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Abstract

It was shown in the present study that it is possible to produce TiO, scaffolds with both high mechanical strength and high porosity by using
the polymer sponge method. TiO, scaffolds with porosity above 85% exceeded 1 MPa in compressive strength. TiO, scaffolds with equally high
compressive strength having a fully open porosity close to 90% is not previously been reported in the literature. Reduction of porosity leads to
even further reinforce the scaffolds’ mechanical structure. A statistical correlation study with 160 tested scaffolds defined the most important
manufacturing steps and the governing morphological characteristics for the scaffold’s increased mechanical strength. The key manufacturing
factors were a holding phase during sintering time for more than 30 h (at 1500 °C) and multiple coatings of the scaffold’s structure. The crucial
parameters for high mechanical strength were the fractal dimensions of the struts, object surface/volume ratio, density and overall porosity.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Bone tissue engineering offers an alternative approach to the
repair and regeneration of lost bone.! Scaffolds have become
widely used in this field. The idea is that a well-constructed
scaffold may let the human body reconstruct or replace dam-
aged bone while providing a loadable structure during healing
and function as a space keeper during the healing phase. Another
important function of the scaffold is to serve as a framework for
the cells when forming the tissue. The markets demand for hav-
ing such a functional scaffolds is increasing? and there is not
enough between available allogenic bone graft and people in
need.? Reconstruction of bone defects caused by trauma, radia-
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tion, bone tumour removal or other bone disabling processes is
also of major interest.

Different materials have been widely tested for making of
scaffolds for use in bone tissue engineering.* Ideally, a scaffold
for such purpose should have the following characteristics:

(1) three-dimensional and highly porous with an interconnect-
ing pore network for cell growth and transport of nutrients
and metabolic waste!9;

(2) biocompatible with either osseoconductive or osseoinduc-
tive properties!!~13;

(3) suitable surface chemistry for cell attachment, proliferation
and differentiation;

(4) mechanical properties to match bone'?;

(5) suitable for industrial manufacturing and scale up.'?

One strategy for regeneration of bone is the use of ceramic
scaffolds that mimic the structure of bone mineral and that bind
to bone; in some cases these ceramic scaffolds can activate the
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genes within bone cells to stimulate new bone growth.! A bone
scaffold should have the ability to carry the load while bone
growth is proceeding, usually over months and even years. It
is thus the authors’ belief that a non-resorbable material would
provide a more predictable treatment outcome than observed
with restorable scaffolds. Titanium oxide (TiO,) was chosen as
scaffold material in the present study since this material has
proven to fulfil many of the demands for a scaffold material.
TiO; has shown to be biocompatible,14 enhance bone and vas-
cular ingrowth!> and to have a certain degree of bacteriostatic
effect.'®!7 One of the major obstacle with bone scaffold is its
function as load bearing device,!8-2! 50 also with TiO, scaffolds.

So far, state of the art three-dimensional scaffolds for tissue
engineering purposes has yet to meet the mechanical require-
ment as they lack strength when produced with sufficient
interconnected pores and porosity.?>"2> The main goal of this
project was to improve mechanical properties of TiO; scaffolds.

2. Materials and methods
2.1. Slurry preparation and characterization

The ceramic slurry was prepared with 60 g of TiO, (Pharma
FP Hobitam, Sachtleben GmbH, Duisburg, Germany) gradually
added into 29.7ml sterile water at the pH 1.7 under stirring
at a low-rotation speed 1000 rpm (Dispermat Ca-40, VMA-
Getzmann GmbH, Reichshof, Germany). The zeta potential was
found by laser measurements (Zetasizer 2000, Malvern, Hegger-
berg, Germany). When the slurry was homogenous, the rotation
speed of the dissolver was increased to 5000 rpm for 4 h. The
TiO, powder was gradually added while the temperature was
held atroom temperature. When the rotation speed was increased
to 5000 rpm, the slurry temperature was reduced to 15 °C.

Three different mills were compared; bead mill (Walzen-
miihle Multifix M865, Alfred Schwinherr, Schwibisch-G.,
Germany), planetary mono mill (Pulverisette 6, Fritsch Laborg-
erdtebau, Idar-Oberstein, Germany) and a high speed dissolver
(Dispermat Ca-40, VMA-Getzmann GmbH, Reichshof, Ger-
many) in terms of optimal particle size distribution. Particle
size distribution of the ceramic slurry was determined by laser
particle measurement (Analysette 22”-NanoTec, Fritsch GmbH,
Idar-Oberstein, Germany). All samples were dispersed in water
and had 30s of ultrasonic treatment.

2.2. Preparation of TiOz scaffold

The scaffold was prepared by the polymer sponge method.
Fully reticulated polyester based polyurethane foams with 45 ppi
(Bulbren S, Eurofoam GmbH, Wiesbaden, Germany) were used
in this study. The foams were supplied in large plates 8 mm in
thickness and were cut to size by punching with a metal stamp
to cylinders of 12 mm in diameter. The tablets were then washed
in 1L deionised H,O and 10 ml Deconex (Burer Chemie AG,
Zuchwill, Switzerland) for 2 min, and subsequently in ethanol
(Absolute, Arcus, Oslo, Norway). The tablets were then dried at
room temperature for 24 h and stored in PE-bags.

Table 1
Heating intervals during sintering.

Sequence  Temperature range (°C)  Heating rate (K/min)  Duration (min)
1 25-450 0.5 850

2 450 0 60

3 450-1500 3 350

4 1500 0 360-3000

5 1500-50 6 242

The polymer foams were then dipped into the ceramic slurry,
which then later were centrifuged (Biofuge 22R Heraeus Sepat-
ech, Osterode, Germany) at 1500 rpm for 2 min at 18 °C. The
samples were then placed onto a porous ceramic plate and
dried at room temperature for at least 24 h prior to sintering.
The burnout of the polymer and the sintering of the ceramic
part were chosen followed a detailed schedule (Table 1) in sin-
ter oven (HTC-08/16, Nabertherm GmbH, Bremen, Germany).
Five different holding times (6, 10, 20, 30, 40 and 50h) were
investigated.

Some scaffolds were double coated scaffolds. After sinter-
ing, the scaffolds were dipped and centrifuged as previously
described. These scaffolds were sintered to 1500°C at a
rate of 3 K/min. All scaffolds were weighed (Mettler AT261
DeltaRange, Greifensee, Switzerland) prior to further analysis.

2.3. Compressive strength of sintered TiO> scaffold

The mechanical strength of the scaffold was performed in a
compression test (Zwicki, Zwick/Roell, Ulm, Germany) accord-
ing to DIN EN ISO 3386 on a load cell of 200 N. The scaffold
was preloaded with a force of 2 N. The speed of the compression
was set to 100 mm/min.

2.4. Pore morphology of sintered TiO; scaffold

Optical observation of the scaffold was performed by SEM
(Tabletop SEM, Hitachi, Japan) with back scattered secondary
ions at 15kV.

The scaffolds were analysed using a 1172 microCT imag-
ing system (Skyscan, Aartselaar, Belgium) desktop X-ray CT
scanner at 7 wm voxel resolution X-ray tube current 173 pA
and voltage 60kV with a 0.5 mm aluminium filter. Specimens
were mounted vertically on a plastic support and rotated 180°
around the long axis (z-axis) of the sample. Three absorption
images were recorded every 0.300° of rotation. These projec-
tion radiographs of scaffolds were first reconstructed to serial
coronal-oriented tomograms using a 3D cone beam reconstruc-
tion algorithm. The beam hardening was set to 20% and ring
artefact reduction to 12. 3D reconstruction of the internal pore
morphology was carried out using these axial bitmap images
and analysed by CTan and CTvol (Skyscan, Aartselaar, Bel-
gium). A threshold analysis was then performed to determine
the threshold value for which grayscale tomograms of scaffolds
were most accurately represented by their binaries counterparts
in terms of porosity. The grayscale threshold was set between 55
and 255. All objects smaller than 50 voxels and not connected to
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the 3D model was removed prior to further analysis. In order to
eliminate potential edge effects the cylindrical volume of inter-
est (VOI) was selected in the center of a scaffold (d=2mm,
h =3 mm). Scaffold porosity was then calculated as:

porosity = 100% — vol.% of binarised objectin VOI H

All images underwent a 3D analysis, following by a “shrink-
wrap” function, which allowed measuring fraction of the pore
volume in a scaffold that was accessible from the outside through
openings of a certain minimum size.”’” A shrink-wrap process
was performed between two 3D measurements to shrink the
outside boundary of the VOI in a scaffold through any open-
ings whose size was equal to or larger than a threshold value
(0250 wm were used in this study). Interconnection was calcu-
lated as follows:

V- Vshrink—wrap
V—Vn

where V was the total volume of the VOI, Vyprink-wrap Was the VOI
volume after shrink-wrap processing, and V, was the volume
of scaffold material.

The mean pore diameter distribution was found by measuring
the material thickness on the inverse model, which was gener-
ated by setting grayscale threshold between 0 and 55. Noise
was removed by despeckling any object smaller than 50 voxels
and not connected to the 3D-body. The 3D models were gen-
erated through the algorithm adaptive rendering. The density
of the scaffold strut was measured using the same software,
and calibration was taken at 1.25 and 1.75 g/cm?. The calibra-
tion from grayscale to density was performed to Hounsfield unit
correction. This relationship was assumed linear.

Surface area was measured with the BET isotherm in liquid
nitrogen (TriStar 3000, Micromeretics, Monchengladbach, Ger-
many). The crystallinity of the scaffolds was examined by X-ray
diffraction (XRD) collected with a diffractometer in reflection
mode (Cu Ka1 radiation; Ge monochromator; Braun position-
sensitive detector Siemens D5000, Munich, Germany).

interconnection = x 100 2)

2.5. Determination of cytotoxicity of sintered TiO; scaffold

The mouse osteoblast cell line MC3T3-E1 (DSMZ, ACC210,
Braunschweig, Germany) was routinely cultured at 37 °C in
humidified atmosphere of 95% air and 5% CO; and maintained
in alpha-MEM (PAA Laboratories Gmbh, Austria) supple-
mented with 10% fetal calf serum (PAA Laboratories Gmbh,
Pasching, Austria), 100 U/ml penicillin, and 0.1 mg/ml strepto-
mycin (PAA Laboratories Gmbh). For the assay, scaffolds were
placed in the 24-well plated, cells were plated at densities of
0.25 x 10° cells in 500 pl of culture media on the surface of
scaffolds and tissue cell culture dish.

Cytotoxicity responses of osteoblast cells were assessed by
measurements of lactate dehydrogenase (LDH) release from
necrotic cells into the culture media after days 1, 2, and 3.
The LDH was measured by LDH Cytotoxicity Detection kit
(Boehringer, Mannheim, Germany) according to manufactures’
protocol using 50 w1 of sample. Culture medium without cells
was used as a zero absorbance to calibrate the spectrophotome-

Table 2

Variations in zeta potential at different pHs with standard deviation (n=5).

pH Average zeta potential (mV) S.D.
1.5 43.1 35
1.7 444 1.9
1.9 55.4 3.9
22 36.5 0.9
2.4 379 0.7
2.6 27.3 1.1

ter. The relative LDH released was expressed as a percentage of
LDH to totally lysed cells with 1% Triton X-100 detergent.

The scaffolds were then fixed in 4% paraformaldehyde
(PFA) and dehydrated by a graded ethanol (Merck, Darmstadt,
Germany) series from 10 to 100%, with three times 10-min incu-
bation at each step. Dehydration was then completed by critical
point drying using CO, (CPD-030, Bal-Tec AG, Balzers, Liecht-
enstein). The scaffolds were gold sputtered (MACHINE) and
examined in SEM (Tabletop SEM, Hitachi, Japan) with back
scattered secondary ions at 15kV.

2.6. Statistics

Batch variations were analysed by comparing the stan-
dard deviation of four randomized scaffolds from 16 different
batches. Different data groups were compared through a two-
tailed ANOVA test, where the significant level was set at 0.05.
A correlation study was performed with a bivariate regression
analysis, Spearman two-tailed, using the computer software Sta-
tistical Package for Social Sciences (SPSS) version 17.0 for
Windows. The results were interpreted as follows: no correlation
if || <0.3, correlation if 0.3 < |r| < 0.5, and strong correlation if
0.5 < |r| < 1.2® A negative rindicated a negative correlation while
a positive r indicated a positive correlation.

3. Results
3.1. Slurry preparation

The maximum zeta potential was found at pH 1.9 (Table 2).
An optimal particle size distribution was obtained from jacket-
cooled blade rotator for the duration of 5.5h (Fig. 1). Particle
size distribution showed that 99% of the particles had the maxi-
mum size in a variety range of 0.48-0.84 wm. The bead mill and
planetary mill did not provide the required particle size distri-
bution. Slurry with high viscosity (>73 wt.% TiO,) produced
scaffolds with closed pores, while slurry with low viscosity
(<60 wt.% TiO,) coated polymer templates unevenly. A solid
content around 68 wt.% TiO, provided the most favourable
sponge loading.

3.2. Sintering
The results from the XRD measurement of the anatase pow-

der and sintered scaffolds are presented in Fig. 2. The diffraction
signals are displayed from 15° to 85°. The relative intensity was
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Fig. 1. Milling procedures for beadmill, planetary mill and lab dissolver. The
most effective procedure was 5.5 h of lab dissolver.

taken from the main peak.?? XRD data for anatase and rutile tita-
nium oxide structures are also presented in Fig. 2. The anatase
structure fits well with the starting powder and the rutile structure
fits well with the sintered scaffolds. Thus, the current sintering
process produced rutile titanium oxide crystalline structure.

The polymer sponge templating method left a hollow space
inside the ceramic strut after sintering. When temperature of
1500 °C was held for longer than 30h, this hollow space col-
lapsed (Fig. 3B).

3.3. Scaffold characterization

The porosity of the scaffolds in this study had a maximum
value of 96.5% and a lower value of 76.4%. The variation

100
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Fig. 2. XRD pattern of powder prior to sintering (top) and scaffold after sinter-
ing. The sintered scaffolds fit well with published XRD data for rutile structures
29.

in porosity for each batch was 1.4% (n=168). The strut
diameter maximum thickness was found to be 113.1 wm, the
minimum diameter was 30 wm and average value of 33.8 um
(S.D. 5.7 pm). The mean pore diameter was 530.5 £ 30.9 pm,
with 461.5 um as the smallest pore and 747.7 um as the
largest. Fragmentation index for strut and fragmentation index
for pore both had a negative value with an average of
—0.013 wm (S.D. £0 pm) for the former and an average value
of —0.010 pm (S.D. £0.003 pm) for the latter. The average
value of anisotropy of the pore was 1.57 (S.D. £0.32 devi-
ation). The fractal dimension for the strut was calculated to
2.03 (S.D. £0.03 (Table 3)). The mean density was measured
to an average of 2.74 g/cm® (S.D. £0.05 g/cm?). The mean
pore size was 530 wm. The mean strut size increased from 28

Fig. 3. (A) This strut has not collapsed due to a too short holding time, <30 h. (B) A wall of the three-sided strut has collapsed removing the former hollow space

inside when the holding time at 1500 °C exceeds 30 h.
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Table 3

Selected parameters from 3D wCT analysis displaying minimum, maximum, average values (n =68) and standard deviation compiled from 16 different batches.
Parameter Unit Min. Max. Average S.D./batch
Porosity % 76.4 96.5 85.6 0.6
Interception surface wm? 9.1E+05 7.3E+08 2.6E+07 8.6E+07
Interception/object surface wm? 0.004 3.163 0.358 0.604
Object surface/volume ratio 1/pm 0.040 0.133 0.100 0.008
Strut diameter thickness pm 30.0 113.1 33.8 5.7

Pore diameter thickness wm 461.5 747.7 530.5 30.9
Structure linear density 1/pm 0.001 0.002 0.001 0.000
Fragmentation index strut 1/pm —0.031 —0.006 —0.013 0.003
Fragmentation index pore 1/pm —0.025 0.002 —0.010 0.003
Structure model index strut SMI —0.48 2.78 0.06 0.45
Structure model index pore SMI —11.20 1.80 —6.14 1.49
Degree of anisotropy strut DA 0.000 2.16 1.17 0.23
Degree of anisotropy pore DA 0.000 3.05 1.57 0.32
Fractal dimension strut 2.09 2.35 2.03 0.03
Fractal dimension pore 2.01 2.14 1.88 0.01
Mean density g/em’? 2.79 3.44 2.74 0.05

to 45 wm by multiple coating. The strut sizes also exposed a
broader size distribution range for multiple coated scaffolds
where the distribution increased from 10-60 to 10-110 wm
(Fig. 6).

The pore structure was found to be open (Fig. 4A). The inner
space of the scaffold was also found to be open porous (Fig. 4B),
as can be viewed in a 3D animation (see Electronic Annex 1 in
the online version of this article). When measuring the inter-
connection in the wCT (shrink-wrap mode), the scaffolds were
found to have high numbers of interconnecting pores (Fig. 7).
The interconnection was slightly changed by multiple coating,
where a reduction of less than 5% was observed between the

quadruple and double coated scaffold. The mean interconnec-
tion was reduced at most 9% from a minimum connective pore
size of 250 pm. The single coated scaffold showed 15% mean
reduction for its interconnection from a minimum connective
pore size of 250 pm (Fig. 7).

3.4. Mechanical strength versus scaffold characterization

Several processing parameters were correlated against com-
pressive strength (Table 4). The strength was found to correlate
strongly with scaffold weight (r=0.777, p=0.0004), num-
ber of coating (r=0.526, p=0.0007) and cumulative sinter

Fig. 4. wCT 3D image of a open porous TiO; scaffold (A) and close-up image from inside the same scaffold (B).

Table 4

Correlation study between compressive strength and coating parameters (n = 160).

Spearman’s correlation coefficient ~ Solid content in slurry (wt.%)

Holding time (h)

Cumulative sinter hours (h)  Scaffold’s weight (g) Number of coating

Compressive strength (MPa) —.142™ 208"

560" 77 526"

s

* p<0.0l.
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Table 5

Correlation study between micro CT analysis and compressive strength (n =147, **p <0.01).

Spearman’s correlation coefficient Porosity (%) Strut size (um) Pore size (um) Fractal Mean density Object surface/
dimension strut (g/em?) volume ratio (%)
Compressive strength (MPa) —.626" 428" —.180™ .394™ 5347 —.588"
™ p<0.01.
3.5. Surface structure
1.20+ % e
° The BET surface area was found to be 5.06 m?/g. The tita-
1001 © = . nium oxide scaffold surface had an isotropic nanostructured
g & & surface which is shown in Fig. 8B. This wavelike structure cov-
£ 0.80- o ” ered the entire grains (Fig. 8A). Profilometer images (Fig. 8C)
s quantified this pattern. The latter method was used to mea-
¢ p.60- oo %, o © sure the surface roughness; the result is displayed in Fig. 8B.
‘o Q . . .
H 8, - The surface roughness, Sy, on the titanium oxide scaffolds was
£ 0404 = 890 4420 nm, and the root mean square, Sq, 1.12 £ 0.56 um
o . .
© ° §o (Table 6). Skewness, Sg, iS a topographical parameter that
0.20 8%g @0 describes the amount of valley and/or peaks on a surface. If
Sgk is greater than 0, there are more valleys than peaks and vice
0.00 versa. Since Sg here was —0.87 £0.31 pwm, there are slightly
75.00 80.00 85.00 90.00 95.00 100.00 more valleys than peaks on the ceramic surface. The kurtosis,
Porosity (%)

Fig. 5. Dot plot showing compressive strength against porosity.

hours (r=0.560, p=0.001). No or low correlation was found
when comparing compressive strength to solid content in slurry
(r=-0.142, p=0.001), and holding sinter time (r=0.208,
p=0.0005).

The pore structure of the scaffolds was analysed with
micro CT and correlated with compressive strength. Poros-
ity was strongly correlated to strength (r=—0.626, p =0.0008)
(Table 5). The scaffold with lowest porosity provided the highest
mechanical strength (Fig. 5). Strong correlation was also found
with object surface/volume ratio (r=—0.588, p = 0.0006), mean
density (r=0.534, p=0.0009), strut size (r=0.428, p=0.0005),
and the fractal dimension (r=0.394, p =0.0001). No correlation
was found with pore size alone (r=—0.180, p = 0.006) (Table 5).

—+—Quadruple coated
~#-Single coated

60 - —+—Triple coated
——Double coated

Distribution (%)
=
(=]

0 . . i - s
0 20 40 60 80 100 120 140
Mean strut size (um)

Fig. 6. Changes in mean pore strut size of the scaffold dependent on number of
coating.

Sku, 3.28 £ 0.79 pm revealed that the peaks are steep. The fractal
number, Sgq, 2.35 = 0.06 showed that the surface was complex
and the fluid retention number, S.;, measured to 0.53 £ 0.26 was
within a range which has been positively correlated with bone
attachment.>?

3.6. Cytotoxicity

The LDH assay showed that the titanium oxide scaffolds were
not cytotoxic (Fig. 9). Cytotoxic was significantly lower than
the control (tissue culture plastic) (p <0.01). Mouse osteoblasts
adhered well to the scaffold surface and were evenly spread
throughout the entire scaffold. The osteoblasts showed typical

100

98

96
94 |

g
z 92
s -+-Strength: 0.58 MPa, Doubled coated
o
g %0 —+Strength: 1.09 MPa, Quadruple coated
§ 88 Strength: 0.86 MPa, Quadruple coated
= 86 | —+Strength: 1.03 MPa, Quadruple coated
84 |
82 |
80 : . L
0 50 100 150 200 250

Minimum connection size (pm)

Fig. 7. Interconnection of the titanium oxide scaffold versus minimum pore
connection size, which shows that the scaffolds are very well interconnected.
Number of coating reduces the interconnection by less than 5%.
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Fig. 8. SEM image of the surface of a titanium oxide scaffold (A), the same surface but with higher magnification (B) and profilometer image (C).

Table 6
Surface characterization parameters of the titanium oxide scaffold (n=5).

Surface parameters

Sa (pm) Sq (pm) Sk

Sku Sta Sei

0.89 & 0.42 1.12 &+ 0.56 —0.87 £ 0.31

3.28 £0.79 2.35 £ 0.06 0.53 £ 0.26

100

= TiO,
80 + Control

60 4

40 1

20 4

% LDH activity (Cytotoxicity)

Time (Days)

Fig. 9. Cytotoxicity measurement of the titanium oxide scaffolds compared
to control (tissue culture plastic). The cytotoxicity of titanium scaffolds were
significantly lower than tissue culture dish (**p <0.01) at all three different time
points. Error bars are standard error of the mean (N =38).

morphology and were even stretched from strut to strut, as the
SEM image after 3 days of incubation shows (Fig. 10).

4. Discussion
4.1. Coating procedures

Manufacture of mechanical loadable scaffolds requires opti-
mal slurry for impregnation of the replica foam. Slurry with high
viscosity (>73 wt.% TiO;) produced scaffolds with more closed
pores, while slurry with low viscosity (<60 wt.% TiO;) gave
unevenly coated polymer templates. A solid content between
60 and 70 wt.% TiO; provided most favourable sponge coating.
Similar results have been found in other studies when using the
polymer sponge method with Al,03 slurries.3'3% The solid con-
tent in the slurry in our study did not positively correlate with the
mechanical strength of the scaffold, but was found to be crucial
in terms of providing an open porosity.

Sintering is an energy driven mechanism, and it seemed
that a holding time of more than 30h at 1500°C provided
enough energy for the collapse of the hollow strut. This phe-
nomenon has not been reported previously, although it has been
reported that the stress—strain responses of ceramic foams made
by sponge-replication show isotropy and strain rate dependence.
The weakest part of a framework is the brittleness of the strut
shape, which caused the initiation and expanding of cracks.3
Here we found, that the brittleness of the struts was greatly
reduced, after a holding time more of than 30 h. Holding temper-
ature procedure at 1500 °C during sintering should thus exceed
30h to obtain a strut-folding. Pictures taken with SEM showed
strut collapsing after 30h, which made the struts stronger as
the hollow space inside diminished, leaving a compact structure
instead of a hollow one with weak area. These findings were
verified by the Spearman correlation study (Table 5), where
there was found a correlation (r=0.394) between increase in
the struts’ fractal number and its compressive strength. Struts

e "/rsi. -
< 2 ) -

Fig. 10. SEM image of osteoblasts which had adhered and spread onto the
scaffold surface after 3 days of incubation.
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that had collapsed also exhibited a higher fractal numbers indi-
cating a more irregular shape. Unexpectedly, this correlation
was weaker compared to both porosity and strut size. This phe-
nomenon is mostly likely due to the fact that 95% of the produced
scaffolds were sintered longer than 30 h, and that the effect of
the holding time is not truly represented.

According to the correlation study the most effective way
to mechanical strengthen the scaffold, was to increase the strut
size, as previously reported by Min et al.>* Increase in strut
size and decrease in porosity were the two strongest prevail-
ing parameters in the correlation study (Table 5). The strategy
of increasing the strength of scaffolds produced by the poly-
mer foam method has previously been carried out by multiple
coatings.>>¢ The thickness of the struts also increased with
number of slurry coating and resulted in stronger scaffold with
an increase in compressive strength.

4.2. Scaffold characterization

The reproducibility of the polymer sponge method was found
to be sufficient. The morphological parameters had low standard
deviation (Table 3), e.g. the standard deviation (per batch) for
porosity was +1.6% and +30.9 wm for pore size.

High porosity and large pore diameter optimize the condi-
tions for osseoconductivity and vascular ingrowth in scaffold.
Optimal pore size is believed to about 300 wm,3’ with a poros-
ity higher than 70%.383° The scaffolds produced in the present
study had an average pore size of 582.07 wm and a porosity of
94.3% which allow for further slurry coatings and subsequently
improved strength, while still maintaining favourable conditions
for osseoconductivity and vascular ingrowth.

The pore interconnection was found to be very high in com-
parison to other commercially available scaffolds characterised
in the same matter. A study performed by Shi et al.*’ showed
a scaffold with accessible porosity range at maximum 75% for
a minimum pore connection size of 200 wm. Hacker et al.*!
reported up to 50% reduction of the interconnection with the
same minimum pore connection size. Our scaffolds had an
accessible of porosity maximum 98% for this minimum pore
connection size. Having found a decrease in interconnection
for the multiple coated scaffolds (Fig. 7), this reduction was
most likely due to the increase in strut size which was seen in
Fig. 6.

4.3. Mechanical strength

Earlier reported TiO, scaffolds have had limited ability of
bearing the loads at the implant site. Compression strength
of trabecular bone has been reported to be in the range of
0.5-12MPa.*> The TiO; scaffolds in the present study had
a compressive strength up to 1.2 MPa. These scaffolds had a
porosity of 90%, which is higher than necessary for a suc-
cessful scaffold. However, in comparison with other bioactive
ceramic scaffolds (tri-calcium phosphates) the TiO, scaffolds
reported have superior mechanical strength.*>~** The correlation
between mechanical strength and cumulative sinter hours can
be explained by the fact that multiple sintering sequencing also

means multiple coating cycles, as the correlation factor is almost
identical. Applying thicker layers of ceramic on the polymer
scaffold and thus making the scaffold more dense (75%) would
probably also improve the scaffolds’ mechanical properties.

5. Conclusion

This study has showed that it is possible to repeatedly man-
ufacture ultra-porous TiO; scaffolds that have the strength of
trabecular bone. TiO; scaffolds with porosity as high as 90%,
high interconnection and with a compressive strength exceeding
1.2 MPa have routinely been made. No other studies with scaf-
folds made from bioactive ceramics have been reported with
equally high compressive strength and at the same time hav-
ing an average porosity above 90%. Since the porosity is far
above what is recommendable for osseointegration, a reduction
of porosity would reinforce the scaffolds’ strength even further.
The correlation study defined the most important manufactur-
ing steps and the governing morphological characteristics for
increased mechanical strength. The key manufacturing factors
were multiple coatings of the scaffold in the slurry and hold-
ing sintering time above 30 h at 1500 °C. The cytotoxicity assay
showed that the titanium oxide scaffolds were less cytotoxic
than tissue culture plastic. Mouse osteoblasts adhered well to the
scaffold surface and were evenly spread throughout the entire
scaffold (@ =8 mm).
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