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Abstract

The Schwartzwalder process was chosen for the production of ceramic TiO, scaffolds and showed a fully open structure with a
permeability for water of 39%. The window sizes were 445 pm (45 ppi foams) and 380 um for the 60 ppi foams. The porosity of all
foams was above 78% (n=28). It was shown that scaffolds can be produced with defined pore sizes, shape and architecture, which is
a requirement for scaffold production. The macro- and microarchitecture was reproducible. Hence a reproducible ceramic scaffold
processing method has been established. The interconnectivity of the pores in the scaffold was tested with a novel method. For the
tests a new device was constructed where the permeability was linked to the degree of interconnectivity. Results from the perme-
ability measurements in the mercury intrusion meter and permeability tester show that increasing pore size increases the rate of
permeability. The tortuosity, which was measured in the mercury intrusion meter, was several factors higher for 60 ppi foams
compared to 45 ppi and therefore also understates the lower permeability. An initial cell culture test showed that fibroblasts adhere

on the foam’s surface.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In the United States one quarter of patients in need of
organ transplantation die while waiting for a suitable
donor. Studies have shown that this gap will continue to
widen in the future.! One principle of tissue engineering
is to harvest cells, expand the cell population in vitro, if
necessary, and seed them onto a supporting three-
dimensional scaffold, where the cells grow into a com-
plete tissue or organ.33 For most clinical applications,
the choice of scaffold material and structure is crucial.'?

In order to achieve a high cell density within the
scaffold, the material has to have a high surface area to
volume ratio. The pores must be open and large enough
so that the cells can migrate into the scaffolds. When
cells have attached to the material surface there must be
enough space and channels to allow for nutrient deliv-
ery, waste removal, exclusion of material or cells and
protein transport, which is only obtainable with an
interconnected network of pores.?® Biological responses
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to implanted scaffolds are also influenced by scaffold
design factor such as three-dimensional micro-
architecture.>3 In addition to the structural properties
of the material, physical properties of the material sur-
face for cell attachment are essential.

One of the most promising biocompatible materials in
this sense has been proven in previous studies to be a
bioactive ceramic, Ti0,.!02%-21.37 This material has
shown particular biocompatible properties, where scaf-
folds were implanted in rats for 55 weeks without any
signs of inflammatory responses or encapsuling.3®

Little work has been made in the three-dimensional
open pore manufacturing of titanium dioxide.?*?> The
objective of this work was to produce ceramic foams
with their defined macro-, micro- and nano-structures
and to show the possible application of ceramic foams
as scaffolds for cell cultures.

1.1. Scaffolds properties
The major requirement of any proposed scaffold pro-

cessing method is not only the utilization of the bio-
compatible materials. The technique should also allow
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for a controlled material structure such as pore size and
porosity, which are important factors in organ regen-
eration. A highly porous scaffold is necessary to allow
cell seeding or migration throughout the material. Pore
size plays a critical role in both tissue in growth and the
internal surface area available for cell attachment. These
parameters are dependent on the cell type to be see-
ded.?® In order to achieve high cell attachment within
the scaffold, the material has to have a high internal
surface area to volume ratio.®3* This ratio can be
increased producing material with small-sized pores.

In order to allow cells to migrate into the scaffold, its
pores have to be open and interconnective. The mass
transport of nutrients and waste from the cell culture
inside of the scaffold is also dependent on this factor.
The interconnectivity of the pores in the manufactured
scaffolds was measured by permeability.

1.2. Ceramic foams

Highly porous ceramics can be found in numerous
technical fields due to their chemical inertness. Most
chemical applications for ceramic foams involve either
filtration or separation. Other application of porous
ceramics are known in thermal protection, gas combus-
tion burners, catalysis, filtration of hot gas streams and
molten metals which is the most important use of open-
pore ceramic foams.*!%32 Porous ceramic foams are
commonly classified into two types: closed-pore foams
and open-pore (or reticulated) foams. The closed-pore
foams have structures resembling a network of soap
bubbles. The open-pore foams are identical to the
closed cell ones except the membranes have been
removed which produces large channels of inter-
connected cells, the main advantage of which is its
“flow-through” capability. Liquids and gases can flow
through the structure with minimal resistance. Ceramic
foams can be produced in many configurations and pore
sizes by using a variety of different processes.!”'%27 For
the fabrication of TiO, scaffold the “polymer sponge
method” was chosen.?®

1.3. Polymer sponge method

Reticulated open-pore ceramics are produced via the
replication of a polymeric porous structure. The patent
on this technique called the “replication” or “polymer-
sponge”” method was first filed by Schwartzwalder and
Somers in 1963.28 It is the standard method for produ-
cing alumina, zirconium, silicon carbide and other
ceramic foams.%1422:26.27

The foams are manufactured by coating a poly-
urethane foam with a ceramic slurry. The polymer,
having already the desired macrostructure, simply
serves as a sacrificial scaffold for the ceramic coating.
The slurry infiltrates the structure and adheres to the

surface of the polymer. Excess slurry is squeezed out
leaving a ceramic coating on the foam struts. After
drying, the polymer is slowly burned away in order to
minimize damage to the porous coating. Once the poly-
mer has been removed, the ceramic is sintered to the
desired density. The process replicates the macro-
structure of the polymer, and results in a rather dis-
tinctive microstructure within the struts. A flowchart of
the process is given in (Fig. 1).

The pore size of the polymer foams is classified in
terms of pores per linear inch: ppi. In this study foams
with ppi numbers of 45 and 60 ppi were chosen to obtain
pore diameters which needed for cell culture. Foams with
other ppi-numbers are commercially available.

The most important property governing the behavior
of ceramic foams is the relative density,® i.e. the density
of the bulk foam normalized by the theoretical density
of the solid which forms the cell edges and faces.

2. Experimental
2.1. Polymer foams

Examples of the used polymer precursors are illu-
strated (Fig. 2). Fully reticulated polyester based poly-
urethane foams with ppi numbers of 45 and 60 ppi
(Bulbren S, Eurofoam GmbH, Wiesbaden, Germany)
were used in this study. The foams were supplied in
large plates 5 mm in thickness and were cut to size by
punching them out with a metal stamp to cylinders of 10
mm in diameter. The single struts are characterized by
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Fig. 1. Flowchart of the polymer sponge method.
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Fig. 2. Polyester based polyurethane foams 45 ppi.

the diameter of a triangle as illustrated (Fig. 3) where
also some residue on the polymer struts can be seen.
These remains are from the reticulation process by a gas
explosion.

2.2. Scaffold fabrication

The suspension for the impregnation of the polymers
is prepared using the following recipe: 88.4 g of TiO,
powder (Kronos TiO, No 1171, Kronos Titan GmbH,
Leverkusen, Germany) with a median grain size of 0.3
pum mixed with 25.8 g deionised water. After a milling
time of an hour in a ball milling additional powder was

Fig. 3. SEM picture, single strut of a polyurethane foam. The remains
from the reticulation process can be viewed on the surface.

given into the suspension in several steps up to a volume
content of 57 vol.% (133.4 g). 0.13 g Polysaccharide
binder (Product KB 1013, Zschimmer & Schwarz
GmbH, Lahnstein, Germany) was added and the
homogenisation in the ball milling time was 10 min.
The polymer foams were then dipped into the ceramic
slurry, which then later were squeezed with the help of a
handroll, leaving only a thin layer of slurry on the poly-
mer scaffold. The samples were then placed onto a por-
ous ceramic plate and dried at room temperature for at
least 18 h. The heating schedule for the burnout of the
polymer and the sintering of the ceramic part was chosen
as follows: slowly heating to 450 °C with 0.5 K/min, 1 h
holding time at 450 °C, heating to 1150 °C with 3 K/min,
cooling to room temperature with 5 K/min. Simulta-
neous Thermal Analysis (STA) (Jupiter, Netzsch Ger-
dtebau, Selb, Germany) measurements (Fig. 4) shows the
burn-out temperature and removal of the polymer sub-
strate. The STA combines the DSC (Differential Scan-
ning Calorimeter) and TG (Thermal Gravity) signals.

2.3. Characterization

2.3.1. Pore size distribution and porosity

The pore size distributions were measured by mercury
intrusion porosimetry (Autopore IV, Micromeretics,
Norcoss, GA, USA). A solid penetrometer with 6 ml
bulb volume (model 07-044506-01, Micromeritics, Nor-
coss, GA, USA) was used. The intrusion chamber was
then filled with mercury at a pressure of 3.45 kPa and
the samples were penetrated with mercury until a max-
imum pressure of 420 MPa at which the total intrusion
volume reached a plateau. The pore diameter distribu-
tion was obtained using the Washburn equation:

P M

where D is the pore diameter, A is the surface tension of
mercury (480 dyne cm™!), 6 is the contact angle between
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Fig. 4. STA measurement of burn-out temperature of polymer scaf-
fold from TiO, scaffold (Abbreviations: DSC = Differential Scanning
Calorimeter, TG = Thermal Gravity).
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mercury and TiO,, which was taken to be 141° and P is
the pressure measured during the mercury intrusion
process. The mean pore diameter of the sample was
calculated from the measured pore diameter distribu-
tion, and the porosity was obtained from the total
intruded volume.

2.4. Micro- and macrostructure analysis

The scaffolds were sputter coated with gold (Cool
Sputter, Bal-Tec AG, Balzers, Liechtenstein) for 40 s at
current of 40 mA before examination in a Scanning
Electron Microscope (SEM) (Hitachi S-3500-N, Hitachi
High Technologies, Japan) under high vacuum with
current range between 5 and 15 kV.

2.5. Permeability

As previously described the macroscopic foams struc-
ture must have interconnective channels to allow for
nutrient delivery, waste removal, exclusion of material
or cells and protein transport.?3

The permeability was measured with a self-con-
structed permeability-meter. Water was used as flow
media. The sample was located in fitting consisting of
two half shells. The fitting had a round opening with a
diameter of 5 mm and was screwed on the aluminum
pipe. The sample has to bear a water pressure resulting
from the high of the water column (1 m). The percola-
tion rate was measured with a zero flow rate with no
sample set as 100%. Fifteen samples were tested 10
times each.

In order to validate the experimental results described
above, four sample were tested for permeability using
the mercury intrusion porosimetry. Katz and Thomp-
son have used the percolation theory applied to laminar
flow in porous media to develop a mercury porosimetry-
based prediction for the ratio of the fluid permeability k&
to the electrical conductivity o of a porous material.!?
Their main result is the prediction that
k  cd?

o 0,

2

where o, is the electrical conductivity of the pore-
saturating fluid, ¢ is a calculated constant on the order
of 0.01 that depends weakly on the assumptions made
for the relationship between pore length and pore
diameter?> and d, is the threshold pore diameter as
measured by mercury porosimetry.’

The electrical conductivities of the tested samples
were unknown and had to be calculated from obtained
mercury intrusion porosimetry data. Firstly, the charac-
teristic length, L.y.,, must be determined and was found
from the threshold pressure, Pyyres, using the Washburn
equation (see Eq. (1)). The threshold pressure is the
pressure at which the intrusion volume versus pressure

curve is steepest, which was calculated by supplied pro-
duct software. Lp,, is defined in the following way. If
the pore space is sequentially built up starting with the
largest pores working down, then L, is the diameter
of the pore that just completes the first continuous
pathway through the material. This pathway consists
only of the pores with L greater than or equal to Lgp,.>
Katz and Thompson found experimentally that Lgp,,
correspond closely to the inflection point on the cumu-
lative intrusion curve.!!

The conductivity for the TiO, samples were calculated
using the length at which conductance is maximum,
Luax. The conductance is maximum when (I-/jpeen)D?
is maximum, where 7 is the intrusion volume and D is
the diameter of the pore.

The specific volume intruded at pores larger than
Lehar, Linresh, 18 also used, and was calculated by inter-
polating the specific intrusion volume versus pore dia-
meter curve at Lg,,. The fractional volume of
connected pore space involving pore widths of size L.«
and larger, St max, can be calculated by interpolating the
specific intrusion volume versus pores size curve to L.
and dividing by the total specific intrusion volume /.
Hence, the absolute permeability k& can rewritten from
Eq. (2) and be calculated as follows:'?

1 2 Lmax

k=—L

gQ " “max . ﬁ : Itot . Yb : SLmax (3)

where Y1, =sample weight/bulk volume
2.6. Cell adhesion test

After the sterilization in an autoclave the foams
(n=2) were seeded with the 3T3 fibroblastic cell line
(American Type Culture Collection, Manassas VA,
USA) and cultured in Dulbecco’s Modified Eagle Med-
ium DMEM (Biochrom AG, Berlin, Germany) with
10% Fetal Calf Serum FCS (Biochrom AG, Berlin,
Germany) at 37 °C and 5% CO,-atmosphere. First, the
sterilized foams were moistened with culture medium
and then placed in 48-well-plates (Corning Lifesciences,
Wiesbaden, Germany).

The cells were then seeded at a concentration of
5x10% and 5x10° in a volume of 100 pl culture medium
directly on the scaffolds. After a sedimentation-time of
30 min at 37 °C and 5% CO,-atmosphere, the wells
were filled with 800 pl culture medium and subsequently
cultured (37 °C and 5% CO,). The scaffolds were
washed twice with Phosphate Buffered Solution PBS
(Biochrom AG, Berlin, Germany) 7 days after seeding
and fixed 2 days at 4 °C with 3% glutaraldehyde
(Merck, Darmstadt, Germany) in PBS (Biochrom AG,
Berlin, Germany).

The samples were then dehydrated using a graded
ethanol (Merck, Darmstadt, Germany) series from 10 to
100%, with three times 10-min incubation at each step.
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Dehydration was then completed by critical point dry- scale portion within the solid portion, 0.5-1.7 pm for
ing using CO, (CPD-030, Bal-Tec AG, Balzers, Liech- the 45 ppi foams and 0.5-1.2 pm for the 60 ppi foams;
tenstein) The scaffolds were sputtered and examined in a (2) pores resulting from the pyrolysis of the polymer
scanning electron microscope according to procedure struts with pore sizes from 12-45 pm with a maximum
previously described. pore size at 0.15 um (45 ppi) and 7-25 um with a max-

imum pore size at 19 um (60 ppi). These pores are in the

3. Results
3.1. Foam structure

The macrostructure of the sintered foams are char-
acterized by a fully open structure for both ppi-numbers
(Fig. 5), although a very low number of closed cells are
always present. Three types of porosity can be dis-
tinguished: a fine-scale porosity within the ceramic part
(Fig. 6), a triangular pore in the centre of the struts (Fig. 7)
and large pores which are also called “windows” (Fig. 8).

-

3.2. Pore size distribution and porosity R S —

Fig. 7. SEM picture with a triangular void resulting from the pyrolysis

The pore size distribution of 45 and 60 ppi foams of the polymer.

(Fig. 9) can be described with three regions: (1) a fine-

Fig. 8. SEM picture of sintered 45 ppi TiO, foams with a pore
window size of 420 um.
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Fig. 9. Pore size distribution from mercury intrusion porosimetry of
Fig. 6. SEM picture showing fine-scale porosity within the ceramic grain. sintered TiO, scaffold from 60 ppi foam.
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size of the original struts; (3) pores with a diameter of
385-700 pm and 310-385 um, respectively. These
regions correspond to the window size, the macroscopic
distinguishable pores. These pores should be used as
channels for the metabolism products. The three differ-
ent pore sizes could also be observed in the SEM.
However, the small sized pores within the ceramic part
was actually larger as measured within the porosimetry.
The overall porosity was 74%.

3.3. Permeability

The permeability rate is dependent of the foam’s density
(Fig. 10). Forty-five ppi foams with their large pores have a
very good permeability of values up to 39% and decrease
slightly with increasing density. The 60 ppi foams show,
however, a strong correlation between decreasing perme-
ability against increasing density. The lowest value, 4%,
was found for the sample with the highest density. Hence,
the higher the density the lower the permeability rate.

The 60 ppi foams had also lower permeability values
which can be explained by the pore size of these struc-
tures being smaller and increasing the resistance of the
flow media. The tortuosity, which was measured in the
mercury intrusion meter, was several factors higher for
60 ppi foams compared to 45 ppi and therefore also
understate the lower permeability.

Permeability measurements (n=4) of the mercury
intrusion meter revealed values of 50 mDarcy for 60 ppi
foams and 153 mDarcy for 45 ppi calculated by Eq. (3),
and verify the higher permeability for scaffolds which
were made with 60 ppi foams.

3.4. Cell adhesion test

More cells can be found in the 60 ppi foams compared
to the 45 ppi foams. It can be explained by the simple

40 -
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Fig. 10. Permeability of ceramic foams as a function of relative den-
sity. The flow rate through the “permeability meter” without a sample
is taken as 100% (n =10).

fact that the macroscopic pore sizes of the 45 ppi foams
are larger and cells simply fall through the foam’s struc-
ture during the seeding. However, the cells have more
space in the 45 ppi foams to spread themselves and to
adhere onto the ceramic surface. The cells build a wide
meshed network. Adhered cells are located into half open
pores of the ceramic carrier. Also here, they are packed
too closely to allow adherence at the ceramic surface.

Several cells adhere and circumstantially cover a sin-
gle scaffold’s strut (Fig. 11). A single fibroblast on the
TiO, surface can be seen in (Fig. 12). These two SEM
images are presented to show that fibroblasts adhere
and feel well on the TiO, surface and that this cell
adhesion is not specific to a designated area of the scaf-
fold as the attachment covers the whole surface of the
scaffold’s structure.

4. Discussion and summary

The material’s structural parameters not only control
the cellular adhesion properties, but have been shown to

Fig. 11. Fibroblasts adhere and circumstantially cover a scaffold’s
strut of the TiO, surface.

Fig. 12. A single fibroblast attached onto the TiO, scaffold surface.
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directly affect viability, ingrowth, distribution and the
formation of an ECM (Extracellular Matrix). The opti-
mum pore size is different depending on cell types and
its origin.’® Hence, the ability to control the scaffold
microarchitecture is of major importance.

Many natural and synthetic polymers, such as col-
lagen, poly (a-hydroxyesters), poly (L-lactic acid)PLLA
and poly(glycolic acid) PGA have been used due to the
versatility and ease of processing for scaffold pur-
poses.3! However, some of their fabrication methods
have limitations to their three-dimensional structure.
E.g. solvent-casting/particulate leaching method!® can
only produce thin films of homogenous pore structure.®
Gas foaming’ generates defined microarchitecture, but
encountered some problems in obtaining inter-
connective pores.'°

It has been proven that a reproducible ceramic scaf-
fold processing method has been established, where the
three-dimensional structure can easily be adjusted in
order to meet requirements for different cell culture
seeding. The pore size is determined through the pore
diameter of the polyurethane foam, where 60 ppi gave a
median of 445 and 347 pm for the 45 ppi foams. The
diameter of these foams before coating with a ceramic
slurry was 1.7 and 1.1 mm, respectively. By using dif-
ferent foams of other ppi-numbers, the pore diameter
can thus easily be adjusted. In order to achieve repro-
ducible scaffolds, the density has to be kept constant.

The produced pores in the TiO, scaffolds were proven
to be open and interconnective by permeability mea-
surements. The permeability decreases with increasing
density which can be explained simply by the fact that
more ceramic slurry is present and decreases the pore
diameter. The experimental data from the mercury
intrusion porosimetry confirms the measurement from
the permeability tester that the scaffolds with larger
pore size diameters has a higher permeability rate, and
that increased density lowers the permeability rate.

Mercury intrusion porosimetry shows three different
pore size peaks (Fig. 9). These three different pore sizes
could be observed in the SEM. However, the small sized
pores within the ceramic part were actually larger as
measured within the porosimetry. Error may be due to a
higher inner pore diameter than the entrance diameter.
The mercury fills these cavities and converts the intru-
sion volume to the distribution, and thus falsely repre-
sents the number of small pores. Hence the pores size
distribution should be shifted more the larger pores, and
the presence of smaller pores should be lower as
observed in scanning electron microscope.

The scaffold structure seems to be very qualified for
scaffold purposes as the fibroblast cells adhere onto its
entire surface area. However some biological tests like
vitality and mechanical tests are still missing, but the
results of the initial cell culture tests are very promising.
Some cells on the scaffold were dead (Fig. 11) and one

reason may be that the growing medium and metabo-
lism products can not easily be exchanged.

Several scaffold processing methods; phase-separa-
tion'? and solvent-casting/particulate leaching,'® require
organic solvents. These residues may be remaining in these
materials after processing, and hence may damage the
seeded cells.” The scaffold fabrication of TiOs is free from
any organic solvents due to the processing temperature.

There does not yet exist a scaffold mass production
method of biocompatible materials. The fabrication
methods which do exist are time-consuming, costly and
often of low reproducibility.®3° As the “polymer sponge
method” is already a known industrial manufacturing
processing for open-cell ceramics, it is hoped, with the
method described, to establish a mass production pro-
cedure of reproducible TiO, scaffolds with a defined
macro- and microarchitecture.
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