam angle (θ) and 

crystal plane distance (d) satisfy Bragg’s law (Figure 3-8).151 Thus, the diffraction pattern is 

depending on the specific crystal structure and gives information about the crystallographic 

phases within the sample. 



26  EXPERIMENTAL CONSIDERATIONS 

 

 

 

Figure 3-8: Constructive inference occurs when x-ray wavelength (λ), beam angle (θ) and crystal plane distance 

(d) satisfy Bragg’s law. 

However, a strong TiO2 signal caused by the large number of bulk grains overlaps a possible 

low signal of crystals within the grain boundary. Thus, the spatial resolution of this technique 

is not sufficient to focus on the investigation of very small areas within grain boundaries instead 

of the bulk material. Other techniques such as energy dispersive x-ray spectroscopy (EDX), for 

example, showed the same challenge as XRD. The high grain-to-grain boundary ratio leads to 

overlapping of signal sources. For the investigation of very small regions of interest, a 

transmission electron microscope (TEM) can be used. Consequently, a combination of SEM, 

TEM and EDX was used in the present study to evaluate grain boundary composition and 

dissolution.  

3.3.1 ENERGY DISPERSIVE X-RAY SPECTROSCOPY 

EDX is an effective and simple tool to detect elemental compositions in grains and grain 

boundaries. While SEM uses backscattered or secondary electrons to detect an image of the 

sample surface, EDX uses the x-ray continuum generated by an electron beam. The primary 

electron beam displaces inner shell electrons of atoms within the sample. To form a charge 

balance, electrons from the outer shells fall to the inner shells and x-rays with element specific 

energies are emitted. With EDX, the energy of emitted x-rays are measured and can be referred 

to the elements present in the sample.152 The advantage of this technique is that elements in 

large areas can be investigated at high spatial resolution via elemental mapping. In combination 

with SEM, the investigated area is defined and location information about grain boundaries is 

available. With mapping, the distribution of ions in grains and grain boundaries can be detected 

as shown in Figure 3-9.  
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Figure 3-9: EDX mapping is used to investigate elements present within the sample. While Ti is highly 

concentrated within the grains, Ca and Si are highly concentrated in the grain boundaries. 

While elemental mapping is a very easy and powerful technique to detect different ion ratio in 

the grains and grain boundaries, further investigations of composition within the grain 

boundaries using EDX did not show high accuracy. As shown in Figure 3-10, a line scan can 

be detected along grain boundaries. When the distance between regions of highly concentrated 

ions is large enough (A), these ions and their concentration along the scanned line can be 

detected. However, when the features are too close together, resolution for the location 

information for the atomic concentration is not sufficient anymore (B) 

 

Figure 3-10: Line scan of grain boundaries in doped TiO2 scaffolds. Zoom factor of signals are used to intensify 

the local differences in elements and are shown in the legend. The distance between crystals is sufficient to detect 

differences in ion concentration distribution (A). While higher Sr, Al and Si signals identify typical doped grain 

boundaries, differences in signals are not sufficient to investigate the crystalline phase within the grain boundary. 

The photons detected by EDX originate from deeper regions than the electrons used for SEM. 

When analyzing grain boundaries, the information about the third dimension of the investigated 

grain boundary is unknown. Thus, the signal detected with EDX can originate from a different 
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area of the analyzed sample volume than the intended volume of interest, as shown in Figure 

3-11.  

 

Figure 3-11: Problem of 3D information and region of emitted photons for EDX. The investigated volume can 

differ from the volume of interest. Consequently, signals from the grains can overlap the signals from the grain 

boundaries. 

Although the electron beam is focused within a grain boundary, the detected signal can originate 

from underlying grains or other parts of the grain boundary. The detected signals from both the 

grain boundary and its neighboring region are overlapping and not strong enough for an 

accurate analysis. By changing the voltage of the incident beam, the interaction volume of the 

electron beam can be altered. Thus, lower voltages are causing a smaller interaction volume 

from which signals are detected. However, measurements using different acceleration voltages 

did not show any change in the EDX results. 

3.3.2 FOCUSED ION BEAM AND TRANSMISSION ELECTRON MICROSCOPY 

The resolution of the used method limits the size of the region that can be investigated. SEM 

and EDX were shown to be very effective methods to investigate grain boundary phases. 

However, a limitation for these techniques is the overlapping of signals from grains and grain 

boundaries. Therefore, TEM was used to investigate thin sections of the grain boundary region 

at high spatial resolution and to circumvent the problems associated with the large interaction 

volume of the electron beam when using SEM and EDX. However, the main advantage of using 

TEM to investigate the grain boundaries is that electron diffraction patterns of very small 

defined regions can be collected, and thus, the different phases present in the grain boundary 

can be determined. Using the diffraction mode of TEM, an incident electron beam is directed 

into a material and the outgoing scattered beam is detected in direction and intensity. Electrons 
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interfere constructively or destructively depending on the crystal structure. Constructive 

interference is described by Bragg’s law and shown in Figure 3-8.153 As shown in Figure 3-12, 

different diffraction patterns of selected areas (SAP) are available due to tilting the sample 

towards the electron beam. The specific diffraction pattern and the known tilt angle of the 

crystal enables the determination of the crystal itself.154,155 The advantage of TEM is that images 

and diffraction patterns of the selected area are available. Thus, crystalline phases (SAP1) and 

amorphous phases (SAP2) within the TEM sample can be directly assigned within the sample 

(Figure 3-12). 

 

Figure 3-12: Identification of different phases present in a TEM sample via diffraction mode. While SAP1 shows 

diffraction pattern of two different angles of the same crystal, SAP2 indicates an amorphous phase. 

Diffraction can only occur, when electrons are able to pass through the material. Thus, samples 

should exhibit a maximum thickness of 100 nm to ensure electron transparency. Although 

several techniques to prepare TEM samples are available, the preparation of very thin samples 

is very challenging for highly porous, brittle materials. The most typical preparation techniques 

for TEM samples are cutting or grinding of the sample, combined with a final thinning 

procedure with ion beam milling or electro-polishing.156 However, cutting and grinding 

techniques are not applicable for highly porous TiO2 scaffolds. For brittle materials such as 

ceramics, cutting is not an option. Even when highly porous scaffolds are embedded in a support 

structure, for example a resin, the uncontrolled material failure of the ceramic during cutting 

due to the brittleness of the material results in an unspecific sample for further investigations. 

In contrast, grinding is, in general, an easy technique to prepare thin TEM samples of ceramics. 

Because of the highly porous structure of TiO2 scaffolds, grinding causes uncontrolled damage 

to TiO2 struts. To stabilize porous ceramic structures and thus prevent of uncontrolled damage, 

the sample can be embedded into resin. However, the control of selecting the areas within the 

TEM samples is very poor when using grinding. Consequently, it is impossible to guarantee the 
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existence of a grain boundary, the very small region of interest compared to large TiO2 grains, 

within the prepared section. Thus, the use of grinding as TEM sample preparation is rather 

recommended for investigation of the bulk material, because of the very low chance that thin 

TEM samples prepared by grinding contains a grain boundary.  

A technique that allows more control of the region of interest within the prepared TEM sample 

is focused ion beam (FIB) milling using a SEM combined with an ion beam 154. The advantage 

of using this technique is that the location of the TEM sample can be directly controlled. Highly 

porous scaffolds need to be embedded into resin to fill the open porous structure and guarantees 

flat surfaces, which are crucial for imaging (SEM) and cutting out the TEM sample (FIB). 

Furthermore, the use of ions to cut out a region of interest requires electron conductivity as 

charging could distract the focused beam and cause damage to the sample. Therefore, the 

scaffolds were embedded into a graphite-loaded resin to ensure sufficient electron conductivity. 

As shown in Figure 3-13, grain boundaries can be detected within the cross section of the 

scaffold section (A). An ion beam is used for milling areas next to the area of interest (B). After 

removing the material around the region of interest, a lamella is formed (C). When the gas 

tungsten is present within the FIB chamber, the ion beam can be used for deposition as well. 

This is used for the fixation between a nanomanipulator and the prepared lamella. After this 

fixation, an undercut and the final cut to separate the lamella from the bulk material is performed 

(dashed lines Figure 3-13C). The lamella is then fixed to a TEM grid using tungsten deposition, 

which enables the transportation between FIB and TEM, and furthermore, inserting the sample 

to the TEM. The last important step is to thin the lamella with ion beam milling to ensure 

electron transparency (D). 

 

 

Figure 3-13: TEM sample preparation by using FIB. The area around the grain boundary (A) is removed by milling 

(B) and a lamella forms (C). Further milling reduces sample thickness (D) 
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3.4 BIOLOGICAL COMPATIBILITY 

Based on previous studies, corrosion in TiO2 scaffolds can cause the release of impurity ions 

which may influence the biocompatibility and osteoconduction of the fabricated scaffolds.111 

Thus, it is important to consider the biological compatibility to the doped TiO2 scaffolds. If the 

material or parts of it harm the surrounding tissue, regeneration is not possible. The undoped 

TiO2 scaffolds have been shown to sustain growth of MC3T3 cells of an osteoblast precursor 

cell line towards a differentiated state.157 However, to guarantee the biological compatibility of 

doped TiO2 scaffolds, the influence of ions released from the doped scaffolds on cell toxicity 

must be investigated. Therefore, human adipose-derived stem cells (hASCs) were cultured in 

the doped TiO2 scaffolds. For all cell experiments, undoped scaffolds were used as a control. 

hASCs were used because of their easy access from the human body. Considering future 

applications, hASCs are simple to isolate from human adipose tissue and could be used for pre-

cultivation of ceramic scaffolds to generate implantable osteogenic grafts.158 

3.4.1 CYTOTOXICITY 

Cytotoxicity test is an in vitro test to determine cell death caused by toxic substances released 

from the material or by direct contact between cells and material.159 Thus, the measurement of 

an intact cell membrane, which is crucial for cell viability, is fundamental for several cell 

cytotoxicity tests. Lactate dehydrogenase (LDH), for example, is an intracellular enzyme, 

which is present in almost all cells and is released to the extracellular medium, when the cell 

membrane is damaged. Because cell membrane damage correlates with cell death, LDH activity 

is an indicator of cell viability. LDH catalyzes the oxidation of lactate to pyruvate by the 

reduction of NAD+ to NADH. Hence, the amount of released LDH can be quantified by 

measuring the concentration of NADH. Because of spontaneous cell death caused by apoptosis, 

the spontaneous LDH released is used as a negative control. The positive control is the LDH 

amount after cell membrane damage using a surfactant, for example Triton X. Thus, LDH 

release and cytotoxicity are depending on spontaneous and maximum LDH activity.160,161 

Live/dead stainings can be used to verify LDH results. Using calcein AM and propidium iodide 

(PI), living cells can be stained green and dead cells appear red under a confocal microscope. 

Calcein AM is a cell membrane permeable dye that is converted to green fluorescent calcein 

after intracellular hydrolysis. PI is membrane impermeable and generally excluded from viable 

cells. When the cell membrane is damaged, the PI is present inside the cell, binds to DNA, and 

thus, cell death can be identified.  
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However, both methods give information about the membrane integrity. Thus, further assays 

are necessary to evaluate metabolic activity of cells seeded on doped TiO2 scaffolds. To get 

more information about cell viability, alamarBlue assay can be used. Resazurin-based 

alamarBlue molecules added to the cell culture change their color depending on cellular 

metabolism. Thus, the fluorescence of the media is directly proportional to cellular metabolism 

and an indicator for cells health. Although this method provides valuable complimentary 

information about the influence of the doped scaffolds on cell viability, it was not possible to 

implement this method in the present work. The results of the alamarBlue assay revealed that 

alamarBlue solution was not homogenously distributed within the cell culture media inside the 

complex pore structure of the scaffolds. Difference in concentration inside and outside of the 

scaffold could be detected, causing large variations in the measured fluorescence. 

Consequently, alamarBlue could not be use as an indicator for cellular metabolism in the cell 

experiments including 3D scaffolds as the proportional dependence of fluorescence and 

metabolic activity could not be determined. 

3.4.2 CELL DIFFERENTIATION 

For further investigations on the influence of released ions on osteogenic differentiation, real-

time polymerase chain reaction (real-time PCR) was performed. Using this method, replications 

of a specific DNA sequence are produced and the particular DNA fragment of interest can be 

detected. Thus, expression levels of important genes during bone formation can be compared 

and used to determine whether the cells are differentiating toward the osteogenic lineage.162 

First, RNA has to be isolated from the cultured cells and characterized to ensure that each 

sample has the same amount of RNA at the beginning of the measurement. Real-time PCR 

multiplies defined regions of complementary DNA (cDNA) that is transcribed from the isolated 

RNA. The reaction to generate the multiplied DNA sequences is divided in three steps, namely 

denaturation, annealing and elongation, as shown in Figure 3-14. During denaturation, the 

sample is heated to approximately 95°C, where hydrogen bonds break and the double-stranded 

DNA is denatured into single-stranded DNA. Annealing occurs after cooling the temperature 

down to approximately 60°C. Hydrogen bonds are able to form again, but this time between 

primers present in the reaction solution and single-strand template molecules. The primers are 

short single-stranded DNA sequences complementary to the DNA sequence of interest, and 

therefore, determine the DNA fragment that will be copied several times. After the primers have 

bonded to the DNA of the target gene and the temperature is increased again, the enzyme DNA 

polymerase starts to build up replications of the DNA sequence of interest and synthesizes 
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complementary DNA strands. Depending on the primers, the specific region that is to be 

duplicated can be determined. All three steps are performed in multiple cycles to produce 

between million and billion molecules of DNA with uniform length, which can be detected 

reliably.163 To measure the amount of produced DNA copies in real time, fluorescence such as 

SYBR Green are used.164,165 The fluorescence of SYBR Green is measured at the end of every 

cycle. Because SYBR Green binds to double-stranded DNA molecules, its fluorescence can be 

used to determine the amount of copied DNA. 

 

Figure 3-14: Real-time PCR. Hydrogen bonds of double-stranded DNA break during denaturation. The primers 

bond during annealing and the DNA sequence of interest is replicated. Real-time PCR multiplies between million 

and billion molecules of a specific DNA sequence of interest, which can be detected. 

To calculate specific gene expressions, a normalization strategy that takes into consideration 

the amount of starting material, amplifications and differences between parallel samples within 

each sample group is essential. Therefore, the gene expressions are presented as a ratio 

depending on the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-

actin. Both genes are so-called housekeeping genes and are commonly used to normalize PCR 

results because of their constitutional expression by all cell types 166.  

During different phases of bone regeneration, different tissue-specific genes are dominant. As 

shown in Figure 3-15, gene expression of collagen I is highest within pre-osteoblasts, ALP in 

mature osteoblasts and BSP within mature osteoblasts and osteocytes.167,168 Because of the 

connection between expression level peak and bone formation, these genes could be measured 

with real-time PCR, for example.  
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Figure 3-15: Differentiation markers during MSC differentiation to osteocyte. Adapted from Miron and Zhang.168 

COL1 shows the highest intensity in pre-osteoblast. RUNX2 is only present in pre-osteoblast. The highest ALP 

intensity is in mature osteoblast. BSP is high in mature osteoblast and osteocytes. 

Alizarin red staining is another method that can be used to investigate mineral formation in 

cultured cells, and thereby, the terminal osteogenic differentiation of these cells. Alizarin binds 

to calcium present in bone. After washing the sample, the bound alizarin red is extracted and 

the UV/vis absorbance of the dye gives information about the calcium content and bone 

formation within the sample. Measurements involving staining failed for TiO2 scaffolds 

because of their complex 3D structure. The washing process did not remove all of the excess 

dye. Consequently, remaining dye was present within 3D scaffolds, similar to alamarBlue 

experiments. Thus, the measured absorbance cannot be used as an indicator for calcium 

deposition in the cells because the proportional dependency to calcium is not guaranteed with 

the influence of remaining dye within scaffolds causing large errors. 
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4 KEY FINDINGS 

4.1 CATIONIC DOPING OF TIO2 SLURRIES (PAPER I) 

○ 0.1 M NaCl as electrolyte in TiO2 slurries showed an inert behavior 

○ 0.1 M KCl and all used 0.1 M divalent salts (CaCl2, SrCl2 and MgCl2) showed a non-

inert behavior resulting in an IEP shift. The same non-inert behavior was observed for 

higher NaCl concentration of 0.2 M 

○ All doped slurries showed a shear-thinning behavior 

○ The viscosity of doped slurries was increased depending on the chloride concentration. 

Thus, 0.2 M NaCl and all divalent doped slurries showed higher viscosity at low shear 

rates compared to 0.1 M NaCl and KCl slurries 

 

 

Figure 4-1: Zeta potential as a function of pH for TiO2 particles dissolved in dH2O and different electrolyte 

solutions.  

 

4.2 DOPED TIO2 SCAFFOLDS (PAPER I-III) 

○ No significant change in overall pore architecture determined by the foam  

○ Divalent doping resulted in significant change in strut architecture and increased grain 

size. Furthermore, the higher densification resulted in an increased compressive strength 

○ Divalent doping resulted in formation of distinct new grain boundary phases. While 

grain boundaries in Ca-doped scaffolds exhibited an amorphous grain boundary phase, 

Sr doping caused the formation of a crystalline phase (SrTiO3) within grain boundaries. 

○ The effect on grain boundaries and the increase in compressive strength was dependent 

on doping concentration 
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4.3 GRAIN BOUNDARY CORROSION IN TIO2 SCAFFOLDS (PAPER II - III) 

○ Significant loss of compressive strength in Sr-, Ca- and Mg-doped scaffolds when 

exposed to acidic environment 

○ Loss of compressive strength is caused by dissolution of amorphous phases within the 

grain boundary  

○ The reduction of impurities during sintering reduced corrosion in Sr-doped scaffolds 

○ Fast cooling rates affect the grain boundary morphology resulting in further increase of 

compressive strength 

○ Corrosion in Ca-doped scaffolds could not be reduced by changing sintering conditions 

 

 

Figure 4-2: Uncorroded and corroded grain boundaries of 0.1 M SrCl2 doped TiO2 scaffolds 

 

4.4 BIOCOMPATIBILITY OF TIO2 SCAFFOLDS (PAPER II) 

○ All doped scaffolds were biocompatible as no cytotoxic effects were observed 

○ Burst release of Sr and Ca at early time points did not have an effect on osteogenic 

differentiation 

○ Continuous release of Mg significantly increased the osteogenic differentiation of 

hACSs 
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5 DISCUSSION 

Sufficient bone volume is a basic prerequisite to ensure primary implant stability and to improve 

osteointegration of dental implants. Bone grafts can be used to support bone during 

regeneration, allow cell ingrowth and vascularization, and thus, ensure a sufficient bone 

volume.169,170 The gold standard for bone grafts is autologous grafts.15 Because of the high risk 

of infection, especially due to the need of a second surgery, there is a high demand for synthetic 

bone grafts. Nowadays, ceramics can be used as synthetic bone graft materials.171 When 

producing bone scaffolds, the crucial properties to allow regeneration, including vascularization 

and diffusion of nutrients, are high porosity, interconnected pores and compressive strength 

similar to natural bone.22,57-60,172 Several techniques are available to produce ceramic bone 

grafts, where the replica method is the most common method to produce highly porous 

materials.79,80,122,123 When using this method, the suspension properties directly influence the 

scaffold properties and are therefore of special interest.80,81,173 To ensure the important shear-

thinning behavior of viscous ceramic slurries, additional ions were used in the present study to 

control interparticle forces in the slurry, and thus, optimize the viscosity of TiO2 suspensions. 

To guarantee an efficient support structure during bone regeneration, scaffolds should further 

exhibit similar compressive strength to natural bone. Previous studies showed either low 

compressive strength for TiO2 bone scaffolds or very complex fabrication procedures, such as 

double coatings, to increase this strength.69,81,174,175 The main aim for the slurry doping was 

therefore to simplify the scaffold production. Finally, the scaffolds also have to maintain their 

properties, especially their compressive strength when implanted to the human body. Thus, the 

potential corrosive effects of low pH conditions encountered during inflammation in the body 

were investigated in terms of material dissolution and mechanical integrity of the doped 

scaffolds. As release of metal cations can cause toxic reaction in the surrounding tissue, the 

biocompatibility of the scaffolds was verified by culturing cells in contact with the doped TiO2 

scaffolds.  

5.1 CATIONIC DOPING OF TIO2 SLURRIES 

The ceramic suspension plays a key role in fabricating ceramic scaffolds using the replica 

method. Hence, scaffold properties can be directly influenced by the suspension rheology. To 

get sufficient properties for osteogenesis, such as interconnected pores and high compressive 

strength, the foam template should be fully covered with the slurry without blocking open pores. 

Furthermore, the ceramic suspension should exhibit a shear-thinning behavior to ensure a 
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homogenous impregnation of the foam and open pores. Shear-thinning ceramic suspensions are 

fluid suspensions at high shear rates and allow excess slurry to be removed from the foam 

template, while their viscous behavior at lower shear rates reduces dripping.80 Additionally, a 

stable and controllable process needs a stable suspension without agglomerations of particles. 

Thus, the optimal slurry properties for scaffold fabrication are well known. However, 

controlling the stability and rheology of highly concentrated ceramic suspensions still remains 

a challenge. Because of high attractive forces between TiO2 particles, represented by a high 

Hamaker constant, influencing and controlling the repulsive forces in concentrated TiO2 

suspensions is of particular interest.176 There are several mechanisms for controlling and 

stabilizing ceramic suspensions. In electrostatic stabilization additional ions adsorb on the 

particle surfaces and change their electrical double layer, causing repulsive forces between the 

particles and preventing them from touching each other. Electrosteric stabilization, on the other 

hand, controls the suspensions stability with added macromolecules, which attach to the particle 

surfaces creating an adsorbed layer. Even a combination of both is an option.85,107 

A common method to produce optimal ceramic suspensions for scaffold fabrication via replica 

method is the use of binders and plasticizers to stabilize the suspension, prevent agglomeration 

and simultaneously increase the viscosity of the suspension by ensuring shear-thinning 

behavior.69,174,175 Poly-D,L-lactic acid (PDLLA), dimethyl carbonate (DMC), polyvinyl alcohol 

(PVA), ethylene glycol and polysaccharides are common additives present during fabrication 

of highly concentrated ceramic slurries.69,118,174,175 The sintered scaffold should be free of the 

additives because of the high process temperature during sintering and the burn out of polymers 

at such elevated temperatures. Nevertheless, there is still a risk of remaining impurities in the 

sintered ceramic, which can influence the surrounding tissue after implantation. Furthermore, 

the use of plasticizer and binder is a complex interaction between different components, making 

this strategy very difficult. To avoid the complexity of the optimal ratio between ceramic 

particles, binder and plasticizer, the present study showed that the use of chloride salts and pH 

adjustment can be used to optimize slurry properties as well. 

Considering the stability of ceramic suspensions, the repulsive forces between particles should 

be dominant to prevent agglomeration of particles. Thus, the work pH of slurries should be far 

away from the pHIEP to guarantee a sufficient ζ potential of particles. Tiainen et al. showed that 

a pH shift to acidic region can result in stable suspensions without any agglomeration.81 

Furthermore, slurries at higher pH values (9-11) showed to be unstable with agglomeration of 

particles, although the particles were expected to have a high ζ potential similar to the potential 
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at low pH regions. This leads to the assumption that the prevention of agglomeration in highly 

concentrated ceramic suspensions is dependent on more than simply the ζ potential. To enable 

the suspension stability without particle agglomeration, a work pH of 1.7 was chosen for the 

present study. Chloride as anions were chosen to keep the influence of additional ions at low 

pH constant and comparable to a previous study.81 To ensure that no toxic ions can be released 

from the bone scaffolds in situ, the cations of the used chloride salts were selected based on 

their roles in bone biology.177-182 While calcium and strontium, for example, has shown positive 

influence during bone regeneration due to its influence on osteogenic differentiation of MSCs, 

magnesium has shown to improve osteoblast adhesion to implants and stimulates osteoblastic 

differentiation of MSCs.183-189 The main purpose of the used chloride salts was the optimization 

of slurry properties during fabrication. As shown in Paper II, lower concentration than 0.1 M 

resulted in an insufficient increase in compressive strength. Higher concentrations (0.2 M) 

resulted in inhomogeneous grain boundary compositions and even lower compressive strength 

compared to the undoped scaffolds (see APPENDIX A). Thus, an optimal concentration of 

0.1 M was chosen for further optimization (Paper III).  

Due to the addition of chloride salts, TiO2 suspensions could be optimized in viscosity and 

shear-thinning behavior. To characterize the influence of ions on the ceramic suspension, 

changes in ζ-potential and pHIEP of TiO2 particles were investigated in different electrolytes. 

Depending on the charge of the cation, the electrolytes differed in their counterion ratios (Paper 

I). The ζ potential of all doped suspensions was shown to decrease due to compression of the 

electrical double layer. Furthermore, inert and non-inert behavior depending on the used 

electrolyte, the concentration and the nature of the dissolved particles were investigated. The 1-

2 electrolytes showed non-inert behavior, which was confirmed by an IEP shift because of 

specific bonding between the ions and the particle surface. This is in accordance with other 

studies investigating the concentration dependency of electrolytes and their inert or non-inert 

behavior on suspensions and the influence on ζ-potential of TiO2 particles.102,104,190,191  

The change in ζ potential in the presence of different electrolytes is well-studied. The transfer 

of results to highly concentrated suspensions and especially their viscosity is still challenging. 

As mentioned before, Tiainen et al. recorded that highly concentrated ceramic suspensions are 

too viscous at high pH values even before adding all the powder, although the ζ potential is 

expected to be sufficient for dominant repulsive forces.81 This expands the assumption of 

another dominant influence than the ζ potential made above. This additional influence is 

hypothesized to be dependent on hydrogen (H+) ion concentration, which is high in the acidic 
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pH region. While added chloride ions were shown to decrease the ζ potential of TiO2 particles, 

hydrogen ions cause a hydration force, which prevents the formation of agglomeration. Exactly 

this hydration force is not present at higher pH values. The different suspension stability at high 

and low pH values shows that the ζ potential of highly concentrated suspensions is just one 

factor to describe the interparticle forces. This conclusion is supported by measurements of 

suspension supernatants at higher pH values. Because of a lower hydration force caused by a 

lower concentration of H+ ions, the ζ potential is not sufficient to prevent particle 

agglomeration. Additionally, Davies and Binner have shown, that the addition of salts can lead 

to coagulation in highly concentrated suspensions, whereby coagulation is defined as network 

of non-touching particles, which results in higher suspension viscosity.192 Within the present 

study, coagulation of particles caused by the addition of ions lead to an increase in viscosity. 

The combination of the repulsive force between the TiO2 particles and the hydration force 

caused by the H+ ions resulted in highly viscous suspension, which showed the important 

rheology properties, high viscosity and shear-thinning behavior, needed for scaffold production.  

5.2 SINTERING OF TIO2 SCAFFOLDS 

Although stable suspension and ideal rheological behavior are important for scaffold production 

using the replica method, the suspension stability alone does not govern the physical properties 

of the produced scaffolds. Several other factors, for example, the influence on ions on TiO2 

sintering behavior and sintering conditions have to be considered when producing ceramic bone 

scaffolds. After the different ceramic slurries had been analyzed, they were used to fabricate 

ceramic scaffolds by using the replica method. During sintering, the TiO2 particles coalesce and 

densify, lattice defects are eliminated and the scaffold increases in compressive strength 85,107. 

The scaffolds characterized in Paper I were sintered at 1500°C for 20 h based on the conditions 

used in previous studies81,111, and were considered the standard sintering conditions for TiO2 

scaffolds.  

One of the most important scaffold properties is a similar compressive strength to natural 

bone.22 Especially for non-resorbable TiO2 scaffolds, the high porosity is essential to ensure 

enough space for bone formation within the scaffold pore volume over time. However, 

increasing the porosity and pore size of a scaffold result in a decrease in its compressive strength 

as less material is present to sustain the load. Cationic doping was found to increase the 

compressive strength of the scaffolds while the high porosity remained unaffected (Paper I). A 

change in strut morphology was found to cause higher compressive strength. The influence of 

the strut architecture on the compressive strength of ceramic foams has been shown in previous 
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studies.145,193 A common problem using the replica method is the presence of hollow struts that 

is caused by the evaporation of the polymer template inside the ceramic coating, resulting in 

low mechanical strength. In addition to hollow struts, struts exhibiting a characteristic V-shaped 

morphology also reduces mechanical strength. Thus, a change in compressive strength can be 

achieved by a change in strut shape.193,194  

Different strut shapes and changes in compressive strength were observed in monovalent and 

divalent doped scaffolds. Na- and K-doped scaffolds did not show any change in strut 

architecture or compressive strength compared to the undoped scaffolds (Paper I). Furthermore, 

Na- and K-doped scaffolds showed a homogenous distribution of impurity ions in grains and 

grain boundaries and similar grain size compared to undoped scaffolds. Thus, both monovalent 

cations did not influence the sintering behavior of TiO2 and the density of Na- and K-doped 

TiO2 was similar compared to the undoped TiO2. Small cavities within the scaffold struts are 

still present and cause their low compressive strength. Even with higher Na concentration 

(0.2 M), no change in grain size was observed. This shows that higher densification of doped 

TiO2 cannot be reached by increasing the concentration of Na+ ions. The increased compressive 

strength observed for the scaffolds doped with 0.2 M Na is likely to result from the increased 

slurry viscosity as more TiO2 slurry is coated on the polymer template81, resulting in thicker 

strut walls in comparison to undoped and 0.1 M Na-doped TiO2 scaffolds (Paper I). This 

observation is in accordance with previous findings from Davies and Binner showing a higher 

green density for higher viscosity slurries.192 In general, no significant improvement in 

compressive strength was observed when the TiO2 scaffolds were doped with monovalent 

cations. 

Divalent cations, on the other hand, changed the grain size, strut architecture and compressive 

strength in comparison to the undoped scaffolds (Paper I-III). A dense strut morphology without 

any cavity and an increase in compressive strength could be observed for scaffolds doped with 

divalent cations. This led to the assumption that the divalent cations influence the sintering 

mechanism and result in improved TiO2 densification during the heat treatment. Doping of 

ceramics to change their sintering behavior is a common technique to optimize material or 

fabrication properties, such as melting temperature. For example, Ca- and Sr-doping has been 

shown to increase the densification of Y2O3, and thus, improves its sinterability.195 On this 

basis, cations can be used to decrease the sintering temperature for optimal material 

densification. Sr-doping of TiO2, for example, has been shown to decrease the sintering 

temperature of the material and enable sintering with silver, which is of special interest for the 
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fabrication of components for electronic applications.196 Similar to the present study, the 

additional ions caused liquid phase sintering in which more rapid grain boundary diffusion 

kinetics and high grain boundary mobility are present. Consequently, the grain size of TiO2 

crystals was increased. Due to faster grain growth, the strut morphology was dense and no 

cavity was observed.  

While the present study showed a simple strategy to improve the compressive strength of TiO2 

scaffolds by cationic doping, several studies have used complex recoating strategies to 

improvement the compressive strength of highly porous bone scaffolds.145,175 Novak et al. 

showed that hollow spaces in the struts could be filled by an additional polymer coating, and 

thus, the compressive strength could be increased. This is a common method to improve the 

strength of scaffolds. While polymers are often used for recoatings, Tiainen et al. used a second 

low viscous ceramic suspension for recoating and filling cracks along the struts.81,145 

Nonetheless, recoating increases the complexity and time of the scaffold production. Ceramic 

double coatings especially require a sintering procedure, which doubles the time of heat 

treatment of ceramic scaffolds. Additionally, there is a risk that recoating can decrease the 

porosity of the fabricated scaffolds.175 However, thinking of bone tissue engineering 

applications, the bone ingrowth and vascularization requires a high porosity.197 Thus, the 

reduction in porosity is not a promising strategy to improve compressive strength. Overall, the 

doping of ceramic suspension caused a change in strut architecture, which further caused an 

increase in compressive strength. The suspension doping enables a stable and easy way to 

manipulate and improve the scaffold production. The elimination of additional coatings 

minimize the failure in improving the compressive strength caused by an inhomogeneous 

coating. 

Grain boundaries have an important influence on mechanical properties. Thus, besides the 

investigation of strut morphology, the grain boundary formation of doped TiO2 scaffolds is of 

special interest when investigating the compressive strength. Si and Al originating from the 

sintering environment, especially from the heating rods (SiC) and oven insulation (Al2SiO5) 

were observed in grain boundaries of all fabricated scaffolds. While homogenous distribution 

of Na+ and K+ was observed in the scaffolds doped with monovalent cations, divalent cations 

Ca2+ and Sr2+ were found to segregate to the grain boundaries during sintering. The observed 

grain boundary segregation depending on the specific ions was in agreement with previous 

studies.196,198-201 Yan et al. observed Sr segregation to grain boundaries as well in context of Sr-

doped TiO2 for the fabrication of components for electronic application.202 The present study 
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showed amorphous grain boundaries in Ca-doped scaffolds and the formation of a crystalline 

phase was found in Sr-doped scaffolds. Thus, the crystal SrTiO3 was observed within grain 

boundaries (Paper II). Santhosh et al. have shown that the addition of Nb2O5, SrCO3 and Bi2O3 

in TiO2 result in the formation of strontium titanate after sintering. While the used ratio of 

100:0.25:1:1 (TiO2 : Nb2O3 : SrCO3 : Bi2O3) were dry mixed and sintered at temperatures 

between 1100 to 1350°C, the formation of strontium titanate was observed as secondary phase 

in 1100°C samples.203 However, the doped TiO2 scaffolds that were sintered using the standard 

sintering parameters did not match the crucial scaffold properties in terms of high compressive 

strength. The scaffolds showed compressive strength below the minimum strength of 

cancellous bone. Therefore, the influence of sintering parameters on strut morphology, grain 

boundary composition and the resulting compressive strength were investigated in Paper III.  

Densification of ceramics is influenced by sintering parameters such as heating rate, sintering 

temperature, holding time and cooling rate.107,110 Different diffusion mechanism can be affected 

by changing the sintering temperature or heating rate, resulting in different grain size and degree 

of densification.204-206 Especially for three dimensional complex structures such as the produced 

scaffolds, increased densification of the material by increasing the sintering time can cause 

dense strut architectures which result in higher compressive strength.145 Furthermore, changing 

the cooling rate was shown to influence the grain boundary composition of undoped TiO2 

scaffolds.111 The effects of dopants on sintering mechanism are very complex and factors such 

as segregation at the grain boundaries, influence on surface and grain boundary energies and 

the formation of a second phase can be influenced simultaneously.110 The general influence of 

sintering parameters on TiO2 sintering mechanism and additionally the influence of different 

dopants on these mechanisms were investigated in Paper III. To investigate the influence of 

individual sintering parameters, just one parameter was changed at a time. The best results, 

defined by the highest compressive strength, were then chosen for further process changes. Due 

to a fixed order of changes, cross-influences of sintering parameters on densification cannot be 

detected. Nevertheless, a general overview of different influences caused by change in sintering 

parameters on TiO2 scaffolds was possible. While strut morphology was similar after changing 

the sintering parameters, changes in sintering parameters caused different compressive strength 

and thus changes within the grain boundaries.  

The formation of SrTiO3 was observed in the grain boundaries (Paper II). Furthermore, the 

compressive strength of the scaffold could be increased by controlling the sintering conditions, 

indicating that the strength is influenced by the SrTiO3 crystal growth within TiO2 grain 
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boundaries (Paper III). Whereas the heating parameters did not show any significant changes 

in the compressive strength of Sr-doped TiO2 scaffolds, the cooling rate affected the strength 

significantly. The crystal growth is mainly influenced by the cooling rate. Consequently, faster 

cooling rates lead to smaller SrTiO3 crystals within the grain boundaries, which caused the 

higher compressive strength of the fabricated scaffolds. Thus, controlling the crystal growth 

can be used to increase the compressive strength of Sr-doped scaffolds. The importance of grain 

boundaries on the compressive strength can be demonstrated by comparing the scaffold strength 

between air quenched (AQ) scaffolds and scaffolds cooled with 2 K/min. While both scaffolds 

demonstrate dense struts, different crystal formation was observed at the doped grain 

boundaries. Fast cooling rate led to a higher amount of small crystals at the grain boundaries 

and higher compressive strength compared to standard sintered Sr-doped scaffolds (Paper III). 

In contrast, the scaffolds produced with slow cooling rate of 2 K/min showed very large SrTiO3 

crystals at the grain boundaries (Appendix B) and the mechanical strength of the scaffolds was 

too low to be detected by the used instrument. This proves the importance of the grain boundary 

composition on the compressive strength of the doped scaffolds. 

The Mg-doped scaffolds showed similar changes in their compressive strength caused by 

changing sintering parameters as Sr-doped scaffolds. While heating rate, heating temperature 

and holding time did not show any effect on compressive strength, an increase in cooling rate 

led to a significant increase in compressive strength. Although not proven by electron 

diffraction, the SEM images (Appendix C) and the similar compressive strength pattern 

depending on the sintering conditions led to the assumption that crystalline MgTiO3 forms in 

grain boundaries. The formation of MgTiO3 has been observed in MgO-TiO2 systems, for a 

magnesium content of 10 wt% and 50 wt%.207,208 While such high amounts of magnesium were 

not added into the slurry in the present study, high local Mg2+ concentrations can exist in some 

areas within the grain boundary. Although no dominant grain boundary segregation was 

observed in Mg-doped scaffolds, Mg-rich spots within the grain boundaries were observed. 

Furthermore, the significant release of Mg ions over 7 days during the corrosion test indicates 

that magnesium is bound to a crystalline structure rather than being instantly released from an 

amorphous grain boundary phase (Paper II). 

5.3 HIGH COMPRESSIVE STRENGTH AFTER EXPOSURE TO ACIDIC ENVIRONMENT 

However, the increase in compressive strength by cationic doping of TiO2 slurries is just one 

important parameter considering bone scaffolds. The improved scaffold properties, particularly 

the compressive strength, should be maintained during bone regeneration. During the early 
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inflammatory phase of bone regeneration, osteoclasts and macrophages are secreting HCl to 

resorb bone tissue and a local pH drop to values of pH 3.6-3.7 occurs.114 Ceramics exposed to 

such acidic environment can undergo corrosion. H+ ions are the main trigger for dissolution of 

grain boundaries resulting in a dramatic loss in compressive strength.115,209 Furthermore, 

dramatic and sudden loss of mechanical support provided by the bone scaffold may lead to 

unsuccessful bone healing. While undoped scaffolds and scaffolds doped with monovalent 

cations did not show any visible signs of corrosion or loss in compressive strength after 8 weeks 

in acidic environment, scaffolds doped with divalent cations showed a significant loss in 

strength already after 4 h exposure to acidic environment (APPENDIX D, Paper II and III). 

Thus, impurity segregation in divalent scaffolds was shown to change the grain boundary 

composition and cause grain boundary corrosion. Although the grain boundary corrosion is an 

obvious drawback of the cationic doping, the additional ions were found necessary to 

significantly increase the compressive strength of the fabricated scaffolds. Thus, the grain 

boundary compositions needed to be optimized in order to find the best compromise between 

compressive strength and corrosion resistant. 

Sr- and Mg-doped scaffolds doped with more than 0.06 M and Ca-doped scaffolds with 0.1 M 

divalent cations in the slurry developed a distinct dopant-rich grain boundary phase and showed 

reduction in compressive strength when exposed to 1 mM HCl irrespective of the used salt 

concentration (Paper II). However, corroded grain boundaries showed visible differences 

between Ca-doped scaffolds, which exhibited amorphous grain boundaries, and Sr-doped 

scaffolds, which exhibited crystalline grain boundaries. Amorphous grain boundaries showed 

homogenous distribution of all detected impurities (Al, Si and Ca). Increasing salt content in 

the slurry led to more dominant grain boundaries, but up to a concentration of 0.08 M CaCl2 

the corrosion seemed to be homogenous throughout the grain boundary phase and no significant 

change in compressive strength was observed after 7 days. As the CaCl2 concentration was 

increased to 0.1 M, formation of TiO2 lamellae within the grain boundaries was observed. This 

lamella formation caused inhomogeneous grain boundary corrosion and a significant loss in 

compressive strength (Paper II). By changing the sintering conditions of these scaffolds to 

higher sintering temperatures and longer sintering times, higher densification was obtained, 

which in turn resulted in higher compressive strength. However, the grain boundary 

composition seemed to remain similar as significant loss in compressive strength due to 

corrosion was still observed. For all 0.1 M Ca-doped scaffolds sintered at different conditions, 
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dissolution of the amorphous grain boundary phase resulted in a significant loss in compressive 

strength.  

In contrast to corrosion in amorphous grain boundary phases, a crystalline phase within grain 

boundaries was shown to affect the corrosion behavior of Sr-doped scaffold. On the one hand, 

increasing the SrCl2 concentration during scaffold fabrication caused an increase in crystal 

formation, corrosion and loss of compressive strength (Paper II). On the other hand, increasing 

the sintering time and cooling rate of Sr-doped scaffolds produced with slurries containing 

0.1 M SrCl2 resulted in even higher compressive strengths, which were maintained even after 

corrosion (Paper III). Further investigations showed that the crystal formation was different for 

differently treated scaffolds. While the SrTiO3 crystals showed corrosion resistance, dissolution 

of the amorphous phase within the grain boundaries was still present. Thus, the present study 

shows that corrosion in doped TiO2 scaffolds is always present concentrated in amorphous 

region within the grain boundaries.  

To influence the impurity segregation to grain boundaries, and thereby, the corrosion behavior 

of scaffolds exposed to acidic environment, the sintering parameters were changed. Especially 

rapid cooling rates have been described to influence impurity segregation.210 This has also 

shown for undoped TiO2 scaffolds as decreased amount of impurities was detected within the 

grain boundaries following an air quenching process, where the scaffolds are cooled as fast as 

possible to room temperature.111 In contrast, the same study showed increased grain boundary 

corrosion for the air quenched scaffolds in acidic environments. Thus, the prevention of 

corrosion is not successful by simply reducing the grain boundary impurities. Within the present 

study, different ovens were used for different heat treatments. For a higher sintering temperature 

of 1600°C, an oven with an Al2SiO5 isolation of SiC heating rods decreased the amount of 

impurities in the grain boundaries. However, scaffolds sintered in an oven with isolated heating 

rods, and thus, a decreased amount of impurities still showed highly corroded amorphous grain 

boundaries and a significant loss in compressive strength (Paper III). In accordance, the 

arrangement of grain boundaries and the movement of impurities towards free surface of 

particles has been described to cause more efficient Si dissolution.211 Consequently, prevention 

of dissolution of silica-rich amorphous grain boundaries is neither successful by changing the 

heat treatment nor the sintering impurities present during fabrication.  

As shown in Paper II, the formation of SrTiO3 increases as the Sr content in the slurry is 

increased, and simultaneously, the grain boundary corrosion increases as well. Thus, the 

improvement in compressive strength correlates with increased corrosion. The decrease in the 
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amount of Sr ions did not result in sufficient compressive strength for the use as bone grafts. 

Nevertheless, sintering of Sr-doped scaffolds in an impurity reduced environment already 

resulted in corrosion resistant scaffolds and the compressive strength was maintained after 

exposure to acidic environment (Paper III). The different corrosion behavior of Ca- and Sr-

doped scaffolds sintered in different ovens demonstrates the importance of the SrTiO3 crystal 

itself. However, corrosion and the loss in compressive strength was observed for Sr-doped 

scaffolds sintered in impurity-rich environments (Paper III). Thus, the simple formation of 

SrTiO3 within grain boundaries do not prevent of dramatic loss in compressive strength of 

doped scaffolds. The properties of the SrTiO3 crystal itself has to be important to get a strong 

crystal within grain boundaries, which is maintained after corrosion of the amorphous phase 

and sustain the compressive strength of scaffolds. This leads to the assumption, that a reduction 

of impurities during sintering can cause higher densification of SrTiO3 crystal formation. Thus, 

SrTiO3 crystal properties can be influenced by the sintering conditions. This specific strong 

SrTiO3 crystal, sintered in impurity reduced sintering environment, is a support structure 

between TiO2 grains which maintain the strength after corrosion while dissolution of the 

amorphous phase was present in between the SrTiO3 crystals. Further increase in compressive 

strength of Sr-doped scaffolds could be observed for higher sintering temperatures and faster 

cooling rates. This could be explained by an improvement of SrTiO3 properties caused by 

higher sintering temperatures and faster cooling rates as well. In conclusion, a high compressive 

strength and corrosion resistance in Sr-doped TiO2 bone scaffolds was reached by combining 

the optimal sintering environment and sintering conditions. While reducing impurities in the 

sintering was shown to mainly affect the corrosion resistance, the heating parameters influenced 

the growth of SrTiO3 crystals within the grain boundaries and thus the compressive strength. 

The importance of corrosion resistant scaffolds is of special interest during the early 

inflammatory phase of bone healing. Macrophases and osteoclasts secrete HCl, which can cause 

dissolution in the grain boundary. As shown in Papers II and III, a decrease in pH caused a 

significant reduction in compressive strength. Furthermore, this dramatic loss of compressive 

strength already occurred after 4 h exposure to acidic environment. Although the optimized Sr-

doped scaffolds maintained their compressive strength for over 8 weeks when exposed to acidic 

environment (pH 3), the question is, for how long the scaffolds should exhibit high compressive 

strength to support bone regeneration. In vivo studies have shown, that the compressive strength 

of implanted bone grafts strongly correlates with bone ingrowth.212,213 Already after three 

weeks, a significant ingrowth of bone, and therefore, a significant increase in compressive 
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strength could be observed. Further increase in bone graft strength was observed after longer 

implantation times (6 and 9 weeks).214,215 Consequently, the fabricated scaffolds with a high 

compressive strength for 8 weeks can be assumed to successfully support bone regeneration 

during the first weeks of healing. If the loss in compressive strength of the ceramic material 

occurred at a later time point, the increase in strength caused by bone ingrowth is expected to 

guarantee sufficient strength during bone healing. However, further investigations are 

necessary to validate these assumptions. 

5.4 BIOCOMPATIBILITY OF PRODUCED SCAFFOLDS 

The biocompatibility of the produced scaffolds may be different compared to the undoped 

scaffolds. A previous study has shown that cell growth towards a differentiated state can be 

sustained by the undoped TiO2 scaffolds in vitro.157 Cells cultured on these scaffolds also 

showed significantly higher cell viability and cell proliferation in comparison to a number of 

commercially available bone graft materials.120 Furthermore, a similar osseointegration 

compared to autologous bone blocks, the evidence of vascularization and formation of bone 

lamellae within the inner regions of the scaffold has been confirmed in vivo.117,119 Thus, the 

fabricated undoped TiO2 scaffolds are convincing bone grafts because of the pore 

interconnection and the important relative orientations of pore channels.216,217 As confirmed in 

Paper I, the microstructure of fabricated scaffolds did not change significantly. Thus, the doped 

scaffolds also exhibit the important scaffold properties such as pore size, porosity and the 

interconnections between pores.  

The release of ions from the material can influence the surrounding cells and the bone 

regeneration process. As shown in Paper II, the corrosion of scaffolds doped with divalent 

cations lead to a release of the different dopant ions, which in theory could transform the used 

biocompatible ceramic into a toxic material. Therefore, scaffolds with the highest corrosion, 

and consequently, the highest amount of released ions were chosen for the cell experiments. 

This high amount of released ions simulates the worst case as lower ion concentrations are 

assumed to be tolerated by surrounding tissue if no toxicity is observed for the highest released 

concentration. It is not known whether the concentration of the released ions depends on the 

location. To mimic in vivo conditions, cells were therefore seeded directly on the doped 

scaffolds and were growing on and into the scaffolds. As shown in Paper II, there was no 

cytotoxic effect on cells caused by released ions. Rather the opposite was observed for cells 

seeded on Mg-doped scaffolds which showed increased osteogenic differentiation. 



CONCLUSIONS AND RESEARCH PROSPECTS  49 

 

 

6 CONCLUSIONS AND RESEARCH PROSPECTS 

The combination of corrosion resistance and high compressive strength is mandatory for 

ceramic TiO2 scaffolds. A similar compressive strength as natural bone ensures a support 

structure during bone regeneration and corrosion resistance ensures the stability of this support 

structure during the inflammatory phase of bone healing. Several studies have focused on 

improving the compressive strength by different coatings.69,81,174,175 However, these strategies 

are complex and time-consuming processes, especially when a mass production of promising 

ceramic scaffolds is considered. 

The present study introduced a novel way of suspension doping which enables a simple, fast 

and stable method to fabricate TiO2 scaffolds with high reproducibility. Due to the addition of 

ions in highly concentrated ceramic suspensions, the viscosity and shear-thinning effect were 

optimized concerning the necessary requirements using the replica method. The doped scaffolds 

showed thicker and dense struts and a significant increase in compressive strength. However, 

high dopant concentrations that resulted in higher compressive strength also increased corrosion 

in the grain boundaries. Hence, the formation of the crystalline phase present in Sr-doped 

scaffolds was adjusted. High sintering temperatures and fast cooling rates led to the formation 

of a strong SrTiO3 network within the grain boundaries. While the amorphous phase in between 

this crystalline structure still showed dissolution in acidic environment, SrTiO3 crystals 

stabilized the compressive strength.  

All in all, doping of ceramic suspensions and optimizing the sintering conditions resulted in 

significantly increased compressive strength, corrosion resistance, and thus, stable strength over 

4 weeks when exposed to acidic environment. Additionally, important scaffold properties, such 

as sufficient specific pore size, porosity and interconnected pores were kept the same as for 

undoped scaffolds.  

However, although the compressive strength showed to be stable, dissolution of the amorphous 

phase within grain boundaries was still present in the doped TiO2 scaffolds. The release of Mg 

from Mg-doped TiO2 grain boundaries showed a significant increase in osteogenic 

differentiation of hASCs in vitro. Consequently, a further optimization of doped scaffolds could 

be a controlled release of ions to improve osteogenesis. Current studies have shown that a 

controlled drug release of coatings can cause antibacterial effects218. Considering future 

application, the controlled release of ions could be used to develop bioactive bone scaffolds. 

The positive influence of Sr2+ on bone cells is well known.187,219,220 The amount of released Sr2+ 
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was shown to be too low for significant changes in osteogenic differentiation (Paper II). Further 

optimizations of Sr-doping and scaffold production could result in the combination of corrosion 

resistant scaffolds high in compressive strength with bioactive potential. 
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Appendix A: Grain boundary of 0.2 M CaCl2 and SrCl2 doped TiO2 scaffolds 

 

Appendix B: Strut morphology and grain boundaries of 0.1 M SrCl2 scaffolds sintered at 1600°C and cooled with 

a slow cooling rate of 2 K/min 

 

Appendix C: Grain boundaries of 0.1 M MgCl2 doped TiO2 scaffolds sintered at 1600°C and air quenched 
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Appendix D: Long term corrosion test of differently doped TiO2 scaffolds exposed to dH2O and 1 mM HCl (pH3) 

solution for 2, 4 and 8 weeks 
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A B S T R A C T

Slurry behaviour has an important influence on the properties of ceramic scaffolds produced by the polymer

sponge method. By adding chloride salts to the TiO2 slurry, the viscosity was increased depending on the

chloride concentration at low pH and high particle concentration. Slurries with higher viscosity led to closed and

dense scaffold struts combined with high porosity, resulting in a compressive strength over 1.6 MPa.

Furthermore, scaffold prepared with 0.1 M CaCl2 and SrCl2 showed the formation of Ca- and Sr-rich phases at the

grain boundaries. These ions were also shown to reduce the activation energy for grain growth in the TiO2

scaffold as indicated by the significantly larger grain size. Ca2+-doped scaffolds had the highest compressive

strength, while the strength of Sr2+-doped scaffolds was reduced by the formation of a solid solution phase

below the sintering temperature.

1. Introduction

Titanium dioxide is well-known for its biocompatibility in different

biomedical applications and has shown potential particularly for use as

a bone scaffold [1–3]. These scaffolds can be used as a support structure

during the self-healing process of bone [4]. Important properties for

such a non-resorbable scaffold include sufficient pore size and inter-

connectivity, which allow cell ingrowth and vascularization, and a

large surface area-to-volume ratio, which enables cell adhesion [5].

These properties are crucial for tissue integration which is vital for the

success of such scaffolds. Previous studies have shown the success of

TiO2 scaffolds during the healing process in non-critical size defects in

bones of minipigs resulting in vascularization and formation of bone

lamellae in the inner region of the scaffold [2,6].

Combined with a high porosity, a bone scaffold has to have a high

compressive strength which should be similar to trabecular bone which

has a compressive strength between 2 and 12 MPa [7]. Tiainen et al.

has shown that by increasing the porosity from 82% to 94%, the

compressive strength of TiO2 scaffolds is decreased from 1.7MPa to

0.4 MPa [8]. Other studies have shown the loss in compressive strength

by increasing the porosity and the other way around [9,10]. This leads

to the present challenge of combining high porosity and high com-

pressive strength in TiO2 bone scaffolds to ensure tissue integration and

a support structure that is similar to natural bone in strength.

To find the best compromise between high porosity and compres-

sive strength, the polymer sponge replication method can be used to

produce ceramic bone scaffolds [11]. Using this technique, a sponge

foam is coated with TiO2 slurry and after burning out the polymer

template and sintering the green body the final strong scaffold is

formed. However, it is extremely important to control the behaviour of

the slurry when utilizing this technique. To obtain the necessary scaf-

fold properties, the slurry must have a shear thinning effect, which

enables the removal of excess slurry to avoid a large amount of blocked

pores [12]. The presence of blocked pores causes a decrease in the

overall porosity and interconnectivity within the scaffold, which can

potentially hinder cell infiltration and tissue integration. A further

important property of the slurry is the maximum viscosity, which

should be high enough to produce a uniform coating on the polymer

struts inside the foam, ensuring sufficient compressive strength. To

guarantee both properties, the TiO2 slurry must be a dispersion without

agglomeration of the TiO2 particles.

Agglomerations occur in a suspension if the attractive van der Waals

forces are higher than the repulsive forces. A dispersant enables control

of the balance between the two forces to get a viscous slurry without

agglomerations. However, this strategy leads to residual porosity in the

final ceramic body because of evaporation of the plasticizer [13].

Especially when producing highly porous bone scaffolds, micropores

resulting from the evaporation of agents can cause a decrease in com-

pressive strength. Another strategy is to influence the electrical double

layer (EDL) around TiO2 particles, which in turn affects the repulsive

forces in a suspension, by changing the pH. The influence of pH on the

zeta potential (ζ potential), which defines the EDL thickness, is well
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known [14]. Tiainen et al. showed that by changing the pH to 1.5–1.7,

the TiO2 slurry used for the scaffold production is stable and can be

used for successful scaffold production [8]. Additionally, Davies and

Binner studied the influence of ions on the ζ potential and the ceramic

suspension viscosity and showed that by adding ions to the ceramic

slurry, the attractive potential increases and a network of individual,

non-touching particles is created [15]. In relation to the production of

bone scaffolds, it is of prime interest to investigate the influence of ionic

strength of the dispersion on slurry rheology, especially on the most

important slurry properties, such as shear thinning, maximal viscosity

and stability without agglomeration.

To achieve the goal of combining high porosity and high compres-

sive strength of TiO2 bone scaffolds, this study focuses on controlling

the slurry stability and viscosity by adding different chloride salts to the

ceramic slurry. To investigate this, general mono- and divalent salts

with different ionic radii have been selected. Furthermore the effect of

the used salts (NaCl, KCl, CaCl2, SrCl2 and MgCl2) on the sintering

behaviour of TiO2 was assessed and the changes in scaffold micro-

structure and mechanical properties were characterized.

2. Material and methods

2.1. Sample preparation

For producing TiO2 bone scaffolds, the polymer foam replication

method was used. The slurry was prepared by adding 65 g of anatase

powder (HOMBITAN FF-Pharma, Sachtleben Chemie GmbH, Duisburg,

Germany) into 25 ml of 0.1 M (NaCl, KCl, CaCl2, SrCl2 and MgCl2) or

25 ml of 0.2 M NaCl solution. Higher powder concentrations resulted in

agglomerated slurries, which are not recommended for scaffold pro-

duction. The slurry was adjusted to a work pH 1.5–1.7 by adding 1 M

HCl and was stirred at 5000 rpm for 2.5 h at a temperature between 15

and 17 °C (Dispermat Ca-40, VMA-Gertzmann GmbH, Reichshof,

Germany).

After coating the polymer foams (60 pores per inch, diameter

10 mm, height 10 mm, Bulbern S, Eurofoam GmbH, Wiesbaden,

Germany) with the prepared slurry, excess slurry was squeezed out and

the samples dried for 24 h at room temperature. Before sintering the

scaffolds, the polymer template was burned out. Burn out of the

polymer was performed at 450 °C for 1 h with a heating rate of 1 K/min

for avoiding disruptions of the ceramic structure. For ensuring the total

decomposition, the temperature was increased to 1100 °C for 5 h with a

heating rate of 1 K/min. With a heating rate of 15.5 K/min, the scaf-

folds were sintered at a temperature of 1500 °C for 20 h (HTC-08/16,

Nabertherm GmbH, Lilienthal, Germany) and cooled down to room

temperature.

2.2. Slurry rheology

The viscometer Bohlin Visco 88 (Malvern Instruments, Malvern,

UK) was used to investigate the rheology of all prepared slurries. The

viscosity and shear stress were measured as a function of shear rate in

the range of 2.46–100 1/s. The bob and cup was defined as C25, the

measurement was at room temperature with increasing and decreasing

shear rates to show possible hysteresis effects. Best fit rheological model

analysis was done using standard Bohlin viscometer software.

2.3. ζ potential measurement

To investigate the effect of ionic strength and pH on the ζ potential,

the Zetasizer Nano ZS with an automatic titration system MPT-2

(Malvern Instruments, UK) was used. 50 mg TiO2 powder was added to

1 l of deionized water and the suspension was bath sonicated for

10 min. After settling down of agglomerates for 10 min, 15 ml sus-

pension was mixed with 15 ml 0.2 M concentrated salt solution. To

ensure complete surface reactions and a stable ζ potential, the

measurements were done after 3 days, except for NaCl samples the

measurements were done after 6 days. The measurement itself was

performed from the native pH, which varied between the samples from

pH 5–9 to acidic (pH 1.6) or basic (pH 9) values. For each direction,

three independent samples were measured three times. The ζ potential

was calculated as an average of all measurement points.

Additionally slurries at the work pH 1.7 and a higher pH around 2.4

were prepared, as described before, and the ζ potential was measured.

Because the slurry was stable over time, the slurry was centrifuged for

15 min at 5500g. This supernatant was measured three times and the ζ

potential calculated by the average of the three measurements.

To ensure no precipitation occurs between the salt cations and po-

tential impurity ions dissolved from the TiO2 particle surface in con-

centrated suspension, the particle size of the supernatant for the slurry

prepared in water without the addition of chloride salt was measured

using dynamic light scattering (Zetasizer Nano ZS, Malvern

Instruments, UK) before and after addition of chloride salts to reach

final cation concentration of 0.1 M.

2.4. X-ray photoelectron spectroscopy (XPS)

Chemical surface composition of the used anatase powder was

analysed using x-ray photoelectron spectroscopy (Kratos AXIS Ultra

DLD, Kratos Analytical, UK) using monochromatic Al-Kα radiation (hv

= 1486.6 eV) at 10 mA current and 15 kV voltage. Survey spectrum

was recorded at pass energy of 80 eV and the quantification of the

detected chemical elements was performed using CasaXPS software

package (Casa Software, UK). Binding energy (BE) scale was calibrated

by assigning the hydrocarbon peak to BE of 284.8 eV.

2.5. Scaffold characterization

Micro computed tomography (SkyScan1172, Bruker microCT,

Kontich, Belgium) was used to determine 3D scaffold parameters. Four

scaffolds (n = 4) were placed in a plastic holder and by using a voltage

of 100 kV, current of 100 μA, 6 μm voxel and 0.5 mm aluminium filter,

three x-ray absorption images were taken every 0.4° up to a total of

180°. For reconstruction of a 3D model and calculation of parameters,

the Skyscan software's NRecon, CTan and CTvox (Bruker, Billerica,

USA) were used. The compared parameters were strut thickness, pore

size and total porosity. For an optical verification of these parameters,

scanning electron microscope TM3030 (Hitachi High-Technologies

Europe GmbH, Krefeld, Germany) was used. The samples were mounted

on an aluminium holder with carbon tape and copper conductive tape.

SEM images were made with backscattered electrons at 15 kV voltage.

The grain size was calculated from three different scaffolds using

ImageJ and a magnification of 800 (control group without salt and

monovalent salt scaffolds n = 3; divalent salt scaffolds n = 9). Beside

the SEM, the energy dispersive x-ray spectroscopy (Quantax 70, Bruker,

Billerica, USA) was used to detect the chemical elements in grain

boundaries.

2.6. Compressive strength

Uniaxial mechanical testing machine Zwick/Roell Z2.5 (Zwick

GmbH & Co. KG, Ulm, Germany) with a 1 kN load cell was used to

investigate the compressive strength of all produced scaffolds (n = 10).

The testing speed was defined as 100 mm/min, the preload as 0.5 N and

the termination condition as 15% of the highest measured peak. The

Test Expert II software was used to calculate the compressive strength

on the basis of scaffold diameter and maximum force until failure.

2.7. Statistical analysis

Statistical comparison of compressive strength, pore size, porosity

and strut thickness was performed using one-way analysis of variance

A. Klemm, H. Tiainen



(ANOVA) test followed by pairwise comparisons performed using

Holm–Sidak method. The overall significance level was p< 0.05 and n

= 10 for compressive strength analysis and n = 4 for other scaffold

properties. Statistical comparison of grain size was performed using

one-way analysis of variance on Ranks (ANOVA on Ranks) test followed

by pairwise comparisons performed using Tukey Test. The overall sig-

nificance level was p< 0.05 and n = 34.

3. Results

3.1. Influence of chloride salts on ζ potential and slurry viscosity

As shown in Fig. 1, the isoelectric point (IEP) for the used anatase

TiO2 powder was found at pH 4.6, which is calculated by regression of

the measurement points. Furthermore, this powder showed a high ζ

potential around 32.5 mV at a low pH (pH 1.65) and ionic strength

0.022 mol/l.

The location of the IEP remained unchanged for 0.1 M NaCl sus-

pensions indicating inert behaviour of the electrolyte (Fig. 1). By in-

creasing the concentration to 0.2 M an IEP shift of 1 unit is observed. An

IEP shift and therefore a non-inert behaviour was observed for 0.1 M

KCl as well. At the pH 1.7 (work pH for slurries), the measurements

showed a decreased ζ potential in the presence of monovalent ions.

Also, the measurement with the supernatant of centrifuged slurries

showed a decreased ζ potential at a low work pH at 1.7. The compar-

ison of both measurements showed that the ζ potential in slurries is

higher. Furthermore, the comparison of both measurements showed a

similar development of ζ potential depending on pH.

Fig. 2 shows the ζ potential measurements for the used divalent

salts. All used salts showed a non-inert behaviour manifested as an IEP

shift higher than 3 units. The adsorption of MgCl2 showed a funda-

mental change in TiO2 particle surface properties and no IEP was ob-

served within the measured pH range. The slurry measurement showed

a similar ζ potential of approximately 29 mV for all three salts, which is

lower than the ζ potential measurement of the control slurry without

salt at similar pH. The MgCl2 slurry measurement at pH 2.2 showed a

further decreased ζ potential, which confirms the ζ potential measure-

ment using samples with lower particle concentration (25 mg/l). Slur-

ries prepared with 0.1 M CaCl2 and SrCl2 at a pH 2.2 showed to be

unstable due to agglomerations and no ζ potential measurement data is

available.

All investigated slurries showed a shear thinning behaviour which is

defined by decreasing viscosity with increased shear rate (Fig. 3). The

flow behaviour of all prepared slurries was characterized by Casson

model [16]. Slurries prepared with 0.1 M NaCl and KCl showed the

same rheological behaviour with similar maximum viscosities. The

same was observed for 0.2 M NaCl and divalent salt slurries.

Table 1 shows that the chemical composition of the used TiO2

powder. Apart from titanium and oxygen, oxidised aluminium im-

purities were also found in the powder sample. In addition to adsorbed

hydrocarbon surface contamination, low concentration of phosphorus

and sodium (≤ 2 at%) were also detected on the surface of the TiO2

particles. Phosphorus is present on the surface as phosphates, which

may be dissolved from the surface in to the TiO2 suspension, particu-

larly at high TiO2 particle concentrations. However, no precipitation of

phosphate salts with low solubility was observed in slurry supernatants

when the used mono- and divalent chloride salts were added into the

slurry supernatants to obtain final salt cation concentration of 0.1 M.

3.2. Influence of chloride salts on scaffold properties

Table 2 includes the most important structural characteristics of all

Fig. 1. ζ potential of 1.1 electrolyte samples. The lines show the ζ potential measurement

with 25 mg/l particle concentration (LC – low concentration). The dots show the slurry

measurement. The ζ potential of slurries with monovalent counterions is reduced and a

stable suspension without agglomeration is present.

Fig. 2. ζ potential of 1–2 electrolyte samples. The lines show the ZP measurement with

25 mg/l particle concentration (LC – low concentration). The dots show the slurry mea-

surement. The ζ potential in LC samples was seriously reduced. The slurry measurement

for all samples at pH 1.7 show a reduced ζ potential, but a stable suspension. A non-stable

suspension with agglomerates was observed for CaCl2 and SrCl2 slurries at pH ≥ 2.

Fig. 3. Viscosity of TiO2 slurries with different salts as additive. The slurry viscosity was

increased by addition of chloride salts into the slurry. Furthermore, slurries prepared with

divalent salts and 0.2 M NaCl showed similar maximal viscosities. Slurries with 0.1 M KCl

and 0.1 M NaCl showed similar maximal viscosity as well, but decreased compared to

divalent salt slurries.

Table 1

Chemical surface composition of the anatase powder used in this study.

Element O Ti C Al P Na

at% 58.2 21.5 13.7 3.1 2.1 1.5
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fabricated scaffolds. The pore size of scaffolds produced using slurries

containing divalent cations was similar to the control scaffolds, while

0.1 M KCl and NaCl showed larger pores. 0.2 M NaCl scaffolds showed

significantly smaller pore size compared to the control scaffolds. The

porosity for all scaffolds was higher than 89% and the strut thickness of

all scaffolds prepared with salt was decreased apart from SrCl2 scaffolds

which had the same strut thickness as the control scaffolds without salt.

The strut thickness distribution shows a narrow distribution of CaCl2
scaffolds in one peak at 48 μm instead of a wide range of strut thick-

nesses (Fig. 4), which is a result of a more homogenous sponge re-

plication combined with less blocked pores. The strut thickness dis-

tribution peak is for all scaffolds with salt increased and 0.1 M CaCl2
scaffolds showed the highest peak with 26%. The scaffolds could be

divided into two different groups based on their compressive strength

(Fig. 5). The monovalent scaffolds (0.1 M NaCl and KCl) showed a si-

milar compressive strength compared to the control scaffolds. The

second group consisting of scaffolds prepared with divalent salts (0.1 M

CaCl2, 0.1 M MgCl2 and 0.1 M SrCl2) showed increased compressive

strength, whereby 0.1 M CaCl2 scaffolds a significant 54.7% increase in

compressive strength. 0.2 M NaCl scaffolds showed similar scaffold

properties in comparison to the divalent scaffolds.

The change of strut shape in TiO2 scaffolds by adding different salts

to the slurry is shown in Fig. 6. The control scaffolds showed struts with

the hollow structure typical of ceramic foams produced by polymer

sponge replication or a characteristic V-shaped struts resulting from

inward collapse of one of the walls of the hollow struts during sintering.

Furthermore, longitudinal cracks along the strut edges were observed

which contributed to the low compressive strength. Scaffolds produced

with 0.1 M NaCl and KCl showed denser struts compared to the control

scaffolds but cavities and cracks along the struts were still observed.

Denser struts combined with cavities and cracks did not deviate sig-

nificantly in compressive strength compared to the control scaffolds.

The divalent and 0.2 M NaCl scaffolds showed even more dense struts

without cavities and reduced cracks, leading to a higher compressive

strength compared to the control and monovalent scaffolds. Further-

more, CaCl2 and SrCl2 scaffolds showed a large amount of Ca2+ and

Sr2+ concentrated in the grain boundaries, while in all other scaffolds

the additional ions showed a homogenous distribution in grains and

grain boundaries (Fig. 6).

Regardless of concentration, monovalent salts did not show any

effect on the grain size in sintered TiO2 ceramic scaffolds. The average

grain size of NaCl and KCl scaffolds is similar to the control scaffolds.

The influence of divalent salts on grain growth is shown in Fig. 7A2-D2

and Table 2. CaCl2 and MgCl2 showed similar average grain size, which

was more than three times larger compared to the control scaffolds.

SrCl2 scaffolds showed even larger grains in average which were ob-

served to be more than four times larger than control scaffolds without

salt. The increase in grain size for all scaffold groups with divalent salt

was found statistically significant compared to the control without salt.

The influence of divalent salts on grain size during the polymer

burn-out process at 1100 °C is shown in Fig. 7A1-D1. MgCl2 did not

show an effect on grain size and resulted in similar grains compared to

Table 2

Scaffold parameters pore size, strut thickness and porosity calculated with microCT and average grain size calculated with ImageJ.

Total porosity Pore size Strut thickness Strut thickness distribution peak (48 μm) Average grain size

% μm μm % μm

Control 89± 1 451±78 67±10 17±4 16.8± 6.3

0.1 M KCl 91± 1 441±10 62±6 20±3 16.6± 7.1

0.1 M NaCl 93± 1 480±3 60±6 22±4 17.5± 7.4

0.2 M NaCl 89± 1 391±17* 62± 7 20±3 13.6± 4.6

0.1 M CaCl2 90± 2 422±14 62±11 26±6 48.0± 33.0**

0.1 M MgCl2 90± 1 422±30 64±7 21±4 50.5± 28.5**

0.1 M SrCl2 89± 2 425±13 67±8 20±4 60.2± 34.5**

* p<0.05, n = 4.

** p< 0.001, n = 34.

Fig. 4. Strut size distribution of all fabricated scaffolds. All salted scaffolds showed a

higher and more concentrated peak at 48 μm, while 0.1 M CaCl2 scaffolds showed the

highest distribution (26± 6%) at 48 μm.

Fig. 5. Compressive strength of all fabricated scaffolds. 0.1 M

CaCl2 scaffold showed a statistically significant increased strength

compared to the control scaffolds (# p<0.01). n = 10.
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the control scaffolds. CaCl2 scaffolds showed slightly larger grains after

the burn out process. SrCl2 scaffolds showed larger TiO2 grains com-

pared to the control scaffolds and phases with a high concentration of

Sr2+ were observed as the bright spots seen in Fig. 7D1.

4. Discussion

This study shows that the maximum viscosity of TiO2 slurries can be

increased by adding different chloride salts to the suspension. Slurries

prepared with 0.1 M NaCl and KCl slurries showed similar rheological

behaviour with an increased maximum viscosity compared to slurries

without salts. The development of both viscosities as a function of shear

rate was similar although the influence on the ζ potential was different.

According to the DLVO theory the ζ potential can be measured to de-

termine the repulsive forces between particles in a suspension, and due

to this, the stability of the particle suspension can be evaluated [17,18].

Fig. 6. Effect of different salts on the strut architecture of TiO2 scaffolds. Scaffold struts of control scaffolds showed thin struts with a typical V-shape, which causes low compressive

strength. Scaffolds fabricated with divalent salts and 0.2 M NaCl showed closed struts and especially CaCl2 and SrCl2 round struts without a typical V-shape.

Fig. 7. Grain size after burn out (1) and after sintering (2) for the control scaffolds (A), 0.1 M CaCl2 (B), 0.1 M MgCl2 (C) and 0.1 M SrCl2 scaffolds (D). CaCl2 and MgCl2 did not show a

difference in grain size before sintering compared to control scaffolds, while SrCl2 seems to effect the grain size before sintering. All scaffolds showed increased grain size after sintering in

comparison to control scaffolds without salt addition.
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Previous studies have shown that electrolytes compress the electric

double layer and therefore decrease the ζ potential [17,19–21]. The ζ

potential measurement of NaCl and KCl showed that the ζ potential of

0.1 M NaCl and 0.1 M KCl samples is similar. Hence, the influence of

both 1-1 electrolytes on the electric double layer is similar and resulted

in a higher slurry viscosity with a similar maximum viscosity compared

to the control slurry. Furthermore, the similar influence of 0.1 M NaCl

and KCl on the ζ potential is confirmed by showing the same decreased

absolute value for the slurry measurements. The ζ potential is de-

pending on the ions-to-TiO2 particle ratio [21]. The TiO2 particle con-

centration was markedly higher in the cloudy supernantant sample

compared to LC measurements, although the exact concentration is

unkown. This leads to the assumption that NaCl and KCl at the con-

centration of 0.1 M decreased the ζ potential in TiO2 slurries with the

same amount.

The same ζ potential was measured for a higher concentration of

0.2 M NaCl for the slurry measurement. But the slurry viscosity was

approximately three times higher for 0.2 M NaCl slurries in comparison

to 0.1 M NaCl and KCl slurries. According to the DLVO theory, an in-

creased electrolyte concentration results in a decreased ζ potential and

interaction energy which leads to agglomerations between single par-

ticles [15,19]. The slurries with 0.2 M NaCl had similar viscosity as the

slurries with divalent salts as additive. All divalent salts acted as non-

inert electrolytes, what was confirmed due to an IEP shift. This shift was

not observed for the higher NaCl (0.2 M) concentration. The IEP shift

occurs because of a specific adsorption of ions on TiO2 particles

[17,19,22]. This specific adsorption seemed to be present for divalent

salt samples, because an IEP shift was observed. But the ζ potential

measurement of divalent salt slurries showed that for a higher powder

concentration the influence of divalent salts is similar to the mono-

valent salts despite the higher Cl- concentration. This measurement

showed that, by increasing the powder concentration, the influence of

the ions on the ζ potential is not marked enough to explain the notable

difference in viscosity. The SrCl2 and CaCl2 slurries were unstable and

aggregated at a work pH 2.2, which can not be explained simply by the

decreased ζ potential. Velamakanni et al. described in 1990 that the

DLVO theory is not fully consistent for coagulated slurries, especially in

the presence of excess salt [23]. The net energy according to the DLVO

theory is not only defined due to the ζ potential, it is depending on ionic

strength as well [24]. By using extreme high ionic strength, the net

energy is decreased and the ζ potential shows that the electrolyte is not

sufficient to stabilize the dispersion. The coagulated CaCl2 and SrCl2
slurries at pH 2.2 showed this effect, but the explanation of the stability

of high concentrated ceramic slurries has to include the discussion of a

third force as well.

In 1985, Israelachvili suggested a third force which acts as a re-

pulsive hydration force at very small distances (< 5 nm) [25]. This

additional force explains the interparticle forces in a highly con-

centrated suspension in the presence of salt. The hydration layer is

formed at low pH, when hydrated anions interact with the positively

charged TiO2 surface [23]. The different ζ potential measurements

combined with the viscosity measurement in this study agree with this

theory. The viscosity increases in the presence of salt depending on the

anion concentration. Hence, 0.2 M NaCl slurries showed the same

viscosity as the 0.1 M divalent salt slurries and 0.1 M NaCl and KCl

slurries showed a decreased maximum viscosity. Both ζ potential

measurements showed that this potential is not the main influence on

the stability of highly concentrated suspensions although the ζ potential

is decreased for all slurries. Furthermore, the slurry measurement re-

vealed the strong influence of the particle concentration on the ζ po-

tential as higher ζ potential values were measured for the more con-

centrated samples. This confirmed that the ζ potential measurement

with a low particle concentration of 25 mg/l cannot fully explain the

interparticle forces in high concentrated suspensions, but gives valuable

information on the general influence and adsorption of different ions on

TiO2 particle surfaces.

The measurement of ζ potential and viscosity showed that adding

salt is an efficient way to increase the viscosity of concentrated TiO2

suspensions. The slurries showed a strong shear thinning effect because

of coagulation and hydration force at low interparticle distances

[15,23]. The stability over time underlines that the particles are coa-

gulated and not agglomerated. A coagulated suspension is defined as a

suspension to which salt is added, the attractive forces are dominated

and a network of non-touching particles are present [15]. Therefore, the

highly concentrated slurries are defined as coagulated and not ag-

glomerated because of the high ionic strength and low ζ potential. An

increase in powder concentration resulted in agglomerated slurries.

This effect was not observed for the used slurries in this study and

shows once again that the used powder concentration leads to a stable

slurry without agglomerations. Although chemical analysis revealed the

presence of low concentration of phosphate impurities on the TiO2

particle surface (Table 1), the low processing pH used for the slurry

preparation (pH<3) prevented any precipitation of insoluble calcium

or strontium phosphate salts due to potential release of soluble phos-

phate from the particle surface. Therefore, the observed influence on

the rheological properties of the prepared slurries cannot be explained

by formation of impurity particles in the presence of impurity anions.

This underlines that the investigated influences occur due to the addi-

tional chloride salt ions in to the TiO2 slurry. But the low IEP of the used

anatase TiO2 powder can be explained due to the high amount of so-

luble phosphates present on the particle surface.

4.1. Influence of ions on scaffold properties

In this study, different scaffold properties of monovalent and diva-

lent scaffolds were observed. This shows that the viscosity, which is

lower for monovalent slurries compared to divalent slurries, has a direct

influence on the main scaffold properties. Monovalent scaffolds showed

similar compressive strength compared to control scaffolds. The strut

thickness of monovalent scaffolds was slightly decreased. The strut

thickness distribution showed a more concentrated distribution com-

bined with a high peak, which is an indication for a more uniform

scaffold structure compared to control scaffolds. This assumption was

also confirmed by the higher porosity. In relation to control scaffolds,

the strut architecture of monovalent scaffolds showed slightly denser

struts with a less pronounced V-shape due to a more viscous TiO2

slurry. All in all, the change in scaffold properties of monovalent scaf-

folds are not strong enough. The compressive strength of monovalent

scaffolds is similar to the control scaffolds because of similar structural

properties. Furthermore, cracks along the struts are still observed for all

monovalent scaffolds and control scaffolds.

On the other hand, divalent scaffolds showed improved compressive

strength with similar porosity values compared to control scaffolds,

because of denser struts combined with a closed strut architecture. The

strut thickness distribution showed more homogenous strut size with a

more concentrated distribution and high peak at 48 μm (Fig. 4). The

strut architecture exhibit more material, which is the result of a better

polymer foam coating during the replication method.

One reason for the more uniform coating of the polymer foam is the

higher viscosity of all divalent slurries. The influence of slurry viscosity

on scaffold properties is shown by the comparison of divalent slurries

and scaffolds with the 0.2 M NaCl slurry and scaffolds. This underlines

the previous discussed important influence of the amount of Cl ions on

slurry rheology and scaffold properties. The strut architecture of MgCl2
and 02 M NaCl scaffolds is similar and exhibited a slightly V-shaped

strut morphology. Due to more material on the struts, the densification

of TiO2 led to a cavity free architecture, resulting in an improved

compressive strength. However, a more important reason for this

structural densification was the influence of the different salts on the

sintering behaviour of TiO2, which was particularly pronounced for

SrCl2 and CaCl2. With round and dense struts without a V-shape the

strut architecture of CaCl2 and SrCl2 scaffolds shows a different
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morphology than all other scaffolds, especially when compared to the

control scaffolds (Fig. 6). The comparison of divalent scaffolds with

scaffolds from previous studies shows the importance of dense struts

without a V-shape to improve the compressive strength. Tiainen et al.

produced TiO2 scaffolds using a highly viscous slurry with a maximum

viscosity higher than 30 Pas due to a high Na+ and Cl- concentration

that results from a washing procedure used to remove surface-bound

contaminations from the TiO2 particle [8,11]. But these scaffolds

showed lower compressive strength compared to all scaffolds in this

study with the same amount of powder in the slurry and a similar

porosity values of the scaffolds [8]. The comparison of the strut ar-

chitecture shows that despite a higher slurry viscosity, the strut archi-

tecture still evince flaws which caused the low compressive strength.

This strengthens the assumption that viscosity is just one influence on

scaffold compressive strength. Although a higher slurry viscosity

showed to improve the scaffold properties in this study, the influence

on ions during the sintering process and the densification of the ma-

terial has an even stronger impact on the strut morphology and me-

chanical properties of the scaffolds.

Another confirmation for the importance of the influence of ions on

scaffold properties is given by the larger grain size of divalent scaffolds

compared to the control scaffolds. Novak et al. showed an improved

compressive strength of tenfold by eliminating cracks and flaws in the

scaffolds structure with PDLLA/Bioglass composite coating [26]. This

connection proves once again that the compressive strength of a porous

scaffold can be increased by decreasing the number of cracks and flaws

in the scaffold struts. A theory for the increased compressive strength

because of denser struts is that a liquid phase may be formed during the

sintering process. Because of a more rapid grain boundary diffusion

kinetics and high grain boundary mobility during a liquid phase, the

grains are growing much faster and abnormal grain growth is present in

the scaffolds with divalent salt [27,28]. As shown in Figs. 5 and 6, the

faster grain growth of divalent salt scaffolds led to more dense struts

and finally to higher compressive strength. But the comparison of grain

size after the burn-out process at 1100 °C shows as well that the me-

chanism between SrCl2 and the other two divalent salts is different.

While MgCl2 and CaCl2 scaffolds showed similar grain size to the con-

trol group before the high temperature sintering process, SrCl2 showed

increased grain size. Additionally, the observed Sr-rich spots led to the

assumption that there is a reaction between Sr2+ and TiO2 forming a

new strontium rich phase already at temperature below 1500 °C.

Another effect in CaCl2 and SrCl2 scaffolds was observed in the grain

boundary composition. While all other scaffolds showed a homogenous

distribution of the additional ions in grains and grain boundaries, Sr2+

and Ca2+ seemed to affect the grain boundary composition. CaCl2 and

SrCl2 scaffolds had an increased amount of Ca2+ and Sr2+ concentrated

in grain boundaries. There is a solubility limit for cations with large

ionic radius, such as Ca2+ and Sr2+, in TiO2 lattice. Excess cations are

pushed out into the grain boundaries. The solubility of impurities in the

lattice is depending on the charge and the ionic radius of the cations

[29], which explains the different grain boundaries of Ca2+ and Sr2+

doped TiO2 scaffolds compared to Mg2+, Na+ and K+ doped one. This

effect has also been reported for Al2O3 lattices [30].

5. Conclusion

This study showed that the viscosity of concentrated anatase TiO2

slurries could be increased by adding mono- or divalent chloride salts

into the slurry. The ζ potential measurement of the slurry showed that

the force which prevents the agglomeration of particles in a suspension

with short distances (< 5 μm) is the hydrations force. Due to a higher

viscosity, scaffold properties can be improved as well. All scaffolds with

salt showed denser struts morphology which results in high compres-

sive strength. Because of these denser and rounder struts, the scaffolds

showed a compressive strength up to 1.68 MPa. Furthermore, the ac-

tivation energy for sintering is decreased by using CaCl2 and SrCl2

which leads to larger grains caused by higher grain boundary mobility.

A new grain boundary composition appeared in CaCl2 and SrCl2 scaf-

folds, which showed a larger amount of Ca2+ and Sr2+.

Funding

This work was supported by the Faculty of Dentistry, University

Oslo.

References

[1] H. Haugen, J. Will, A. Köhler, U. Hopfner, J. Aigner, E. Wintermantel, Ceramic
TiO2-foams: characterisation of a potential scaffold, J. Eur. Ceram. Soc. 24 (2004)
661–668.

[2] H. Tiainen, J.C. Wohlfahrt, A. Verket, S.P. Lyngstadaas, H.J. Haugen, Bone for-
mation in TiO2 bone scaffolds in extraction sockets of minipigs, Acta Biomater. 8
(2012) 2384–2391.

[3] N. Tsukimura, N. Kojima, K. Kubo, W. Att, K. Takeuchi, Y. Kameyama, H. Maeda,
T. Ogawa, The effect of superficial chemistry of titanium on osteoblastic function, J.
Biomed. Mater. Res. Part A 84A (2008) 108–116.

[4] R. Cancedda, B. Dozin, P. Giannoni, R. Quarto, Tissue engineering and cell therapy
of cartilage and bone, Matrix Biol. 22 (2003) 81–91.

[5] V. Karageorgiou, D. Kaplan, Porosity of 3D biomaterial scaffolds and osteogenesis,
Biomaterials 26 (2005) 5474–5491.

[6] A. Verket, H. Tiainen, H.J. Haugen, S.P. Lyngstadaas, O. Nilsen, J.E. Reseland,
Enhanced osteoblast differentiation on scaffolds coated with TiO2 compared to SiO2

and CaP coatings, Biointerphases 7 (2012) 36.
[7] D.R. Carter, W.C. Hayes, Bone compressive strength: the influence of density and

strain rate, Science 194 (1976) 174–1176.
[8] H. Tiainen, S.P. Lyngstadaas, J.E. Ellingsen, H.J. Haugen, Ultra-porous titanium

oxide scaffold with high compressive strength, J. Mater. Sci.: Mater. Med. 21 (2010)
2783–2792.

[9] I. Sabree, J.E. Gough, B. Derby, Mechanical properties of porous ceramic scaffolds:
influence of internal dimensions, Ceram. Int. 41 (2015) 8425–8432.

[10] I. Narkevica, L. Stipniece, E. Jakobsons, I. Cakstina, J. Ozolins, Electrically active
and 3D porous TiO2−x ceramic scaffolds for bone tissue regeneration, J. Eur. Ceram.
Soc. 37 (2017) 833–840.

[11] H. Tiainen, D. Wiedmer, H.J. Haugen, Processing of highly porous TiO2 bone
scaffolds with improved compressive strength, J. Eur. Ceram. Soc. 33 (2013) 15–24.

[12] C. Galassi, Processing of porous ceramics: piezoelectric materials, J. Eur. Ceram.
Soc. 26 (2006) 2951–2958.

[13] J. Kolczyk, J. Zych, Rheological properties of ceramic slurries with colloidal binders
used in the investment casting technology, Metalurgija 52 (2013) 55–58.

[14] M. Kosmulski, Introduction, Surface Charging and Points of Zero Charge, CRC Press,
Boca Raton, FL, 2009, pp. 1–38.

[15] J. Davies, J.G.P. Binner, Coagulation of electrosterically dispersed concentrated
alumina suspensions for paste production, J. Eur. Ceram. Soc. 20 (2000)
1555–1567.

[16] N. Casson, A Flow Equation for Pigment-oil Suspension of the Print Ing Ink Type:
Conference of the British Society of Rheology, University College, Swansea, UK,
Sept 1957, Pergamon Press, NewYork, 1959.

[17] J. Gustafsson, P. Mikkola, M. Jokinen, J.B. Rosenholm, The influence of pH and
NaCl on the zeta potential and rheology of anatase dispersions, Colloids Surf. A:
Physicochem. Eng. Asp. 175 (2000) 349–359.

[18] J.P. Friend, R.J. Hunter, Plastic flow behavior of coagulated suspensions treated as
a repeptization phenomenon, J. Colloid Interface Sci. 37 (1971) 548–556.

[19] M. Kosmulski, J.B. Rosenholm, High ionic strength electrokinetics, Adv. Colloid
Interface Sci. 112 (2004) 93–107.

[20] R. Hogg, T.W. Healy, D.W. Fuerstenau, Mutual coagulation of colloidal dispersions,
Trans. Faraday Soc. 62 (1966) 1638–1651.

[21] M. Kosmulski, J.B. Rosenholm, Electroacoustic study of adsorption of ions on
anatase and zirconia from very concentrated electrolytes, J. Phys. Chem. 100
(1996) 11681–11687.

[22] M. Kosmulski, J. Gustafsson, J.B. Rosenholm, Correlation between the zeta poten-
tial and rheological properties of anatase dispersions, J. Colloid Interface Sci. 209
(1999) 200–206.

[23] B.V. Velamakanni, J.C. Chang, F.F. Lange, D.S. Pearson, New method for efficient
colloidal particle packing via modulation of repulsive lubricating hydration forces,
Langmuir 6 (1990) 1323–1325.

[24] R.A. Terpstra, P. Pex, A.H. de Vries, Ceramic Processing, Springer, Great Britain,
1995.

[25] J.N. Israelachvili, Solvation, Structural, and Hydration Forces, Intermolecular and
Surface Forces, Third edition, Academic Press, San Diego, 2011, pp. 341–380.

[26] S. Novak, J. Druce, Q.-Z. Chen, A.R. Boccaccini, TiO2 foams with poly-(D, L-lactic
acid)(PDLLA) and PDLLA/Bioglass® coatings for bone tissue engineering scaffolds,
J. Mater. Sci. 44 (2009) 1442–1448.

[27] D.A.H. Hanaor, W. Xu, M. Ferry, C.C. Sorrell, Abnormal grain growth of rutile TiO2

induced by ZrSiO4, J. Cryst. Growth 359 (2012) 83–91.
[28] S.-H. Hong, D.-Y. Kim, Effect of liquid content on the abnormal grain growth of

alumina, J. Am. Ceram. Soc. 84 (2001) 1597–1600.
[29] M. Schacht, N. Boukis, E. Dinjus, Corrosion of alumina ceramics in acidic aqueous

solutions at high temperatures and pressures, J. Mater. Sci. 35 (2000) 6251–6258.
[30] L. Ćurković, M.F. Jelača, S. Kurajica, Corrosion behavior of alumina ceramics in

aqueous HCl and H2SO4 solutions, Corros. Sci. 50 (2008) 872–878.

A. Klemm, H. Tiainen

http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref1
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref1
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref1
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref2
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref2
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref2
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref3
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref3
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref3
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref4
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref4
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref5
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref5
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref6
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref6
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref6
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref7
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref7
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref8
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref8
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref8
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref9
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref9
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref10
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref10
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref10
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref11
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref11
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref12
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref12
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref13
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref13
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref14
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref14
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref15
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref15
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref15
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref16
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref16
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref16
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref17
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref17
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref17
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref18
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref18
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref19
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref19
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref20
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref20
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref21
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref21
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref21
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref22
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref22
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref22
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref23
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref23
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref23
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref24
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref24
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref25
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref25
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref26
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref26
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref26
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref27
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref27
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref28
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref28
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref29
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref29
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref30
http://refhub.elsevier.com/S0272-8842(18)30016-6/sbref30




II





Contents lists available at ScienceDirect

Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Original Article

Grain boundary corrosion in TiO2 bone scaffolds doped with group II cations

Anne Klemm
a
, Manuel Gomez-Florit

b,c
, Patricia Almeida Carvalho

d
, Mattis Wachendörfer

a,e
,

Manuela E. Gomes
b,c
, Håvard J. Haugen

a
, Hanna Tiainen

a,⁎

a
University of Oslo, Department of Biomaterials, Institute of Clinical Dentistry, P.O. Box 1109 Blindern, 0317, Oslo, Norway

b
3B's Research Group, I3Bs – Research Institute on Biomaterials, Biodegradables and Biomimetics, University of Minho, Headquarters of the European Institute of

Excellence on Tissue Engineering and Regenerative Medicine, AvePark, Parque de Ciência e Tecnologia, Zona Industrial da Gandra, 4805-017, Barco, Guimar es, Portugal

c
ICVS/3B’s–PT Government Associate Laboratory, Braga, Guimar es, Portugal

d
SINTEF Materials and Chemistry, PB 124, Blindern, NO-0314, Oslo, Norway

e
Helmholtz-Institute for Biomedical Engineering, Chair of Medical Engineering, RWTH Aachen University, Pauwelsstraße 20, 52074, Aachen, Germany
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A B S T R A C T

A pH drop during the inflammatory phase during bone regeneration can cause corrosion in TiO2 bone scaffolds

and the loss of compressive strength. Corrosion as ion leaching and dissolution is confined to grain boundaries.

Cationic doping of TiO2 showed to increase the compressive strength but increased the amount of impurities in

grain boundaries as well. Therefore, this study showed the different grain boundary formation for Ca, Sr and Mg

doped scaffolds and their corrosion behavior. After corrosion, the amorphous phase in grain boundaries was

dissolved in all doped scaffolds. Differences occurred due to the formation of an additional crystalline phase in Sr

doped scaffolds. The presence of an amorphous and crystalline phase led to an inhomogeneous dissolution in

grain boundaries and a significant decrease in compressive strength already after 4 h in contact with an acidic

environment. Released ions did not show any cytotoxic effect on hASCs. Mg doped TiO2 scaffolds led to sig-

nificant increased osteogenic differentiation.

1. Introduction

The potential for highly porous TiO2 scaffolds as bone scaffolds is

well-known [1–3]. Due to a sufficient pore size, interconnectivity and

large surface-to-volume ratio, these scaffolds allow cell ingrowth, vas-

cularization and cell adhesion [2,3]. Furthermore, TiO2 scaffolds pro-

duced by the polymer sponge replication method combine high porosity

with high compressive strength [4]. This property of bone scaffolds is

crucial for the support of bone cells during bone regeneration process

and should be stable during the inflammatory phase.

To reach a compressive strength similar to that of natural bone

(2–12MPa), different strategies have been proposed to increase the

strength of TiO2 scaffolds. One possible strategy is the so-called double

coating, where the final sintered scaffolds are coated with a low viscous

slurry to densify the strut architecture. Using this strategy, the com-

pressive strength of TiO2 scaffolds can be increased from approx. 1MPa

up to 1.6MPa for a porosity of approx. 90% [4]. We have also shown

that cationic doping of TiO2 slurries leads to a similar significant in-

crease in compressive strength. The advantage of this strategy is that no

additional step, including low viscous slurry and sintering procedure, is

necessary. By adding different ions to the slurry, two mechanisms lead

to higher compressive strength. First, the slurry viscosity is increased,

which was shown to affect the final strength. Second, the sintering

behavior of TiO2 is changed and the presence of a liquid phase during

sintering was proposed as reason for the improved strut densification

and a high compressive strength of 1.64MPa [5].

Corrosion resistance of the TiO2 scaffolds is an important property

to ensure a high compressive strength during inflammatory phase.

During inflammatory phase, a large amount of macrophages are present

which can acidify their microenvironment to a pH level of 3.6–3.7 [6].

Ceramics in general show corrosion in acidic environments due to ion

leaching and dissolution [7]. These effects tend to concentrate on areas

where crystal lattice defects are dominant, such as grain boundaries.

Müller et al. found released Si and Al from TiO2 grain boundaries after

storing the TiO2 bone scaffolds for 8 weeks in 1mM HCl solution (pH3).

Furthermore, the study showed significant decrease in compressive

strength after corrosion [8].

In the present study, TiO2 scaffolds doped with divalent Ca, Sr and

Mg cations showed a different and new impurity rich formation in grain

boundaries. Considering that corrosion is likely to occur in these areas,

the new formation has to be investigated with focus on corrosion be-

havior. TEM was used to investigate the grain boundary formation in
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Ca, Sr and Mg doped TiO2 scaffolds. Additionally, a short corrosion test

showed the corrosion resistance and amorphous or crystalline nature of

phases in grain boundaries. Biocompatibility of these doped scaffolds

was investigated by LDH, real-time PCR and live-dead staining which

showed the effect of released ions on cell differentiation.

2. Material and methods

2.1. Scaffold fabrication

The polymer foam replication method was used to fabricate TiO2

scaffolds as previously described [5]. The slurry was prepared by

adding 65 g of anatase powder (HOMBITAN FF-Pharma, Sachtleben

Chemie GmbH, Duisburg, Germany) into 25ml of divalent salt solu-

tions. For investigating the scaffold properties depending on salt con-

centration, the scaffolds were fabricated with increasing salt con-

centrations up to 0.1M in 0.02M steps using the divalent salts CaCl2,

MgCl2 and SrCl2 dissolved in deionised water (dH2O). The slurry was

adjusted to a work pH 1.5–1.7 by adding 1M HCl and was stirred at

5000 rpm for 2.5 h at a temperature of 15–17 °C (Dispermat Ca-40,

VMA-Gertzmann GmbH, Reichshof, Germany).

After coating the polymer foams (60 pores per inch, diameter

10mm, height 10mm, Bulbern S, Eurofoam GmbH, Wiesbaden,

Germany) with the different slurries, excess slurry was squeezed out

and the samples dried for 24 h at room temperature. Burn out of the

polymer was performed at 1100 °C for 5 h (heating rate of 1 K/min) and

sintering at 1500 °C for 20 h (heating rate 3 K/min) (HTC-08/16,

Nabertherm GmbH, Lilienthal, Germany).

2.2. Corrosion test

Long-term corrosion test was performed for the control group

without salt and 0.1M CaCl2, MgCl2 and SrCl2 scaffolds. The scaffolds

were stored in polypropylene tubes for 2, 4 and 8 weeks in dH2O and

1mM HCl (pH3) solution at 37 °C. The short-term test was performed

for scaffolds fabricated with different salt concentrations in 1mM HCl

solution at 37 °C for 4 h, 24 h and 7 d. After storing scaffolds in HCl

solution, the scaffolds were rinsed with dH2O and dried for 24 h at

37 °C.

2.3. Atomic absorption spectroscopy (AAS)

To measure the amount of released ions due to corrosion, samples

were prepared in the same way as for the corrosion test. After 4 h, 1 d, 3

d and 7 d, the acidic solutions were filtered using a 0.2 μm PES filter. Ca

and Mg samples were mixed with LaCl2 (100:1). The amount of Ca, Mg

and Sr was measured using an atomic absorption spectroscope (Perkin

Elmer AANALYST 400, PerkinElmer, Massachusetts, USA). Three in-

dependent samples were measured two times and the average ±

standard deviation is shown.

2.4. Compressive strength

Compressive strength of all fabricated scaffolds (uncorroded and

corroded) were measured by using an uniaxial mechanical testing

machine (Zwick/Roell Z2.5; Zwick GmbH & Co. KG, Ulm, Germany).

After reaching the preload of 0.5 N, the scaffolds were compressed

along their long axis (1 kN load cell) with a testing speed of 100mm/

min until failure, which is defined as 15% of the highest measured peak.

The compressive strength on the basis of scaffold diameter and max-

imum force until failure was calculated with the software Test Expert II.

2.5. Scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDX)

For the visual control of grain boundary corrosion, SEM (TM3030,

Hitachi High-Technologies Europe GmbH, Krefeld, Germany) and EDX

(Quantax 70, Bruker, Billerica, USA) were used. Scaffolds (n=3) were

mounted on aluminium stubs with conductive carbon tape. Images

were taken with backscattered electrons mode and at 15 kV accel-

erating voltage. Scaffolds used for cell studies were washed with PBS

and cells were fixed with 2.5% glutaraldehyde and stored for 1 h at 4 °C.

After washing again with PBS, cells were dehydrated with increasing

ethanol solutions (50, 70, 90 and 100%). After immersing samples three

times with HDMS and drying overnight, the SEM (JSM-6010 LV, JEOL,

Japan) was operated at 15 kV.

2.6. Focused ion beam (FIB) and transmission electron microscopy (TEM)

TEM samples were prepared by FIB using a JIB-4500 MultiBeam

SEM-FIB (JOEL, USA). Scaffolds were embedded in epoxy resin (Poxy

Pak™ Epoxy, Ted Pella, Inc., Sweden) mixed with 50wt% carbon

powder (PELCO Carbon (Graphite) Powder, Ted Pella, Inc., Sweden) to

mitigate charging effects. Samples were grinded and then coated with

7 nm thick platinum coating. The grain boundary formation was in-

vestigated using a Titan G2 60–300 microscope (FEI Company, USA).

Three different selected area diffraction (SAD) patterns were recorded

and the crystal structure was determined using JEMS (JEMS-SAAS,

Switzerland) and VESTA (JP-Minerals, Japan).

2.7. Human adipose stem cells (hASC) culture

hASCs were isolated from lipoaspirate samples. Samples were ob-

tained from the abdominal region of the patients undergoing plastic

surgery, under the scope of previously established protocols with

Hospital da Prelada (Porto, Portugal) with the approval of the

University of Minho Ethics Committee.

Scaffolds were placed in non-adherent 48 well plates. 3× 10
5
cells

(hASCs) in 800 μl αMEM media were added against the well wall to

each sample. After 3 h shaking the scaffolds at 37 °C, the scaffolds were

moved to new well plates and 500 μl fresh αMEM media without cells

was added. The used αMEM was supplemented with sodium bicarbo-

nate, 10% fetal bovine serum and 1% antibiotics. The cells were cul-

tured for 14 days at 37 °C with 5% CO2 and the media was changed

three times per week.

2.8. Cell viability

Cell viability by determination of lactate dehydrogenase (LDH) ac-

tivity in cell culture medium was measured using the manufacturer’s

protocol (Pierce LDH Cytotoxicity Assay Kit, Thermo scientific, USA).

After one and three days, 50 μl cell culture was collected. The absor-

bance was measured at 490 nm and the background at 680 nm was

subtracted. Cytotoxicity is calculated as a percentage from total cell

death. For each time point the maximum LDH activity was measured

from cells cultured in well plates. Cells were lysed with specific buffer

from the kit. Scaffolds without salt were used to measure the sponta-

neous LDH activity. The final %Cytotoxicity was calculated by

=

Cytotoxicity

Compound treated LDH activity Spontaneous LDH activity

Maximum LDH activity Spontaneous LDH activity

%

[ ] [ ]

[ ] [ ]
* (100)

Live/dead cell staining was used to determine viability of the ad-

herent cells. The cells were first washed with PBS and then stained

using calcein AM (1:500) and propidium iodide (PI; 1:1000) diluted in

PBS. After 30min, protected from light and incubated at RT, samples

were washed with PBS and observed using confocal microscopy.

2.9. Real-time PCR

After 14 days of cell culture, total RNA was isolated using Ribozol

(Amresco, Solon, OH, USA), according to the manufacturer’s protocol.
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Total RNA was quantified at 260 nm using a nanodrop spectro-

photometer (Thermo Scientific, Wilmington, DE, USA). The same

amount of RNA (1 μg) was reverse transcribed to cDNA according to the

protocol of the supplier (qScript cDNA Synthesis Kit, Quanta

Biosciences). Aliquots of diluted cDNA sample were used for the later

real-time PCR (Realplex, Eppendorf, Germany) reactions for two re-

ference genes and target genes (see Table 1). Each reaction contained

7 μl of master mix (Perfecta SYBR Green FastMix, Quanta Biosciences),

the sense and the antisense specific primers (20 μM) and cDNA sample

(3 μl) in a final volume of 10 μl. The amplification program consisted of

a pre-incubation step for denaturation of the template cDNA (2min

95 °C), followed by 40 cycles consisting of a denaturation step (5 s

95 °C), an annealing step (15 s 60 °C) and an extension step (20 s 72 °C).

After each cycle, fluorescence was measured at 72 °C A negative control

without cDNA template was run in each assay.

All samples were normalized by the geometric mean of the ex-

pression levels of β-actin and GAPDH and fold changes were related to

the control group using the following equation:

=ratio
E

E

( )

( )

target
CP control sample

ref
CP control sample

( )

( )

target

ref

adapted from [9], where CP is the crossing point of the reaction am-

plification curve and E is the efficiency from the given slopes using

serial dilutions. Stability of reference genes was calculated using a

statistical tool (BestKeeper software, Technical University of Munich,

Weihenstephan, Germany) [10].

2.10. Statistics

Compressive strength results are shown as mean ± standard de-

viation. Statistical analysis was performed using one-way analysis of

variance (ANOVA) and pairwise multiple comparison by using Holm-

Sidak method. If the normality (Shapiro-Wilk) or equal variance

(Brown-Forsythe) test failed, Kruskal-Wallis one way analysis of var-

iance on ranks was performed followed by pairwise comparison using

Tukey Test. Cell results are shown as mean ± standard deviation of the

mean. Statistic was performed using paired t-test and normality test

using Shapiro-Wilk.

3. Results and discussion

3.1. Grain boundary corrosion and its effect on compressive strength

We have previously shown that cationic doping leads to a significant

increase in compressive strength and the formation of a distinct grain

boundary phase rich in the dopant ions in porous TiO2 bone scaffolds

[5]. Other studies have shown, that an acidic environment, which may

occur for example during the inflammatory phase of bone healing,

causes corrosion confined to grain boundaries [11,12]. Ceramics cor-

rode via ion leaching and dissolution, which leads to a release of im-

purity ions from the grain boundaries. Additionally, corrosion in grain

boundaries results in a significant decrease in compressive strength [8].

Considering the new grain boundary formation with a high con-

centrations of impurity ions at grain boundaries, the corrosion behavior

of cation doped TiO2 scaffolds was investigated in this study.

Ca and Sr doped scaffolds did not show any corrosion or change in

compressive strength when stored in dH2O (Figs. 1 and 2). The com-

pressive strength was stable over 8 weeks and grain boundaries did not

show any dissolutions. However, when Ca and Sr scaffolds were stored

in an acidic environment, grain boundary corrosion was present. These

groups corroded via ion leaching and dissolution, which resulted in a

significant decrease in compressive strength. No further change in grain

boundary dissolution or compressive strength was observed after two

weeks, when stored in the same solution. This shows that grain

boundary corrosion occurred already within the first two weeks. Al-

though the change in the compressive strength caused by the corrosion

was similar for Ca and Sr doped scaffolds, the remaining grain

boundaries, and therefore, the grain boundary morphology were dif-

ferent. While Ca doped scaffolds showed corrosion resistant lamellae in

corroded grain boundaries, Sr doped scaffolds exhibited an uneven

corrosion resistant layer. To explain both of these mechanisms occuring

in the doped grain boundaries, TEM analysis was performed and the

results are shown in Fig. 3. Ca doped scaffolds showed an amorphous

phase rich in Ca, Al and Si. The observed Al and Si in the grain

boundary phase are considered to originate from the sintering en-

vironment as previously discussed by Müller et al. [8]. Additionally,

TiO2 crystals were found in grain boundary regions with direct contact

to grains, indicating that corrosion resistant TiO2 lamellar structures

were forming in the grain boundaries of the Ca doped scaffolds. The

amorphous phase consisting of Ca, Si and Al in between these lamellae

was dissolved when stored in acidic solution. This ion leaching and

Table 1

Primer sequences used for real-time PCR analysis.

Gene Primer sequence

Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH)

hGAPDH-F GGGAGCCAAAAGGGTCATCA

hGAPDH-R GCATGGACTGTGGTCATGAGT

β-actin hBActin-F CTGGAACGGTGAAGGTGACA

hBActin-R AAGGGACTTCCTGTAACAA

Collagen I α1 (COL1) hCOL1A1-F CCCCAGCCACAAAGAGTCTAC

hCOL1A1-R TTGGTGGGATGTCTTCGTCT

Alkaline phosphatase (ALP) hALP-F GAAGGAAAAGCCAAGCAGGC

hALP-R GGGGGCCAGACCAAAGATAG

Runt related transcription factor

2 (RUNX2)

hRUNX2-F TTCCAGACCAGCAGCACTC

hRUNX2-R CAGCGTCAACACCATCATTC

Fig. 1. Grain boundaries of uncorroded (0 w) and corroded (8 w–1mM HCl and dH2O) scaffolds as observed by SEM. Corrosion was concentrated in grain boundaries

after storing in 1mM HCl solution.
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dissolution resulted in the decreased compressive strength. Formation

of a new crystalline grain boundary phase was detected in the Sr doped

scaffolds (Fig. 3C–E). SrTiO3 crystals and an amorphous phase rich in Al

and Si were observed in Sr doped grain boundaries. Considering the

SEM images presented in Fig. 1, the ion leaching and dissolution was

concentrated in the amorphous phase, causing the significant reduction

in compressive strength, while the more corrosion resistant SrTiO3

crystals remained intact after storage in acidic solution.

Mg doped TiO2 scaffolds showed a different corrosion behavior

compared to Ca and Sr doped scaffolds. As shown in Fig. 1, the corro-

sion was confined to the Mg rich spots within the grain boundary, re-

sulting in small and localised holes in the grain boundary phase rather

the more homogeneous dissolution of an amorphous grain boundary

phase seen in Ca and Sr doped scaffolds. The different observed

corrosion mechanism compared to the Ca and Sr doped scaffolds was

found to influence the compressive strength in a different way as well.

More importantly, a significant decrease in compressive strength al-

ready occurred after storing these scaffolds in dH2O. This reduction in

strength was even more pronounced following exposure to 1mM HCl

(Fig. 2).

The different corrosion behavior in Mg doped scaffolds was con-

firmed by measuring the released ions after the corrosion test (Fig. 4).

While the amount of released Ca and Sr ions did not increase after three

days, the amount of released Mg was significantly increased after three

days. This indicates that Mg doped grain boundaries exhibit a new

phase, which is more corrosion resistant compared to Ca and Sr doped

grain boundary phases, resulting in a slower and more continous re-

lease of Mg ions. A similar result was published by Gavrilov et al., who

Fig. 2. Compressive strength of long-term

treated (2, 4 and 8 weeks in dH2O and

1mM HCl) scaffolds doped with 0.1M

CaCl2, SrCl2 and MgCl2. Significant differ-

ence (p < 0.001, n= 10) is indicated in

comparison to control scaffolds with the

same treatment and same time point (a), to

uncorroded scaffolds with same doping (b)

and to dH2O groups at the same time point

(c).

Fig. 3. TEM images of 0.1M CaCl2 and SrCl2 scaffold grain boundary. CaCl2 sample showed (A) showed an amorphous phase rich in Al, Si and Ca (1) and TiO2

crystals (2). No diffraction was observed in the amorphous phase rich in Ca (B). The SrCl2 sample (C) contains SrTiO3 (1), TiO2 (3) crystals and an amorphous part

rich in Si and Al (2). The selected area diffraction (SAD) pattern confirmed the crystal structure of SrTiO3 and shows the planes [111] (D) and [113] (E).
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improved the corrosion resistance of alumina due to MgO doping [13].

Although the new grain boundary phase present in Mg doped scaffolds

seemed to be more corrosion resistant compared to other doped scaf-

folds based on observed prolonged release of Mg, this phase did not

resulted in a stable compressive strength of doped scaffolds stored in

dH2O or 1mM HCl.

3.2. Effect of salt concentration on grain boundary development and

corrosion behavior

In accordance to Müller et al. [8], our results showed that ion

leaching and dissolution confined to grain boundaries resulted in the

release of impurity ions from the grain boundaries. Furthermore, the

present study showed that the dissolution of these impurity ions oc-

curred whether a crystalline or amorphous phase was present at the

grain boundary. To understand the development of these phases present

in the grain boundaries, scaffolds with incrementally increasing salt

concentration were tested. Additionally, the corrosion behavior was

tested to correlate grain boundary phase development and corrosion in

cation doped TiO2 scaffolds.

The development of the grain boundary phase in all three doped

scaffolds groups was similar. No changes in the grain boundaries were

observed for 0.02 and 0.04M scaffolds, which was consistent with the

similar compressive strength of these scaffolds compared to undoped

scaffolds (Figs. 5 and 6). By increasing the concentration to 0.06M, the

grain boundary formation changed and the distinct grain boundary

formation started to form. Especially after exposing these scaffolds to

1mM HCl, the new grain boundary formation and the characteristic

dopant dependent corrosion resulted in a significant decreased com-

pressive strength. The amorphous phase forming in Ca doped scaffolds

was homogenously distributed until the Ca ion concentration of 0.08M.

SEM images and the slightly decrease in the compressive strength after

corrosion confirmed a homogeneous distribution and dissolution of the

amorphous phase. With a concentration of 0.1M, the previously de-

scribed TiO2 lamellae start to form and the resulting change from a

homogeneous to a localised dissolution of the amorphous phase be-

tween these lamellae caused a significant decrease in compressive

strength. The presence of a crystalline grain boundary phase in Sr

doped scaffolds was increased with increased dopant concentration.

The increasing amount of crystalline SrTiO3 led to a more localised

corrosion resulting in deep holes in the grain boundary, as previous

described. Sr and Mg doped scaffolds showed a similar development at

grain boundaries: the higher the salt concentration the higher the

amount of the SrTiO3 crystals or Mg rich spots. One explanation for this

could be that the more corrosion resistant phase forming in Mg doped

scaffolds consisting of MgTiO3 crystals. Because of the sintering para-

meters, such as holding temperature and cooling rate, the formation of

MgTiO3 crystals may not be sufficient to reach similar amount of

crystalline MgTiO3 compared to the SrTiO3 in the Sr doped scaffolds.

Overall, corrosion was observed in all doped scaffolds in the form of

ion leaching and dissolution. Because of a more corrosion resistant

behavior of crystalline structures, the corrosion was concentrated in

amorphous regions. Furthermore, with increasing impurity content in

grain boundaries, the decrease in binding energy causes corrosion

concentrated in these areas [14]. Fig. 7 summarizes the most important

corrosion mechanism. Ca doped scaffolds showed a homogeneous re-

moval of material in grain boundaries, while Sr and Mg doped scaffolds

showed a concentrated and deep corrosion in the amorphous areas

between the crystalline phases. Furthermore, the formation of the

characteristic grain boundaries led to higher structural densification

and significant higher compressive strength. Simultaneously, the sig-

nificant loss in compressive strength caused by the corrosion was

strongly correlated to the specific grain boundary formation. No op-

timal compromise between increased compressive strength and corro-

sion resistance could be observed.

3.3. Cell response in the presence of released ions

The prepared TiO2 bone scaffolds doped with divalent cations fea-

ture high interconnected pore volume with porosity of approximately

90% and average pore size exceeding 420 μm [5]. Previous studies

showed that such TiO2 bone scaffolds are osteoconductive and show

osteogenic potential. Osteoconductivity was confirmed in vivo due to

direct contact of bone and scaffold material [2], while in vitro tests

showed the support of TiO2 scaffolds on osteogenic differentiation of

MC3T3-E1 pre-osteoblasts without osteogenic supplements [15]. Fur-

thermore, human mesenchymal stem cells (hMSCs) cultured on TiO2

scaffolds showed significant higher cell viability and proliferation

compared to hMSCs cultured on commercially available bone graft

granules [16]. Considering these results with other studies showing a

positive influence of TiO2 scaffolds on osteosarcoma cells (SaOs-2) and

normal human osteoblasts (NHO) differentiation [17,18], the analysis

of this study was focused on the influence of released ions while un-

doped TiO2 scaffolds were used as a control. The used ions were ex-

pected to have a positive influence on osteogenic differentiation, be-

cause of their important role in bone biology [19–21]. An increased

osteogenic differentiation in the presence of ions like Ca, Sr and Mg has

been shown in previous studies [22,23]. An increased extracellular

calcium concentration can cause an increase of intracellular calcium

through calcium channels and results in activation of important targets

Fig. 4. Cumulative released ion profiles of doped TiO2 scaffolds (n= 3) stored in 4ml pH3 solution and dH2O for different time points. Significant difference

(p < 0.001, n= 6) is indicated in comparison to the earliest time point (4 h) (a) and to one time point earlier (b).
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during osteogenic differentiation [24]. Strontium affects DNA synthesis

and bone collagen synthesis strongly depending on the concentration

[25]. Furthermore, strontium has a physical and chemical similarity to

calcium and can increase osteoblast markers and matrix mineralization

[26]. Besides the crucial role of magnesium in bone remodelling and

skeletal development, the presence of increased magnesium con-

centration showed to increase osteoblast adhesion to implants [27,28].

In the present study, live dead staining and LDH activity, as a

marker of cytotoxicity, showed no difference between the doped and

undoped groups (Fig. 8). Next, the influence of released ions on hASCs

osteogenic differentiation was studied. Gene expression analysis re-

vealed that cells cultured on Mg doped scaffolds as a significant higher

mRNA expression level of the osteogenic markers RUNX2, COL1 and

ALP (Fig. 9).

The osteogenic differentiation requires the expression of the tran-

scription factor RUNX2 to trigger the expression of later key osteogenic

markers [29]. Among these, collagen type I, which is an essential

component of the bone ECM, is produced. This is followed by an in-

creased ALP expression which indicates the organization of the bone

ECM and arrangement for mineralization. While RUNX2 and COL1 are

early markers of osteogenic differentiation with a peak during pro-

liferation, ALP is upregulated during extracellular matrix mineraliza-

tion, maturation and organization [30]. Therefore, these genes are

differently expressed during differentiation and can be used to de-

termine the stage of osteoblast development. Thus, the real-time PCR

results for the Mg group could be an indication for the differentiation of

hASCs into the osteogenic lineage due to a significant higher gene ex-

pression level of the key osteogenic markers. A limitation of the present

study is the measurement of one time point, what did not allow a time

depending peak measurement of expressed genes. A peak in BSP ex-

pression would confirm fully differentiated osteoblasts [29]. The higher

but not significant BSP expressions could lead to the assumption that

the cells have not yet reached a fully differentiated state. In conclusion,

Mg doping of TiO2 scaffolds showed an increased osteogenic

differentiation in hASCs.

This effect was not observed for cells seeded on Sr or Ca doped

scaffolds although they showed a higher amount of released ions. A

possible explanation could be that hASCs are more sensitive to Mg ions

and a lower amount influences the cells in a significant increase in

specific gene expressions. Previous studies showed different cell re-

sponses to different ions and their concentrations in vitro. While Wang

et al. showed an improved cell response correlated with increasing the

magnesium ion concentration, Aimaiti et al. demonstrated that a low

concentration of strontium stimulates the cells whereby a high con-

centration cause apoptosis [31,32]. Another reason could be the dif-

ferent release profile of doped scaffolds. Although the amount of Ca and

Sr ions is higher, after 3 days no further release was observed. Because

of the need of media change during cell studies, the released ions were

removed after 3 days. On the other hand, Mg doped scaffolds showed a

different release profile and a significant increase in released ions after

3 days. Therefore, Mg is the only group that differs from the control

scaffolds from that time point on, suggesting that the released Mg ions

can promote osteogenic differentiation of hASCs.

4. Conclusion

The corrosion in doped TiO2 scaffolds confined to grain boundaries.

Sr doping resulted in a new crystalline SrTiO3 phase present in amor-

phous Si and Al rich grain boundaries. After exposure to an acidic so-

lution, ion leaching and dissolution took place in the amorphous re-

gions of the grain boundary phase. The removal of material in small

areas led to deep holes and a significant decrease in compressive

strength. The corrosion effect was similar for Mg doped scaffolds. Ca

doping resulted in an amorphous phase rich in Ca, Al and Si. The cor-

rosion in these purely amorphous grain boundaries was homogenous

throughout the entire grain boundary region. Although the corrosion

behavior was different, grain boundary corrosion resulted in a de-

creased compressive strength for all doped scaffolds. The effect of the

Fig. 5. Development of grain boundary morphology as observed by SEM depending on salt concentration in Ca, Sr and Mg doped TiO2 scaffolds.
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Fig. 6. Normalized compressive strength of Ca (A), Sr (B) and Mg (c) doped scaffolds with increasing doping concentration after short term corrosion test in 1mM

HCl. Significant differences (p < 0.001, n= 10) compared to the control scaffolds (a), to the same concentration at 0 h (b) and to the same concentration at one time

point earlier (c) are highlighted.

Fig. 7. Highlights of corroded scaffolds, doped with 0.08M of different salts. CaCl2 scaffolds showed homogeneous ‘washed out' grain boundaries. SrCl2 and MgCl2

showed concentrated corrosion in amorphous parts of the grain boundary.
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higher densification of TiO2 in the presence of additional ions such as

Ca, Sr and Mg and the resulting significant increase in compressive

strength was found to be strongly depending on the new grain boundary

formation. This new grain boundary formation caused a lower corro-

sion resistance and a significant decrease in compressive strength after

corrosion. An optimal compromise between an increased compressive

strength and corrosion resistant was not found.

The amount of released ions did not show any cytotoxic effect on

hASCs. Released Mg ions showed a positive influence on hASCs, re-

sulting in a significant increased osteogenic differentiation.
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