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The aim of this work is the fabrication of bioactive and degradable scaffolds for bone tissue 

engineering. Freeze casting is used to obtain macropores. Alongside highly bioactive 45S5 

Bioglass, gelatin and chitosan are used as biocompatible binder and stabilizing agent, 

respectively. By varying the cooling rate between 2 and 4 K/min and whether the slurry was 

allowed to form a gelled network at 7 °C before freeze casting or not, samples with porosities 

of 75 % are achieved. X-ray tomography analysis shows smallest pore sizes between 73 and 

77 μm and a rather lamellar structure parallel to the freezing direction for the non-gelled 

samples, whereas the gelled samples have smallest pores between 96 and 120 μm and show a 

rather cellular structure. Compression tests reveal compressive strengths from 2 MPa (non-

gelled) to 3 MPa (gelled), while the quasielastic moduli of the gelled samples (44-46 MPa) 
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clearly exceed values of the non-gelled (20-23 MPa). Thus, it was concluded that the modified 

pore structure caused by the gelling process markedly improves the mechanical properties of 

the samples. After seven days in SBF under physiological conditions, a calcium phosphate 

rich layer was detected on the samples surface, revealing the bioactivity of the scaffolds. 

 

1. Introduction 

In recent years, combining bioactive and degradable materials has received great interest in 

tissue engineering. During their degradation, the contained bioactive components induce a 

stimulation resulting in the regeneration of tissue[1–5]. While inert materials are only tolerated 

by the human body and may lead to the formation of connective tissue surrounding the 

material, bioactive materials elicit a specific biological response at the interface between the 

material and the human body leading to a bond between the scaffold and the remaining 

bone[4–8]. 45S5 Bioglass (45 SiO2, 24.5 Na2O, 24.5 CaO, 6 P2O5 wt.%), developed in 1969 by 

Larry Hench, has the highest bioactivity and fastest bonding rate to soft and hard tissue[9,10]. It 

is commercially available, inexpensive, and can be acquired in high purity[11]. Hence, 45S5 

Bioglass[12–17] has been investigated in several studies for scaffold applications in tissue 

engineering. Besides adequate mechanical properties and surface roughness[18–20], a highly 

porous structure and a sufficient pore size range are particularly important requirements in 

order to enable interactions between the cells and the scaffold[20–22]. Such a porous structure 

can be generated by different techniques, including robotic deposition[23,24], gel casting[25], 

microsphere leaching[26], and layer casting combined with lamination[27]. Furthermore, 

different techniques for fabricating hierarchical porosity, e.g. the sol-gel process, are 

applied[28].  

The main goal of the present study is to fabricate bioactive macroporous scaffolds by freeze 

casting of a Bioglass slurry formulated with biocompatible additives such as gelatin and 

chitosan and to characterize the bioactivity of the scaffolds in a dynamic bioactivity reactor in 
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simulated body fluid (SBF). We combined gel casting and freeze casting to ensure a stable 

network of open, well interconnected pores suitable for the transport of nutrients and 

metabolites since gel casting on its own leads to poorly connected pores[25]. 

Freeze casting, also referred to as ice templating, is one of the most promising techniques to 

fabricate bio-inspired macroporous composites with interconnected pores[29–35]. In this 

technique, a suspension, most commonly aqueous, is frozen under controlled conditions, 

followed by the formation of pores during the sublimation of ice by freeze drying. As this 

technique is relatively easy to apply and is environmentally friendly, it is a good candidate for 

the production of porous scaffolds for tissue engineering applications. Bioactive 

glass/biopolymer composites are widely investigated for mimicking bone tissue[26,27,36–39]. 

When applying the freeze casting technique a binder, usually a biopolymer, is needed to 

achieve adequate cohesion after the freeze-drying process and improve the mechanical 

properties of the green body[26]. Gelatin is a natural protein complex derived from collagen. It 

is inexpensive, commercially available, degradable, and contains Arg-Gly-Asp (RGD)-like 

sequences, which can promote cell adhesion and migration[37]. Therefore it is a good choice 

when considering biocompatible binders for bio-inspired applications[40]. Chitosan[41,42], a 

degradable biopolymer, forms an electrolyte complex when combined with gelatin and thus 

increases cell compatibility, cell proliferation and decreases apoptosis[43,44]. 

We are the first group fabricating highly interconnected porous scaffolds using commercial 

45S5 Bioglass, gelatin and chitosan via freeze casting and combined gel casting and freeze 

casting, respectively. The biopolymer addition allows the achievement of high stability in the 

porous scaffolds in the green state without use of a crosslinking agent which reduces the 

necessity for further processing. In contrast to sintering, which induces structural 

transformations and results in at least partial crystallinity[45], the original composition and the 

amorphous structure of the Bioglass can be preserved.  
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2. Materials and Methods 

The experimental procedure for fabricating the porous scaffolds is illustrated in Figure 1.  

 

Figure 1. Scheme depicting the experimental procedure for the scaffold production 

 

2.1. Preparation of the Slurry 

For the preparation of the aqueous slurry consisting of 71.5 wt.% 0.5 M acetic acid solution, 

26 wt.% Bioglass, 1.5 wt.% gelatin, 0.7 wt.% chitosan and 0.3 wt. % polydimethylsiloxane 

(PDMS) the following steps were performed. Chitosan (Mw ~ 15 000, degree of acetylation 

> 85 %, Polysciences Inc., Germany) was dissolved in 0.5 M acetic acid (diluted from acetic 

acid 100 %, Merck, Germany) under stirring for 18 h at room temperature. Afterwards, 

gelatin (from porcine skin, 180 g bloom, Sigma-Aldrich, Germany) was added to the solution 

as a binder and dissolved at 60 °C in an ultrasonic bath (Bandelin Sonorex RK 514 H) for 

30 min. Then polydimethylsiloxane (PDMS, silicone oil M 50, Carl Roth, Germany) as a 

defoaming agent and commercially available Bioglass powder (Vitryxx®, d50 = 4.0 ± 1.0 µm, 

Schott, Germany) were added to the solution. The resulting slurry was then treated with an 

ultrasonic finger (Branson Sonifier 450) and degassed under vacuum. 
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2.2. Preparation of Bioactive Glass Scaffolds 

One half of the as-prepared slurry was freeze casted directly (not gelled, NG) in a self-made 

setup[46] in cylindrical molds made of acrylic glass (ø = 10 mm, height = 20 mm, in-house 

production) and subsequently freeze-dried in a commercial freeze-dryer (Christ Gamma 2-20, 

Martin Christ Gefriertrocknungsanlagen GmbH, Germany) for 116 h at 20 °C and 0.03 mbar. 

The other half of the slurry was gelled (G) beforehand by refrigeration for 24 h at 7 °C, 

followed by freeze casting and freeze-drying as described above. Two different cooling rates, 

namely 2 K/min and 4 K/min, were chosen for the controlled freezing of the slurry. 

Altogether, four different samples were obtained by varying the cooling rate and whether the 

slurry was gelled beforehand or not (i.e. NG 2 K/min, NG 4 K/min, G 2 K/min and 

G 4 K/min). 

 

2.3. Characterization methods 

2.3.1. Particle Size Analysis 

The particle size distributions of the as-delivered Bioglass and of the as-prepared slurry were 

determined using a Helos H1505 laser diffraction analyzer with a Sucell dispersion system 

(Sympatec, Germany). The measuring range was 0.5-175 µm, the optical density 5 % and the 

measurement conditions 10 s reference measurement, 10 s normal measurement and 60 s 

ultrasonic dispersion at 60% stirring intensity. Three measurements were performed for each 

sample in order to ascertain reproducibility of the results. 

 

 

 

2.3.2. Rheological Analysis  
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Viscosity measurements were performed using a Physica MCR 301 rotary rheometer (Anton 

Paar, Germany) in a plate-plate setup with the measuring system PP50 and a gap size of 

0.5 mm at 25 °C. 

 

2.3.3. Porosity Calculation  

The total porosity ϕ of the specimens was calculated according to 

𝛟 = 𝟏 −
𝛒𝐫

𝛒
 × 𝟏𝟎𝟎 [%],   (1) 

where the solid density ρ was calculated from the mass of the specimen and its volume 

determined by a Multivolume Pycnometer 1305 helium pycnometry (Micromeritics 

Instrument Corporation, USA). The raw density ρr was calculated from the mass of the 

specimen and its volume, which was herein approximated by a cylinder and a hemisphere, see 

Figure 2.                    

 

Figure 2. From left to right: Typical image of a sample, schematic for the geometrical 

approximation, X-ray tomography reconstruction (G 2 K/min) showing the analyzed volume. 

 

 

2.3.4. Scanning Electron Microscopy (SEM) 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



    

 7 

The microstructure of the scaffold surfaces was characterized by means of a S520 scanning 

electron microscope (Hitachi, Japan). The specimens were obtained by controlled cut-off 

followed by breaking of the scaffolds. The obtained surfaces were characterized in terms of 

topography and pore size. 

 

2.3.5. X-ray Tomography  

To obtain information about the size and orientation of the pores in the scaffolds, X-ray 

tomography measurements were conducted in a home-made setup[47]. The setup consists of a 

C7942CA-02 flat panel detector (Hamamatsu, Japan) and a L8121-03 microfocus X-ray tube 

(Hamamatsu, Japan), which was operated at 60 kV. The magnification was adjusted to a 

resulting image resolution of 12 µm pixel size. Tomographic reconstructions were computed 

using Octopus 8, while Avizo 9 was used to generate 3D reconstructions from the cross 

sections and to analyze the data. In order to reduce computational cost and time, only data 

within a cube with an edge length of 4 mm were analyzed for each sample. The position of 

the analyzed volume is mapped in Figure 2. Starting from filtered, binarized gray images, the 

pores were segmented by application of the watershed transformation with a Chamfer 

distance transformation. Pores with a volume of less than 60 voxels were excluded, as they 

can be attributed to background noise. The following parameters of the pores were analyzed: 

(i) the extent of the data in the direction of the shortest pore axis, meaning the channel 

thickness of the pores and (ii) the angle between the longest pore axis and the freezing 

direction. 

 

2.3.6. Mechanical Properties 

To investigate the stress-strain behavior of the scaffolds, a micro tensile compression tester 

(Kammrath & Weiss, Germany) with a LVDT (Linear Variable Differential Transformer) 

sensor, a 500 N load cell, and the microprocessor control DDS 32 was used. Compression 
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tests were conducted with a test speed of 5 µm s-1 until up to 450 N. Discoidal specimens with 

a thickness of 2 mm were cut from underneath the hemispherical top of the sample using a 

Buehler Isomet 2000 saw with a M0D08 diamond cut-off wheel (Struers, Germany). Up to 

three specimens were tested for each kind of sample.  

 

2.3.7. Bioactivity Test 

To test the in vitro bioactivity of the specimens, two samples NG 4 K/min, beforehand 

thermally treated for 24 h at 110 °C, were placed in an SBF reactor under physiological flow 

conditions as reported previously[48]. The samples were placed in a PVC reactor chamber 

under constant SBF flow of 3 µm s-1 at the sample surfaces. The experiment was carried out 

for seven days at 37 °C. Afterwards, the samples were removed from the solution, carefully 

dipped into deionized water, and dried in a desiccator. The surface reaction layers were 

analyzed by a XL30 field emission scanning electron microscope (FEI/Philips, The 

Netherlands) and Falcon energy dispersive X-ray spectroscopy with Genesis EDS software 

(EDAX, USA). 

 

3. Results and Discussion 

3.1. Particle Size Distribution and Rheological Properties of the Slurry 

Figure 3 shows the particle size distribution (i.e. the medians of three measurements) of the 

prepared slurry and the as-delivered Bioglass powder. For the slurry, characteristic particle 

sizes are d50 = 5.4 µm and d90 = 15.8 µm, while they are d50 = 3.9 µm and d90 = 8.7 µm for the 

Bioglass. The slight increase in the particle size for the slurry is caused by the formation of 

agglomerates due to the polymer addition. 
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Figure 3. The particle size distribution of the Bioglass powder and the prepared slurry. 

Black/filled symbols and gray/hollow symbols illustrate the cumulative distribution and 

distribution density over particle size, respectively. 

 

The results of the rheological analysis are shown in Figure 4. The dynamic viscosity 

decreased with increasing shear rate, meaning the slurry showed a shear-thinning behavior 

which is very suitable for casting. An absence of hysteresis indicates no sedimentation during 

the measurement which in turn confirms the stability of the slurry. 
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Figure 4. The dynamic viscosity of the slurry decreases with an increasing shear rate 

confirming the shear-thinning behavior of the slurry. Black/filled symbols and gray/hollow 

symbole illustrate the dynamic viscosity and shear stress over shear rate, respectively. 

 

 

3.2. Microstructure and Porosity of the Scaffolds 

Table 1. Solid densities, raw densities and calculated porosities of all specimens. 

 

 NG 2 K/min NG 4 K/min G 2 K/min G 4 K/min Ø ± SD 

Solid density [g cm-3] 2.25 2.27 2.18 2.22 2.23 ± 0.03 

Raw density [g cm-3] 0.58 0.53 0.55 0.54 0.55 ± 0.02 

Porosity [%] acc. Eq. 1 74.36 76.82 74.65 75.87 75.43 ± 1.0 

 

Table 1 shows the solid densities, raw densities and calculated porosities for all specimens as 

well as the associated averages and standard deviations (SD). Because the same slurry 

composition was used for all samples, the densities were very similar for all samples. Due to 

the biopolymer addition, the solid density is lowered from 2.7 g cm-3, the density of 45S5 

Bioglass[49], to 2.23 g cm-3 in average. The weight reduction is beneficial when mimicking the 
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lightweight structure of human bone[50]. Given by the process, the total porosity of 75 % in 

average was open, so that in theory there is no restriction for the transport of nutrients and 

metabolites.  Figure 5 displays the surface microstructure of the prepared specimens. The 

micrographs show predominantly cellular structures with different pore sizes. As shown in 

Figure 5, the samples frozen with a cooling rate of 2 K/min (top row) illustrate larger pores 

compared to the samples frozen with a cooling rate of 4 K/min. The micrographs also indicate 

that the gelation process (right column in Figure 5) causes larger pores when compared to the 

non-gelled samples (left column in Figure 5).  

In addition, the microstructure of the specimens in Figure 5 indicates a sufficient surface 

roughness for successful cell adhesion and proliferation. In contrast to smooth surfaces, which 

impede cell adhesion and promote inflammation, cells can anchor at textured surfaces[51].  

 

Figure 5. SEM micrographs of the prepared scaffolds. Top left: NG 2 K/min, bottom left: 

NG 4 K/min, top right: G 2 K/min, bottom right: G 4 K/min. Scale bar is 90 µm. 

 

In order to obtain more information about the size and orientation of the pores, the scaffolds 

were characterized by X-ray tomography. Figure 6 shows X-ray tomographic xy- and xz-
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cross sections which allow the analysis of the pore structures of the four different samples. As 

shown in Figure 6 (xz- cross section), a very light gray area can be found at the bottom, 

indicating very narrow and small pores due to the planar ice crystal growth during initial 

freezing. In the first stage of solidification randomly oriented ice nuclei were generated. Ice 

nucleation is a thermodynamic process and occurs very fast due to the large supercooling of 

the suspension which entraps the Bioglass particles.[29] After the nucleation stage, the ice 

crystals grew and the planar structure changed into a lamellar structure. During growth the 

Bioglass particles were rejected from the ice crystals and capsulated, thus forming the walls 

of the scaffolds. Due to the fact that the lamellae growth strongly depends on rheological 

properties of the suspension and the cooling conditions, the ice crystal growth is interrupted 

by the growth of other ice crystal lamellae with new orientations. This leads to a cellular 

structure.  

For the G samples, the ice crystal growth was limited by the previously formed gelatin 

network. Therefore, stronger repulsive forces were needed for generating the well-aligned 

lamellae.[34] The results of the X-ray tomography analysis for the shortest pore axis are listed 

in Table 2. The average values of the shortest distance for the G samples are significantly 

higher (> 96 µm) than for the NG samples (> 72 µm). This indicates wider pore channels in 

the G samples, than in the NG samples. Furthermore, samples solidified with a cooling rate of 

4 K/min possess smaller pores than the ones frozen at 2 K/min cooling rate. Higher cooling 

rates bring about briefer ice crystal growth, thereby the cooling rate directly influences the 

resulting ice crystal size and the pore structure formed[29]. As the shortest distance was found 

to exceed 70 µm on average and consequently the other axes are larger, the targeted 

requirements for the pore size of the scaffold[21] could be met. The relatively high standard 

deviations provide a wide range of pore sizes so that tasks like enabling cell ingrowth and 

regeneration of bone can be coped with. The angle between the longest pore axis and the 

freezing direction is depicted in Figure 7. Dark blue colored pores have grown close to the 
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freezing direction, which corresponds to an angle of 0°, red colored pores show deviations up 

to 55° from the freezing direction. While the pores of the NG samples have clearly grown 

with the freezing direction, the pores of the G samples show bigger deviations to the freezing 

direction. This can be explained by the gelatin network generated in the G samples that 

hinders growth of lamellae parallel to the freezing direction.  

 

Figure 6. X-ray tomographic cross sections. Top: xy-, bottom: xz-cross planes. From left to 

right: NG 2 K/min, NG 4 K/min, G 2 K/min, G 4 K/min. 

 

 

Table 2. Length of the shortest pore axis 

Sample Average [µm] SD [µm]  

NG 2 K/min 77 28  

NG 4 K/min 73 245  

G 2 K/min 120 47 

G 4 K/min 96 43  
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Figure 7. Graphical representation of the angles between the longest pore axis and the 

freezing direction (0°) obtained from X-ray tomography. From left to right: NG 2 K/min, 

NG 4 K/min, G 2 K/min, G 4 K/min. 

 

 

3.3. Mechanical Properties 

Figure 8 shows compressive stress-strain diagrams. Since the measured specimens of each 

group showed similar results, representative graphs are selected. In contrast to ceramics and 

glasses, which mostly show brittle failure during compression[52], the shape of the measured 

curves corresponds to bending-dominated behavior. Up to a certain limit, the samples show a 

behavior that resembles linear elastic deformation but which might also contain some 

microplastic deformation after which the edges of a cell fracture under constant stress until 

the opposing faces of a collapsing cell impinge and the stress continues to increase.[53] As 

depicted in Figure 9, even after completion of the compressive tests the samples did not fall 

to pieces. Table 3 shows the values of the compression strength and quasielastic modulus for 

each specimen. The quasielastic moduli were ascertained by the slope of the quasilinear 

graphs in the low-strain part of the stress-strain diagram. While the values of the compressive 

strength are similar, the G samples exhibit higher quasielastic moduli, exceeding those of NG 

specimens by a factor of two. The sample G 2 K/min shows the highest mechanical properties 

of all investigated samples. This can be directly linked to the gelatin network generated 

during cooling in the fridge before freeze casting of the G samples. Gelation prior to freeze 
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casting leads to the formation of a rather cellular pore morphology compared to a more 

lamellar pore morphology when the slurry is directly frozen after preparation. During 

gelation, interconnections in different directions independent of the previous ice crystal 

growth direction occurs.[54] 

 

Figure 8. Stress-strain curves (compression test) of the prepared specimens. The solid and 

dotted line represent the freezing rate 2 and 4 K/min, respectively. The black graphs represent 

the non-gelled samples, whereas the red ones represent the gelled samples.   

 

Table 3. Compression strengths and quasielastic moduli (compression test) 

 

 NG 2 K/min NG 4 K/min G 2 K/min G 4 K/min 

Compression strength [MPa] 2.3 2.2 3.1 2.7 

Quasielastic modulus [MPa] 19.4 22.7 46.0 44.3 
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Figure 9. Digital images showing the rather elastic compression behavior of the samples. The 

ratio height/diameter is 0.17, the sample depicted is G 2 K/min. 

 

 

3.4. Bioactivity of the Scaffolds 

The bioactivity of the scaffolds was evaluated in an SBF reactor that mimics physiological 

flow[48]. After seven days, a calcium phosphate rich layer could be detected on the outside of 

the scaffolds, see Figure 10, implying good bioactivity[55–57]. After fracturing the sample, the 

inner parts showed the original chemical composition, as can be seen in the EDX spectra in 

Figure 10. The calcium (Ca) and phosphorus (P) peaks have a higher intensity for the outer 

surface of the sample, indicating the formation of a calcium phosphate layer.   
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Figure 10. Top: SEM micrographs of NG 4 K/min (thermally treated) after dynamic SBF 

treatment for seven days (left: surface, right: inside after fraction). Scale bar is 10 µm. 

Bottom: Corresponding EDX spectra. The brown line corresponds to the surface, the red one 

to the inside measurement. The developed calcium phosphate rich layer is clearly visible. 

 

4. Conclusions 

In this work, we successfully fabricated bioactive macroporous scaffolds with a biopolymer 

complex via gel casting and freeze casting. By using gelatin and chitosan as binder and 

stabilizing agent, respectively, for our Bioglass-biopolymer composite scaffolds, we were 

able to produce highly porous scaffolds with 75 % open porosity.  

By varying the processing route of the slurry, meaning not gelling (NG) or gelling (G) the 

gelatin content prior to freezing, we were able to influence the pore morphology and pore 
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sizes. While the NG samples showed a rather lamellar morphology, the G samples exhibited a 

more cellular morphology and larger pores. Different freezing rates, namely 2 and 4 K/min, 

allowed a variation in pore size. The higher freezing rate led to smaller pores, as represented 

by the length of the shortest pore axis. Gelling of the slurry prior to freezing led to an increase 

in compressive strength up to 38 % (compare Table 3 samples NG 2 K/min with 2.3 MPa and 

G 2 K/min with 3.1 MPa). The quasielastic modulus in the G samples was twice as high as in 

the NG samples. In addition, good bioactivity of the scaffolds could be proven by bioactivity 

investigations in SBF under physiological flow conditions. 
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