Macropmrous Ceramics for Biomedical and Environmental Applications

The work of this group on macroporous ceramics is funded by\#i®nal Science
Foundation under grant0404874 It encompasses projecon all the three main
categoriedfor processing pmus ceramics includg: templating, replication and direct
foaming. Replication commonly involves coating a sacrificial copy of the required pore
geometry with a dispersion of ceramic particles in water. The sacrificial form is usually
open cell polyurthane foam. The foam is burnt out during heating to the sintering
temperature to leave ceramic foam with hollow struts. Templating is a technique in
which a sacrificial phase such as saw dust or sugar crystals is incorporated in the green
ceramic duringforming and then removed durirgintering and thereby templating a
connected pore structure. The final category is direct foaming in which gas bubbles are
formed in a slip (dispersion of ceramic particles in a liquid). The dried ceramic foam is
then sinéred.

1. Particulate Filters byfemplatingOrientedPorousCeramicsUsing Ice Crystals

Freeze casting involves the directional solidification of ice through a dispersion of
ceramic particles in water followed by freeze drying and sintering. This g&dse
capable of achieving high volume fractiooisoriented pore$80 vol% to 50vol%). In

the freezing process, hexagonal ice crystals are nucleated on a chill surface, usually an
aluminum block partially immersed in a coolant liquid such as liquicbgetn or a
mixture of ethanol and dry ice. The growth of the ice crystals through the slip is fastest
on the prismatic planes most closely aligned with the direcipositeof the heat flow
leading tolarge oriented hexagonal plateice. These plate are often arranged in
colonies in which the growing ice crystals have a common orientation. Once the freezing
is complete the material is freeze dried so thecigstalssublime and leaves behind the
characteristic oriented pore structure. While tfieces of the cooling rate on the pore
size is consistent with the expectations based on the glithh behavior of alloyghe

effect of the particles and soluble polymers on the ice crystal morphology is less
understood One of the gmuate studeston this projecis examining the effect of
soluble polymers on the crystal growth of ice. Some soluble polymers, such as polyvinyl
alcohol (PVA), are known to preferentially adsorb on to the prismatic planes of
hexagonal ice crystaishile others suchsapolyethylene glycolPEG)are thought not to
adsorb Thethemeof this work is that soluble polymers will cauiee breakdown of the
solidification interface and the different absorption behavidr @ontrol the morphology

of the growing ice crystalsnd hence the pore morphology and the properties of the final
ceramic. Figure 1 shows the effect of PVA content on the oriented pore structures
produced by directional freezing and freeze drying. Increasing amounts of PVA causes
the formation of pore termations associated with overgrowth of more favorably
oriented ice crystals and a reduction in the pore size. The addition of 20% PVA results in
the breakdown solidification front and a more dendritic morphology.
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Figure 1(a) The oriented pores (dark phase) are cowotiis along the length of the
samplefor 25vol% alumina slip with no PVA addition
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Figure 1(b): On the addition of 5% PVA the pores are narrower but more terminations
can be seen, ceistent with the coarsening of the structure.
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Figure 1(c): The addition of 20% PVA results in more pronounced breakdown of the
solidification front and more dendritic structures.



Undergraduatstudents havalso worked on #ezing casting of porous ceramics. In the
summer of 200a studet was awarded a Mascarro Sustainability Initiative Fellowship
that allowed him to work on the effect of PVA on the permeability of freeze cast
ceramics that might be suitable fapplicationas particulate trapgn diesel engine
exhausts.The samestudent studied a related problem in $esior design projeathich
usedslow freeze casting to generate large pore sizes for high permeability applications
such as catalyst carriersThe studentwill be attendinggraduate schooat Rutgers
Universityin the fall of 2008 to study ceramics processing.

Figure 2:(a) shows the undergraduate student processing a ceramic filter by directional
solidification, (b) shows a 3D image afie resulting oriented pore structure taken by x
ray tomography in collaboration with Professor Zavaliangos of Drexel University.

2. The Anatomical Niche for Ceramic Bioreactors Cores by Replication and Direct

I n coll aborati on \Bioreaestor Reseafcte Graup at th&aGobwart h 6 s

Institute of Regenerative Medicine, we are developing macroporous ceramics suitable for
stem cell bioreactor cores. We are particularly interested in understanding the extent to
which thefianatomical nich&@or microenvironment in which the stem cells grow in the
human body must be simulated in bioreactors. To facilitate an approach to this complex
problem an analogy to the levels of structure in materials has been made and two specific
cases are being investigatetihe first is bone marrow reactors that will be used to grow
different blood cell lines. The secondadiver tissue reactor in which hypajoes will

be induced to remodel into liver tissue.

2.1 Bone Marrow Reactors for Blood Cells

Hematopoietic stencells are known to differentiate into a range of useful blood cell
types within bone marrow. Therefore prototype bone marrow reactors are being
developed that have three levels of structure. The first level is represented by replicated
hydroxyapatite(HA) foam that simulates the protective environment of trabecular bone

in which the bone marrow resides. The second level of structure is supplied by stromal
cells that create the biomatrix coating on the HA foam that will immobilizestdm



cells. Finaly the third level of structure is the perfusion system which reduces the
diffusion distance for oxygen to the stem cells. This is provided by processing the HA
foam into small tiles that can be stacked between layers of pofipeesthat provide the
oxygen. This level allows the bioreactor core to be scaled to any size.

Fourundergraduate students have worked on the replication of the HA foam tiles over the
last few years includingnewho attended graduate school at the University of Pittsburgh
and isnow working for Westinghouse, secondvho is attending graduate school at the
University of Maryland,a third who is attending graduate school at the University of
Pittsburgh andhe final studentvho will attend graduate school to study biomateradls

the University of Pittsburgm the fall of 2008

N

No Gelatin HA Scaffold

Dissecting Scope

Confocal 400 um Stack. 100x

Figure 3: shows human foreskin stem cells cultured on the open cell foams produced in
this project

Figure 4: shows how the ceramic foam tiles are assembled with the oxygenation fibers
into the coreof a prototype bioreactor.



2.2 Liver Tissue Reactors with Vascular Systems

This bioreactor core is designed to stimulatertw@ganization of hypatgtes into liver
tissue to create a bioreactor that can perform some liver functions for drug tegéing, |
tissue transplant and even bridging of patients with liver failure to transplant. The chosen
pore architecture iagainopen foam. However, the foam must be formed around a copy
of a natural vascular system. The processing will involve castakdenmefoam that
ideally would be resorbed during the remodeling of the liver tisgue.undergraduate
Senior Design Project involdecreating a biphasic hydroxyapatite (HA) and tricalcium
phosphate (TCP) foam by direct casting and developing thedive distribution by

heat treatment.The student alsoollaboraed with a graduate student on the project,
studythe heat treatment and sintering behavior of the biphasic ceramic. Initial results
havesuggestedhat biphasic foams could be made by simpat treatment that cannot

be applied to bulk ceramics without compromising mechanical integrity.

Figure5: An optical micrograph of a comf the natural vascular systeaf a rat liver
that will be incorporated onto the cast foam.

3. Distribution ofNanoparticles in Porou€eramics

This project involves the distribution of antimicrobial metal nanoparticles porous
ceramics used for water filtration. The World Health Organization estimates that 1.6
million people die every year due daarrhealdiseases caused by poor drinking water and
inadequate sanitation, most of the victims are children under five. One way to prevent
this is by improving household use and safe storage of drinking water. Realizing that
most cultures store water in locally ade ceramic pots the ngovernmental
organization Potterfor PeacgPFP) has developed sustainable approach to the problem

by training local potters to makeeramic water filter frontheir local clay and sawdust.
After firing, the filters are impregned with antimicrobial silver nanoparticles. While
these filters are generally successétltreating household watethere is still some
guestion as to the effective lifetime of the filters and variability in the action of the
nanoparticle impregnation.

To address this point and the issue of brgtapacity filters we are collaborating with
Professor Wukich of Fine Arts Program at Slippery Rock University to process porous
ceramic filter tiles that could be ustimake larger tanks and study the besactices for



