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She is trapped inside a month of grey
And they take a little every day

She is a victim of her own responses
Shackled to a heart that wants to settle
And then runs away

It’s a sin to be fading endlessly

Yeah, but she is alright with me

She is leaving on a walkaway

She is leaving me in disarray

In the absence of a place to be

She stands there looking back at me
Hesitates, and then turns away
She’ll change so suddenly

She’s just like mercury

Yeah, but she’s alright with me

Keep some sorrow in your hearts and minds
For the things that die before their time

For the restlessly abandoned homes

The tired and weary rambler's bones

And stay beside me where I lie

She's entwined in me

Crazy as can be

Yeah, but she's alright with me

Mercury - Counting Crows

Voor mijn moeder en
voor diegenen die hier zo graag
bij hadden willen zijn, maar dat

helaas niet meer kunnen






Yoorwoord

Think where man’s glory most begins and ends,
And say my glory was I had such friends.
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Chapter 1

General introduction

These are the voyages of the Starship Enterprise. Its five year mission...
to boldly go where no man has gone before.

Gene Roddenberry (1921-1991)

Tissue engineering

Tissue engineering is a rapidly developing technology that is directed to the design and
development of constructs that can be used to maintain or improve the function of human
tissues or organs. The application of tissue engineering differs from standard therapies by the
fact that the engineered products become integrated within the patient, affording a potentially
permanent and specific cure for the disease, injury or impairment. It is an interdisciplinary
field that applies the principles of biology and engineering to medicine.[!.2]

As an indication of the scope of the problem that tissue engineering addresses, worldwide
organ replacement therapies utilizing standard metallic or polymeric devices consume 8
percent of medical spending, or approximately €300 billion per year.[3] The potential market
world-wide for tissue-engineered products is estimated at nearly €100 billion per year.[4]

A more general definition can be found in The Williams Dictionary for Biomaterials[5!:
‘Tissue engineering is the persuasion of the body to heal itself through the delivery to
appropriate sites, of molecular signals, cells and supporting structures.” Although very short,
this definition addresses the three main components of tissue engineering:

1. molecular signals, such as growth factors, that stimulate the proliferation and
differentiation of cells in vitro and/or in vivo, the infiltration by surrounding tissue and
the vascularization of the tissue-engineered construct

2. cells, to regenerate the lost or damaged tissue

3. scaffolds, i.e. gels or (porous) supporting structures that allow cell attachment and
tissue ingrowth

The technology of tissue engineering is being applied to (re)generate several human organs
and tissues. Examples are skin, cartilage, tendon, liver, esophagus, trachea, urothelial tissue,
cardiovascular structures, intestine and bone.[2.6,7]

The cell-based nature of tissue engineering distinguishes it from ‘guided tissue regeneration’
in which a scaffold is designed to encourage regeneration solely by the action of cells residing
at the site of transplantation.[8] In tissue engineering differentiated cells, like osteoblasts,
chondrocytes and fibroblasts and also so-called progenitors (or stem) cells have been used for
the reconstruction of bone, cartilage or skin.[2:6]
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Table 1.1 gives an overview of different cell-based tissue engineering approaches. Examples
of stem cells are the totipotent zygote, the much debated embryonic stem cells, hemapoietic
stem cells and mesenchymal stem cells. During human development mesenchymal stem cells
are present in a variety of tissues, in adults they are prevalent in bone marrow. These
mesenchymal stem cells can be isolated, expanded in culture and stimulated to differentiate
into bone, cartilage, muscle, marrow stroma, tendon, fat and a variety of other connective
tissues. [

Table 1.1 - Current cell-based approaches to tissue engineering. 8!

Stem cell-based tissue engineering Non stem cell-based tissue engineering
Blood vessels Liver Bladder Meniscus
Bone" Pancreas Cartilage (ear, nose Oral mucosa
Cartilage Nervous tissue’ and joints)* Salivary gland
Cornea Skeletal muscle Heart valves Trachea
Dentin Skin" Intestine Ureter

Heart muscle Kidney Urethra

*: In clinical studies

Many cell types are anchorage dependent and require the presence of a substrate to retain their
ability to proliferate and perform their specific or differentiated function.!101 The primary role
of a scaffold is to provide a temporary substrate to which transplanted cells can adhere. Cell
attachment (influenced by the surface characteristics of the scaffold) is an important factor,
but the function of many organs is also dependent on cell morphology and the three-
dimensional spatial relationship of cells and extracellular matrix. It has been shown that
porous scaffolds with well defined interconnected pore networks are capable of performing
such an organizational role.[10]

Bone replacement

Bone is a complex material consisting of many components.[11:12] Cortical bone, for instance,
consists of an extracellular organic matrix, spatially arranged and highly organized, with a
basic calcium phosphate called hydroxyapatite, that is defective and poorly
crystallized.[11.13.14]  The organization gives bone its unique structural and biomechanical
properties. Mature bone exists as compact bone (cortical bone) or as trabecular bone
(cancellous or spongy bone). Trabecular bone is less dense than compact bone and forms an
open-celled structure. Bone is made up of 69 % inorganic material and 9 % water. The
remaining organic material is made up of 90 % insoluble collagen and 10 % non-collagenous
protein.[13] Bone is a dynamic tissue, which is constantly being remodelled, i.e. being resorbed
and (re)formed. The respective cells that are responsible for these processes are osteoclasts!!3]
and osteoblasts.[16]

When bone is injured, it does not heal with a fibrous scar as do virtually all other tissues. The
response of bone to injury is to regenerate bone tissue and then remodel that newly formed
bone in the direction of local stresses.[17] The mechanical function of bone, once lost by injury
or other means, can only be regained by restoring skeletal continuity at the location of interest.
The first record of the use of a bone graft was in 1668 by Job Janszoon van Meek’ren. Van
Meek'ren stated that he read a report of it in a letter to Rev. Engebert Sloot of Slooterdijk from
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John Kraanwinkel, a missionary in Russia, where the operation had been performed. It
consisted of the transplantation of a piece of bone from a dog’s skull into a cranial defect of a
soldier. Although healing was observed, the Church ordered the removal of the graft.[18]
Nowadays the clinical ‘gold standard’ in bone transplantation is the transplantation of an
autogenous trabecular graft. The open porous structure of trabecular bone permits the
deposition of new bone directly on the trabeculae. Trabecular transplants are revascularized
much more rapidly than compact bone transplants. Revascularization of the trabecular graft
occurs through the open marrow spaces.!17]

The inherent drawback of the use of autologous trabecular grafts, however, is that the grafts
have to be removed from another place in the human body, resulting in donor-site morbidity.
A possible alternative is the use of allogeneic bone. This, however, shows a lower osteogenic
capacity, a higher resorption rate, a larger immunogenic response and less extensive
revascularization of the graft. Currently, the use of allogeneic bone has declined due to recent
concerns over the possibility of viral contamination of the graft material and possible
transmission of live virus to the recipient.[19] Xenogeneic bone is generally not considered for
use as a bone graft substitute, as it elicits an acute antigenic response resulting in failure in the
majority of cases.[19]

Tissue engineering can circumvent existing problems in bone replacement[20-24], with several
systems already in the stage of clinical trials.[25]

PEOT/PBT copolymers

In this thesis the materials of interest for the preparation of scaffolds for bone tissue
engineering are copolymers of poly(ethylene oxide) and poly(butylene terephthalate),
PEOT/PBT. The general chemical structure is indicated in Figure 1.1.

I I i i
I m
n

PEOT ’soft segment’ PBT ’hard segment’

Figure 1.1 - Structure of PEOT/PBT block copolymers.

The composition of these segmented block copolymers is indicated as aPEOTAPBTc, with a
the molecular weight of the poly (ethylene glycol) starting compound, b the weight percentage
of the PEOT soft segments and ¢ the weight percentage of the PBT hard segments. The
mechanical and physical properties of these materials can be tuned by varying the PBT (hard
segment) content and PEOT (soft segment) content and PEO molecular weight.[26.27] Several
subcutaneous and intra-bone (tibia) implantations of dense and porous blocks and porous
films in rats and goats showed bone bonding, calcification and degradation for PEOT/PBT
copolymers with high PEO content (1000PEOT70PBT30 and 1000PEOT60PBT40).[28-31]
Biocompatibility and degradation have also been observed for PEOT/PBT microspheres,
representing a much larger surface to volume ratio (as is the case for porous structures) than
solid implants.[32] These results suggest that PEOT/PBT copolymers and especially those with
a high PEO content are most appropriate as scaffold materials for bone tissue engineering.
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Implantation of the polymeric material in the form of porous blocks into critical size defects in
goat!33] and human(34] ilia, however, did not result in healing of the defects. In vitro culture in
an osteogenic medium of bone marrow stromal cell (BMSC)-seeded hydroxyapatite scaffolds
resulted in the generation of bone-like tissue. Subcutaneous implantation of these in vitro cell-
seeded and cultured tissue/cell ceramic constructs in rats, resulted in the formation of higher
amounts of bone when compared to cell-seeded scaffolds not cultured in vitro prior to
implantation.[35] Porous PEOT/PBT structures seeded and cultured with BMSCs are likely to
have an osteoinductive effect and therefore more suited for bone tissue engineering than
porous PEOT/PBT structures without BMSCs.

Objective

The objective of this study is to develop polymeric scaffolds containing BMSCs, cultured in
an osteogenic medium, that can be used for the formation of functional bone tissue upon
implantation. The proposed polymer/cell constructs comprise bone marrow stromal cells that
are seeded and cultured in three-dimensional porous biodegradable polymer scaffolds, based
on PEOT/PBT (polyethylene oxide/polybutylene terephthalate) copolymers. To study the
osteogenic potential of the cultured polymer/cell constructs, rat BMSCs were seeded and
cultured on PEOT/PBT scaffolds and subsequently subcutaneously implanted in
immunodeficient nude mice. These PEOT/PBT copolymers should be able to attach bone
marrow stromal cells for in vitro culturing to produce bone-like tissue in vitro. Techniques for
the preparation of porous structures that allow good control over porosity and pore size need
to be developed to obtain an optimal pore morphology suitable for nutrient exchange and
tissue formation in vitro and in vivo.
Therefore the research is directed towards:
e Optimizing the properties of the more hydrophilic PEOT/PBT copolymer
compositions and properties for BMSC attachment.
¢ Developing techniques for the preparation of porous structures that allow good control
over porosity and pore size.
e Characterizing the scaffolds and studying the effects of different scaffold
morphologies on in vitro BMSC culturing.
e Studying the effect of scaffold material and morphology of BMSC-seeded and cultured
constructs on ectopic bone formation.

QOutline of this thesis

In this thesis the synthesis of PEOT/PBT copolymers, the preparation of porous structures and
the in vitro and in vivo evaluation of rat bone marrow stromal cell-seeded and cultured
PEOT/PBT scaffolds are described.

Chapter 2 gives an overview of bone tissue engineering approaches, with emphasis on
preparation methods and properties of porous scaffolds. Different approaches to prepare
scaffolds with desired morphologies are discussed.

Chapter 3 deals with the 50-100 g and 1 kg scale synthesis of PEOT/PBT copolymers and
their subsequent analysis with 'H-NMR and GPC. Several chemical characteristics and
mechanical properties of these polymers are discussed. In contrast to our expectations BMSC
attachment onto hydrophilic PEOT/PBT copolymers was poor. Cell attachment could be
considerably improved by CO, gas plasma treatments as described in Chapter 4. Gas plasma
treatments were shown to be an essential step to enable rat bone marrow stromal cells to
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attach to the more hydrophilic PEOT/PBT copolymers. An attempt to improve cell attachment
by use of PEO-RGD conjugates is described in Appendix A. Blending of hydroxyapatite
(HA) also improved the cell attachment of bone marrow stromal cells. The grafting of
PEOT/PBT onto HA particles to improve the composite properties is described in Appendix
B.

Chapter 5 deals with the gas plasma treatments of porous PEOT/PBT structures and the in
vitro rat bone marrow stromal cell culture in these scaffolds. It was shown that pore surface
modification also took place within the scaffold, enabling cell attachment throughout the
scaffold.

The ectopic bone formation in cell-seeded and cultured porous PEOT/PBT structures after
subcutaneous implantation in nude mice is investigated in Chapters 6 and 7. Chapter 6
describes the preparation of scaffolds with different pore structures at a constant porosity of
approximately 80 %. The obtained scaffolds were characterized in terms of porosity, pore size
distribution, average pore size, accessible pore volume and accessible pore surface area using
micro computed tomography (U-CT). The effects of scaffold pore structure, cell seeding and
in vitro culture on ectopic bone formation were studied. Similar studies as described in
Chapter 6 were conducted using scaffolds of different porosities with comparable pore
structures and are described in Chapter 7. Besides bone formation, scaffolds of low porosity
showed cartilage formation. This phenomenon is explained in terms of limited pore
accessibility leading to an oxygen-poor environment that favors cartilage formation.

Chapter 8 ends this thesis with general conclusions and suggestions for further research.
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Chapter 2

Porous structures for bone tissue
engineering: a literature review

If you steal from one author, it’s plagiarism, if you steal from many, it’s research.

Wilson Mizner (1876-1933)

Approaches to bone tissue engineering

In analogy to three main components of tissue engineering as mentioned in Chapter 1 the main
research subjects in bone tissue engineering are: a) osteoinductive agents (molecular signals),
b) (osteogenic) cells and ¢) scaffolds, i.e. gels or (porous) supporting structures.!!l In order to
obtain functional tissue in vivo it is important that the tissue engineered construct becomes
well vascularized and embedded in the host tissue.[2]

Osteoinduction is defined as the ability to induce pluripotent cells, from a non-osseous
environment to differentiate into chondrocytes and osteoblasts, which culminates in bone
formation. An osteoinductive material allows bone tissue repair in a location that would
normally not heal if left untreated. Osteoconduction also supports the ingrowth of capillaries
and cells from the host into the three-dimensional support structure to form bone. An
osteoconductive material guides repair in a location where normal healing would occur if left
untreated.[2]

Biomaterials seeded with the appropriate cells and/or containing suitable growth factors can
be osteoinductive, where the material by itself is at best only osteoconductive.

Osteoinductive agents in bone tissue engineering

For bone induction, osteoconductive biodegradable materials stimulate repair of bone defects
by allowing ingrowth of osteoblasts from the border of the defect. Osteoinduction for healing
of defects, that otherwise do not unify, can be achieved in various manners such as pre-
seeding osteoblasts and/or incorporating bioactive molecules into the polymer scaffold.
Specific growth factors, released from such scaffolds aid in the induction of host parenchymal
cell migration, proliferation and differentiation or improve engraftment of seeded cells, on or
in the polymer scaffold, resulting in more efficient tissue regeneration. The three-dimensional
polymer scaffold defines the volume of the newly formed tissue.[3]

Transforming growth factor Bl (TGF-B1), bone morphogenetic protein-2 (BMP-2), and
osteogenic protein (OP-1 or BMP-7) are the most frequently employed osteogenic factors.
They are members of the transforming growth factor-3 (TGF-) superfamily.[3!
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A. Cellular approach B. Genetic modification C. Delivery of
bioactive molecules
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Figure 2.1 - Schematic representation of the use of bioactive molecules such as growth factors in bone tissue

engineering after reference.[8] A: by inducing suitable cell differentiation in in vitro cell culture. B: by genetically
modifying cells with a growth factor gene, in vitro or directly in vivo. C: by controlled release at the site of the

bone defect by a suitable carrier material like porous scaffolds and/or microspheres.

Growth factors belonging to the TGF-B superfamily have a wide range of activity in animal
growth and development. This family is composed of at least 25 different molecules which
retain the seven-cysteine residues within the mature region of the protein. Among these
growth factors, the subfamily of bone morphogenetic proteins (BMPs) is composed of at least
15 molecules. These molecules are present in many organisms ranging from lower organisms
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such as yeast to higher organisms such as mammals, with high homology among various
species.[4]

BMPs are sequestered primarily in bone and are liberated following fracture or damage,
recruiting pluripotent cells to the defect site to differentiate into osteogenic cells.[5] These
factors were originally discovered by Urist at al.[6:7] from extracts of demineralised bone and
were found to induce new bone formation in ectopic sites.

Three approaches in the use of bioactive molecules for instance growth factors like BMPs in
bone tissue engineering can be identified and are represented in Figure 2.1. BMPs can play a
role in approaches involving cells, genetic modification and the (controlled) delivery bioactive
molecules. The cellular approach involves the transplantation of cultured osteogenic cells
derived from host bone marrow.!8!

Although the in vitro cell culture takes time (up to several weeks), using patient-own cells
appears a very promising method, which will be discussed in more detail in the next section.
Addition of BMPs or other growth factors to the cell culture medium makes efficient
differentiation and proliferation possible. Other bioactive molecules, such as certain types of
fibroblast growth factor (FGF) or dexamethasone can also be used in this technique.

Gene therapy involves the transduction of genes encoding for BMPs to cells delivered to the
repair site.[8] Cells can be transfected both in vitro and in vivo using a suitable vector (virus,
liposome, polymer etc.). Gene therapy appears to be more effective than cell or cytokine
therapy, because it develops a cellular vehicle that can provide a sustained local release of
BMP, which may enable the host to respond to this osteoinductive stimulus in an effective
manner.[8] The selection of the vector, however, (both in vitro and in vivo) remains a concern,
since the patient’s safety is of primary importance. The development of an appropriate vector
should render gene therapy into a major improvement in bone tissue engineering.

The delivery of bioactive molecules involves the implantation of appropriate delivery systems
containing bioactive molecules like growth factors, like BMPs.[8] Some of the proteins are
available in relatively large quantities due to recombinant DNA techniques (rhBMPs), many
others are only available in small amounts. The major obstacle for clinical application,
however, is the selection of the most appropriate carrier material for the drug delivery
system.[8] An important fact is that BMPs act locally and therefore must be delivered in a
controlled manner directly at the site of regeneration. These osteoinductive proteins must be
applied within a therapeutic concentration range if they are to be consistently effective in
generating healthy bone. Too low a concentration of morphogen may lead to a mosaic of
unhealthy bone and fat, with inadequate mechanical characteristics. Too high a concentration
of morphogen may actually inhibit osteogenesis or induce excessive bone outside prescribed
graft boundaries.[5] Recombinant human bone morphogenetic protein-2 (thBMP-2) induced
pluripotent mesenchymal stem cell differentiation depending on the concentration applied in
vitro: low concentrations favored adipocytes and high concentrations chondrocytes and
osteoblasts. 3!

Table 2.1 presents an overview of polymeric carrier systems studied for the release of growth
factors for bone tissue engineering.

Osteogenic cells in bone tissue engineering

Osteoblast-like cells are excellent candidates for bone tissue engineering, but compared to
stem cells they have a reduced ability to proliferate as they are fully differentiated. An adult
stem cell is an undifferentiated (unspecialized) cell present in a differentiated tissue, which
renews itself and becomes specialized to yield all of the cell types of the tissue from which it
was originated. Adult stem cells self-renew in vivo.
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Table 2.1 - In vivo and in vitro bone tissue engineering combining the release of growth factors with polymeric
or composite carriers. (after reference [9]).

Growth factor Carrier material Carrier type Animal model Reference
In vivo:
FGF-2 Collagen Porous matrix Rat mandibular [10]
BFGF Hyaff® Fibre mesh Rat radius [11]
PDGF-BB Chitosan and Porous matrix Rat cranium [12,13]
chitosan/PLLA
PDGF-BB PLLA/TCP Porous membrane Rabbit cranium [14]
IGF-I/TGF-B1 PDLLA Coating Minipig tibiae [15]
IGF-I/TGF-B1 PDLLA Coating Rat tibiae / fibula [16,17]
TGF-B1 PPF Porous matrix Rabbit cranium [18]
BMP-2 Collagen Porous matrix Rabbit tibiae [19]
BMP-2 Collagen Porous matrix Rat ectopic [20,21]
BMP-2 NiPAM based Hydrogel Rat ectopic [22]
BMP-2 Collagen Porous matrix Dog femur [23,24]
BMP-2 Collagen/HA Non-porous matrix Dog radius / ulna [25]
BMP-2 Collagen/BCP Porous matrix Rabbit spine [26]
OP-1 (BMP-7) Collagen Injectable paste Rat femur [27]
OP-1 (BMP-7) Collagen/allograft Impaction in a Ti Dog humerus [28]
implant
BMP-2, 4 and 6 Helistat® Porous matrix Rat ectopic [29]
(alone)
BMP-2, 4 and 6 Dexon® Fibre mesh Rat ectopic [29]
(alone)
BP Chitosan Injectable gel Rat dorsal [30]
In vitro:

IL-2 Dextran based Hydrogel CTTL-2 [31]
TGF-B1 Dextran derivatives Hydrogel MLEC C3H10T1/2 [32]
BMP-2 PLGA + gelatin Porous matrix MC3T3-E1 ROB [33]

BFGF Hyaff® Porous matrix BMSC [34]

BFGF PLGA Porous matrix Fibroblast [35]

VEGF PLG Porous matrix HMVEC(nd) and [36,37]
HMVEC

Abbreviations: bFGF, basic fibroblast growth factor; BMP, bone morphogenetic protein; BMSC, rat bone
marrow stromal cells; BP, bone protein; C3H10T1/2, pluripotent cell line isolated from early mouse embryos;
CTTL-2, rhIL-2 dependent murine tumor-specific cytotoxic T-cell line; Dexon®, poly(glycolic acid) mesh; IGF,
insuline-like growth factor; IL, interleukin; FGF, fibroblast growth factor; HA, hydroxyapatite; Helistat®,
chemically crosslinked collagen sponge; HMVEC, human dermal microvascular endothelial cells; HMVEC(nd),
human dermal microvascular endothelial cells isolated from neonatal dermis; Hyaff® , hon-woven hyaluronic acid-
based polymer scaffold; MC3T3-El, osteoblastic cell line established from calvaria of late mouse embryos;
MLEC, mink lung epithelial cells; NiPAM, N-isopropylacrylamide; PDGF, platelet derived growth factor;
PDLLA, poly(DL-lactide); PLG, poly(lactide-co-glycolide); PLGA, poly(DL-lactide-co-glycolide); PLLA,
poly(L-lactide); PPF, poly(propylene fumarate); ROB, rat primary osteoblastic cells; TCP, tricalcium phosphate;
TGEF-B, transforming growth factor-f3; VEGF, vascular endothelial growth factor.

Their progeny includes both new stem cells and committed progenitors with a more restricted
differentiation potential. These progenitors in turn give rise to differentiated cell types. Bone
marrow stromal cells (BMSCs) are responsible for the maintenance of bone turnover
throughout life and can be regarded as a mesenchymal progenitor/precursor cell population
derived from adult stem cells.

Cultured BMSCs can be stimulated to differentiate into bone, cartilage, muscle, marrow
stroma, tendon, fat and a variety of other connective tissues.[33] BMSCs remain, at the
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moment, the most interesting and widely studied cells used in (pre)clinical bone tissue
engineering studies.[39] Tmplanting BMSCs seeded ceramic scaffolds subcutaneously into
immunodeficient mice can be used to evaluate bone formation. For this BMSCs from different
animal species (rat, quail, mice, dog and human) have been used. It is worth mentioning that
although differing with respect to the test animal (dog, sheep), implantation site (femur, tibia),
origin of the ceramic scaffold (synthetic, natural), chemical composition, geometry and
resorbability of the biomaterial, many studies indicate a significant advantage in the healing of
the segmental bone defect when BMSCs seeded bioceramic scaffolds are used.[3°] Bone
regeneration in clinically significant large segmental defects was observed upon implantation
of bioceramic scaffolds, seeded with BMSCs that were previously in vitro expanded to
increase the number of osteoprogenitor cells. Implantation of bioceramic scaffolds, that were
only seeded with fresh bone marrow not previously expanded in culture, did not result in
healing of the segmental defects.[*0] Because a very low percentage of mesenchymal stem
cells is present in marrow (1 per 100,000 nucleated cells), expansion in vitro is necessary to
obtain a significant number of stem cells for (re)implantation at the surgical site to form bone
tissue.[40] The non-immunogenic nature of autologous mesenchymal stem cells has opened up
the potential of these cells in cartilage and bone repair.[41]

As mentioned previously, bone marrow contains a small population of progenitor cells that are
capable of differentiating into bone, cartilage, muscle, tendon and other connective tissues.[38]
The in vitro culture of rat BMSCs in an osteogenic medium containing dexamethasone, [3-
glycerophosphate and L-ascorbic acid greatly increases the amount of cells with an
osteoblastic phenotype.[42-46] Dexamethasone also has shown a favorable effect on the in vivo
osteogenic potential of human BMSCs.[47]

The implantation of ceramics[40:48:491 that were seeded with BMSCs expanded in culture to
increase the number of osteogenic cells, into critical size defects led to healing of these
defects. Implantation of porous PLGA scaffolds seeded with previously expanded rat BMSCs
and further cultured has led to ectopic bone formation in the rat mesentry.[50] In many systems
seeding followed by a period of in vitro cell culture of BMSCs on a porous scaffold, resulted
in improved bone formation in vivo compared to scaffolds that were seeded and implanted
immediately.[50-52]

A schematic overview of the process of isolation, in vitro expansion and differentiation in an
osteogenic medium, seeding, further in vitro expansion and differentiation in an osteogenic
medium and subsequent reimplantation, as is also applied in this research, is shown in Figure
2.2. As a model system for bone tissue engineering the cell-seeded and cultured scaffolds were
subcutaneously implanted in immunodeficient mice to study ectopic bone formation.

Scaffolds in bone tissue engineering

Scaffold requirements

The primary role of a scaffold is to provide a temporary substrate to which transplanted cells
can adhere. Many cell types are anchorage dependent and require the presence of a substrate to
retain their ability to proliferate and perform their specific or differentiated function.[53]

The effectiveness of a given material in achieving these goals is dependent mainly on its
surface chemistry, which determines the interaction between cell and substrate.The function of
many organs is dependent not only on cell morphology but also on the three-dimensional
spatial relationship between cells and extracellular matrix.
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stimulate the cells to produce bone
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cultured cells and their bone matrix are 3.D DEGRADABLE POLYMERIC
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Figure 2.2 - Schematic representation of a cell-based tissue engineering approach for the (re)generation of bone.
The use of patient-own cells limits possible immune responses upon implantation of the polymer-cell hybrid.
Porous ceramics and polymers (without further reinforcement) are unsuitable for load-bearing applications.

Porous scaffolds with well-defined interconnected pore networks allow the organization of

cells to form a tissue.[53] Highly porous scaffolds are desirable in this respect, since they
provide a large void volume into which transplanted cells may be seeded. The major
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advantage of utilizing biodegradable materials for tissue regeneration is that they act only as
temporary substrates that are eventually removed from the body leaving only natural tissue.[53]
Ideally, a scaffold material for tissue regeneration should possess the following key
characteristics: (1) posses surface properties that promote cell adhesion, proliferation and
differentiation; (2) degrade with a controlled degradation rate; (3) be biocompatible and
degrade with degradation products that can be excreted via metabolic pathways; (4) possess a
large surface area for cell attachment; (5) be easily processable into three-dimensional shapes;
(6) the tissue engineered construct should have mechanical properties sufficient to withstand
in vivo stresses at the site of implantation.[53.54]

Based on the available literature from 1991 to 1996 Brekke and Toth gathered a more
extensive list of requirements essential for osteoinductive bone substitutes.[55] An overview
of the relevant characteristics is shown in Table 2.2.

The required mechanical properties of the scaffold depend on the strategy that is followed to
engineer the desired tissue. In one strategy, the scaffold supports the polymer/cell/tissue
construct from the time of cell seeding up to the point where the hard tissue transplant is
remodelled by the host tissue.

When used in the generation of load-bearing tissues such as articular cartilage and bone, the
scaffold must then serve an additional function; it must provide sufficient temporary
mechanical support to withstand in vivo stresses and loading, immediately after implantation.
In another strategy, the mechanical properties of the scaffold only need to allow for cell
proliferation, cell differentiation and tissue formation in vitro (in a bioreactor). The physical
support by the 3-D scaffold should be maintained until the engineered tissue has sufficient
mechanical integrity to support itself; this functional tissue is then implanted.[56] Clearly the
second strategy demands much less of the scaffold with respect to the required mechanical
strength and stiffness.

Another point that has to be focused on is the diffusion of nutrients into and metabolic/waste
products out of the 3-D scaffold.

Although, an interconnected macropore-structure of 300-500 wm enhances the diffusion rates
to and from the center of a scaffold compared to scaffolds with smaller pores, transportation
of the nutrients and by-products may not be sufficient for large scaffold volumes, i.e scaffolds
with large distances from the center to the outside.[56-58]

A uniformly distributed and interconnected pore structures is important, so that an organized
network of tissue constituents can be formed. In the reconstruction of structural tissues like
cartilage and bone, scaffolds must be processable into devices of varying thickness and shape
with well interconnected pores.[5°]

Mechanical properties considerations

Two types of bone can be distinguished: a dense solid (compact bone) and a porous network
of connecting rods and plates (cancellous or trabecular bone). The most obvious difference
between the two types of bone is their relative density. Bone with a porosity over 30 % is
classified as cancellous, that with a porosity less than 30 % as compact. In most bones in the
skeleton both types are present, the dense compact bone forming an outer shell surrounding a
core of trabecular bone. The mechanical characteristics of this bone sandwich depend on the
properties of its components and on their geometry. Bone grows, in response to the loads
applied to it (Wolff’s law). The density of bone in a particular location depends on the
magnitude of the applied loads, the anisotropy of the structure depends upon the direction of
the applied loads.[0] The architecture of trabecular bone, i.e. the shape, size and connectivity
of individual trabeculae, varies widely with anatomic site.
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Table 2.2 - Selected characteristics required for osteoinductive bone substitutes based on reference [55] and

references therein.

General category

Specific device characteristic

1. Biocompatibility

Must be biocompatible

Low tissue reactivity and resist host
rejection

Must not elicit a chronic foreign body
giant cell reaction

Non toxic

Must be nonimmunogenic and non-
antigenic
Must be free of transmittable disease

Must be biodegradable, bioresorbable,
bioerodable and bioadsorbable

Must be broken down by the living
system

Asymptomatic biodegradation to
biocompatible products

Degradation products must be removed
via metabolic means

Must be completely degraded and
completely replaced by de novo bone
Must resorb in register with new bone
formation

IL. Gross architecture qualities

Readily cut, carved or sculpted to
provide precise contour (cannot be
brittle)

Must resist crumbling during insertion
(implantation)

Rigid enough to provide immediate soft
tissue support and prevent immediate
soft tissue collapse (possess certain
minimum mechanical characteristics)
Must be porous, allowing tissue
ingrowth and stabilization

Maximum pore density to optimize cell
ingrowth and formation of bone

Must possess a minimum pore density
of 75 %

Must possess appropriate special
dimensions (geometry) to optimize cell
ingrowth

Flexibility of formulation for different
degrees of solidity (support)

Gross architectural pattern should be
similar to that of cancellous bone
(random pore structure, architecturally
specific for tissue being treated)

Pores must have interconnectivity
(interconnecting fenestrations)

Must possess a large surface area
(substratum for cell attachment)
Average pore size of 200-400 pm

III. Osteoconduction

Must be osteoconductive

Promote bone ingrowth from host bone
margins

Possess surface characteristics that
optimize bone ingrowth

Provide scaffold allowing ingrowth of
bone

Pore size optimized for
osteoconduction

IV. Chemotaxis

Afford chemotaxis for mesenchymal
cells

Provide means for cell attachment

Provide surface charge that encourages
cell attachment and general electric
ambiance attractive to mesenchymal
cells

Bind with endogeneous chemotactic
ground substances

V. Angiogenesis and vascularization

Promote rapid angiogenesis and
vascularization of the device

Consistently provide solid vascularized
bone to host bone

Must be hydrophilic, absorb fluid
blood rapidly, and reinforce initial
blood clot

VL. Delivery and control of
osteoinductive protein

Promote proliferation of
osteoprogenitor cells

Should be biochemically inert with
respect to the osteoinductive protein

Promote differentiation of bone and
marrow (osteoinductive)

VII. Administrative issues

Must be fabricated of materials already
approved by FDA for human use
Must be cost effective over autograft

Constituent materials must be in
abundant supply

Verifiable sterilization of complete
device
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Even so, trabecular bone is generally characterized as a porous material consisting of an
interconnected network of rod- and plate-like trabeculae.The density of the solid component
of human trabecular bone is fairly constant and is in the approximate range of 1.6-2.0 g/cm’.
Both modulus and strength are strongly related to the density. The bone volume fraction
typically ranges from 0.05 for highly porous trabecular bone to 0.60 for dense trabecular bone.
The density of trabecular bone varies substantially and is typically in the range of 0.05-0.10
g/cms.[61] It appears that for trabecular bone, the modulus and strength change with the square
of the density.[61] At higher densities (higher than approximately 0.035 g/cm’) the modulus
varies with the cube of density.l60] Moduli of trabecular tissue have been reported in the range
of 1 to 13 GPa.

The properties of porous materials are largely determined by fundamental morphological
parameters like size, shape and number of pores, cellular structure anisotropy, pore size
distribution, surface area etc.[62-64] In practice most porous materials, due to the diversity of
pore types, cannot be defined by only one single geometrical structural parameter as for other
types of solids (type and volume of an elementary cell, interplanar or interatomic distances,
etc.). Not only the size and shape of the pore itself, but also the size and configuration of the
space between the pores filled with the matrix material, i.e. the walls and struts of the pores,
determine the properties of porous materials.

Much work has been done on porous polymers. The main factor determining the mechanical
properties of porous polymer scaffolds is the relative density or porosity. Like with bone, there
is an exponential decrease in the Young’s and compression modulus with increasing
porosity.[65.60]

All other conditions being the same (chemical composition, volumetric weight, closeness of
pores), the pore size can considerably affect the properties of porous polymers.[63.641 An
increase of the pore size causes a rise in Young’s modulus of both flexible and rigid porous
polymers. It has been found that for many flexible porous polymers the tensile strength and
ultimate elongation are higher when the pore size decreases. When the pore size is increased,
the compressive strength of porous polymers decreases. Based on theoretical calculations, it
was found that the disorder of the pore structure significantly determines the mechanical
properties of the scaffold (an increase in stiffness with increasing disorder was observed).[67]
If the biodegradable polymer matrices need to simultaneously function as a temporary
mechanical support in vivo, mechanical properties comparable to the mid-range values for
trabecular bone strength and modulus are desired: 5-10 MPa strength and 50-100 MPa
modulus (the exact values are dependent on the density of the trabecular bone, in humans 0.1-
1.0 g/cm3)[68]. One must, however, realize that, if one uses these scaffolds in a bioreactor (in
vitro) to create a functional tissue (that is to be implanted later), the mechanical requirements
can be much less stringent since in a bioreactor the scaffold is exposed to different forces than
in vivo. Although the final tissue engineered construct should preferably have a modulus
comparable to bone, the modulus of the scaffold for in vitro culture does not necessarily need
to be equal to that of bone.

Scaffold materials in bone tissue engineering

Polymers and composites

Bone regeneration requires four components: a morphogenetic signal, responsive host cells
that will respond to the signal, a suitable carrier of this signal that can deliver it to specific
sites (and then serve as a scaffold for the growth of the responsive host cells), and a viable
well vascularized host bed.[2] Bone tissue engineering involves the use of a scaffolding
material to either induce formation of bone from the surrounding tissue or to act as a carrier or
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template for implanted bone cells or other agents. Materials used as bone tissue-engineered
scaffolds may be injectable or rigid, the latter requiring a surgical implantation procedure. The
materials commonly used are ceramics, polymers or composites. The ceramics and polymers
can be either absorbable or non-absorbable, and the polymers can be naturally derived
materials or synthetic materials. Bone tissue engineering systems include demineralized bone
matrix, collagen composites, fibrin, calcium phosphate, polylactide (PLA), poly(lactide-co-
glycolide) (PLGA), polylactide-polyethylene glycol, hydroxyapatite, dental plaster, and
titanium.[2]
In 2000 there were no orthopedic devices, that incorporate tissue-derived components such as
cells and/or growth factors, approved by the FDA. There are, however, fillers without tissue-
derived components that may be classified as tissue-engineering materials. Current FDA-listed
bone void fillers are only based on four materials: calcium sulphate, methyl
methacrylate/poly(methyl ~ methacrylate) (for cranioplasty), collagen or porous
hydroxyapatite.[2]
The criterion of biodegradability excludes the use of most metals and ceramics as scaffold
materials. Although biodegradable ceramic materials, such as tri-calcium phosphate and sea
coral, have been used with some success, they have two major limitations. First they are
difficult to process into porous materials with complex shapes and second, it is difficult to
control their rate of degradation.[33] A future development in the field is the preparation of
calcium-based scaffolds that gradually degrade at the same rate at which the new bone is
formed.[3%]
Polymers on the other hand, are easily formed into any shape.[33] Two other attractive
properties of polymers are:

e Tailoring of composition and physical properties to the specific need.

¢ Biodegradability: hydrolysis of chemical bonds, degradation by enzymatic or cellular

pathways.

Currently, the design and fabrication of polymeric scaffolds in tissue engineering research
makes use of materials that can be categorized as follows[36l: 1) Biodegradable and
bioresorbable polymers such as collagen, polyglycolide (PGA), poly-L- and poly-D,L-lactides
(PLLA, PDLLA), poly(e-caprolactone) (PCL), that are approved by regulatory bodies. 2)
Well-known polymers, such as polyorthoesters (POE), polyanhydrides (PAH), that are not
approved by regulatory bodies. 3) Novel polymeric biomaterials, such as poly(lactic acid-co-
lysine).[69]
The biodegradable polymers that are most often being used and/or studied for implants in the
medical arena are: PLA, PGA, copolymers of PLA and PGA (PLGA), PAH, POE, PCL,
polycarbonates and polyfumarates.[>4! In addition to the biocompatibility, mechanical
properties are perhaps equally important in orthopedic applications secondary to the inherent
load bearing requirements. Engelberg and Kohn determined the mechanical and thermal
properties of 20 selected degradable polymers. Based on their results, it is clear that PLLA is
the preferred polymer for high-strength applications such as orthopedic implants (e.g.,
degradable bone nails). In terms of tensile strength, high molecular weight PLLA is one of the
strongest medical polymers currently available. However, these degradable polymers are
inferior in terms of mechanical strength to those of advanced biostable polymers such as
PEEK and Kevlar ™.[70]
Although PEOT/PBT copolymers lack the mechanical strength of polymers like PLLA, they
possess several properties that make them interesting candidates as scaffold materials in bone
tissue engineering. One of the outstanding features is their bone bonding behavior (especially
copolymers with a high PEO content). A major advantage of these materials is that
mechanical, biological and physicochemical properties can be tailored by variation of the
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composition of the PEOT/PBT copolymers. This offers the opportunity to apply PEOT/PBT
block copolymers (also referred to as PolyActive'™) at different sites in the body, for both soft
and hard tissue applications.

Indeed, extensive research performed with PEOT/PBT in vitro and in animal experiments has
led to several clinical studies. The following devices have been applied:

e Ventilation tube (1000PEOT60PBT40)[71]

Tympanic membrane replacement (1000PEOT60PBT40)!71]

Cement retainer (1000PEOT70PBT30)[72.73]

Anti-adhesive barrier (1000PEOT60PBT40)[74.75]

Skin substitute (300PEOT55PBT45)[76]

Bone filler / bone-bonding material (1000PEOT70PBT30)[77-80]

Bone bonding has been defined as: ‘The establishment by physicochemical processes of a
continuity between implant and bone matrix’.[8!1] The carbonate-containing apatite layer that is
formed on PEOT/PBT copolymer matrices shows similarity with the bone/implant interface
formed on accepted bone-bonding biomaterials like hydroxyapatite ceramics. This might
explain the bone-bonding behavior of PolyActive™. There is a direct relation between bone
bonding and calcification of the PEOT/PBT surface.l$2] In a study on bone bonding of
PEOT/PBT copolymers in goats it was shown that 1000PEOT70PBT30 is the polymer
composition that exhibits extensive in vivo calcification and bone bonding (bone/biomaterial
contact).[83] This in contrast to 1000PEOT40PBT60 and 1000PEOT30PBT70 where no in
vivo bone bonding or calcification was observed.

Calcification, in turn, is related to the swelling behavior of PEOT/PBT block
copolymers.[84:85] Both are, therefore, dependent on the weight percentage hydrophilic ‘soft’
segment in the PEOT/PBT block copolymers and on the molecular weight of the used PEO
segment.[30] An increase in the PEO segment length and mass percentage resulted in a more
extensive calcification.

Research on PEO hydrogels!87] and PEOT/PBT copolymers!88:89] has shown that PEO with a
molecular weight of 1000 is optimal for calcification in vitro and in vivo.

The mechanical properties of polymers and porous polymeric structures can often be
improved/altered by the addition of filler materials, mainly fibers[®0! or particles.[®l] In bone
tissue engineering applications, hydroxyapatite (HA), B-tricalcium phosphate (3-TCP) and
other calcium phosphates are often used to improve the mechanical and biological properties
of the polymer in question.[921 One of the first successful systems is polyethylene reinforced
with hydroxyapatite (HAPEX™) as developed by Bonfield and coworkers. HA, the mineral
constituent of bone, not only improved the mechanical properties(93-971, but also improved the
bioactivity, by acting as a favorable site for osteoblast attachment.[®8-100] These materials,
however, need to function as permanent implants, since polyethylene is non-biodegradable.
The same approach has also been used in designing biodegradable implants and scaffolds for
bone tissue engineering. Biodegradable composite systems based on collagen[1011, gelatinl(102-
104] " chitosan(105-107] and chitinl108] have been described in literature. The most extensively
studied group of biodegradable composites is based on polyesters, mainly PLLAI109-117]
PDLLA[18] PGAI!19] PCLI!20] and their copolymers.[121-123] PEOT/PBT!!24-126] and
poly(hydroxybutyrate)[127] composites have also attracted much attention. Reinforced PLLA
(50 wt % HA) is reported to have an E-modulus of 8 GPa.[110]

Polymer surface modification for the improvement of cell adhesion and growth
The surface characteristics of materials, such as topography, roughness, chemistry and surface
energy, play an essential part in the adhesion of cells to biomaterials. Attachment, adhesion
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and spreading characterize the first phase of cell-material interactions and have an effect on
the cell’s capability to proliferate and to differentiate upon contact with the implant.[128]
Adhesion involves two different phenomena: 1) the attachment phase, which occurs rapidly
and involves short term events like physico-chemical linkages between cells and adsorbed
proteins or materials, involving ionic forces, van der Waals forces etc. and 2) the adhesion
phase occurring in the longer term and involving various biological molecules: extracellular
matrix proteins, cell membrane proteins and cytoskeletal proteins, which interact to induce
signal transduction, promote the action of transcription factors and consequently regulate gene
expression.[128] The surface characteristics of the material determine how biological
molecules will adsorb to the surface and more particularly determine the orientation of
adsorbed molecules. They also determine the cell behavior on contact.

Poly(ethylene glycol) is recognized as a biocompatible polymer that is able to modify surface
properties due to its minimal interaction with proteins and cells.[129-1341 A study on poly(D,L-
lactic acid)-poly(ethylene glycol) diblock copolymers clearly shows the relation between PEO
content, protein adsorption and cell attachment. An increase in PEO content caused reduced
cell spreading and, consequently, a decrease in cell proliferation.[!129] There was, however, a
more pronounced cell differentiation. Enhanced bioactivity of adsorbed adhesion proteins due
to conformational changes might be responsible for this phenomenon.[12%] In another study the
surface modification of polystyrene particles with PEG reduced the amount of protein
adsorption (including the amount of adhesion proteins) with 90-95 %. Complete inhibition of
protein adsorption was, however, not observed.[133]

Many approaches are being applied to modify the surface characteristics of materials. Surfaces
can be chemically or physically modified to influence protein adsorption and subsequent cell
attachment. Several approaches will be briefly discussed here.

Some bone proteins (fibronectin, osteopontin, type I collagen, vitronectin) have chemotactic
or adhesive properties, because they contain an Arg-Gly-Asp (RGD) sequence which is
involved in the fixation of cell membrane receptors like integrin.[128:136.137] The degree of cell
adhesion differs per cell and per adhesion molecule.[138] Polymers functionalized with these
RGD peptides are able to bind cells.[139-142] By blending RGD peptide functionalized
polymers with non-functionalized polymers it is possible to tune cell adhesion.[143-145]

Studies on PLA and PCl composites with HA have shown an increase in osteoblast
attachment and activity, showing the beneficial effect of this mineral.[120.146] HA itself is also
used as a scaffolding material for the implantation of bone marrow stromal cells.[2:48.147]
Material surface properties like hydrophilicity, the presence of positive or negative charges
and functional groups are also known to play an important role in cell adhesion.[148.149] The
degree of hydrophilicity can sometimes be altered by very simple means. Since many of the
polymers used as scaffold materials are hydrophobic, it is difficult, due to surface tension
forces, to bring a cell suspension into the porous scaffold. One way of overcoming this
problem is to pre-wet the polymer scaffold with a liquid that is miscible with the culture
medium and easily penetrates into the scaffold pores. This technique has successfully been
applied to PLLA, PLGA 85:15 and PLGA 50:50 scaffolds.[53] The coating of a porous
structure with poly (vinyl alcohol) (PVA) by infiltration with a PV A solution also makes it
easier for cell-suspensions to enter the porous structures.[150]

Several ways are available to introduce chemical groups at the surfaces of polymers. In the
past oxidizing reagents (concentrated acids) have been used to improve cell attachment (Vero
cells) to polystyrenell5l], sodium hydroxide treatments to improve smooth muscle cell
attachment to PGAU52! and fibroblast attachment to poly(hydroxy alkanoates).l153] Chemical
treatments have also improved the adhesive strength of apatite layers to different
polymers.[154-156]

18



Porous structures for bone tissue engineering

Gas plasma treatments are a versatile way of chemical surface modification.[157.158]
Depending on the gas employed and the polymeric surface to be treated a wide range of
different functional groups can be introduced at the surface of the material.[159-1611 Such
treatments can have pronounced effects: stronger binding of proteins!162], improved cell
attachment(163] and a stronger adhesive strength of an apatite layer[164] are among the reported
results.

It remains, however, difficult to establish a clear correlation between surface chemistry and
adsorbed proteins and subsequent cell attachment.[165.166]

Scaffold preparation methods

In industry foaming is without doubt the most often employed method for making polymers
with a porous structure. Depending on the blowing agent and the exact processing techniques
used, one can obtain polymer foams with open- or closed pores. The use of a blowing agent
mostly results in closed-pore structures and often additional processing steps like reticulation
are necessary to obtain a structure with open pores. In open-pore structures, the gas phase is
air, whereas in foamed polymers the isolated pores may also contain hydrogen, carbon dioxide
and volatile liquids, originating from the blowing agent employed.l®4] In many cases the
obtained foams are non-uniform.

The non-uniformity of the density distribution is mainly due to the processing conditions. The
actual density of polymer foams depends largely on the amount of blowing agent used.[64]
However, for each type of blowing agent there is a maximum concentration that can be
employed. If this concentration is exceeded the density of the foam will not be reduced
further, but the polymer strength will deteriorate, due to plastization of the polymer by
degradation products of the blowing agent and due to the unusually rapid pressure rise in the
pores.

Based on the mechanism by which they liberate gas, blowing agents can be subdivided in
chemical and physical blowing agents, either by a chemical or a physical change. It has to be
noted that most industrially used blowing agents are not suitable for biomedical applications,
due to issues of toxicity.[167] This part will, therefore, mainly focus on other techniques used
in the biomaterial field to prepare (interconnected) porous structures. Table 2.3 summarizes
different techniques that have been applied in the preparation of porous structures.

Fiber structures

PGA non-woven structures have been prepared by formation of a composite material with
non-bonded PGA fibers embedded in a poly(L-lactic acid) (PLLA) matrix.[168] Subsequent
thermal treatment of the composite and selective dissolution of the PLLLA matrix resulted in a
bonded PGA fiber network (porosity 81 %). However, the stipulations concerning the choice
of solvent, immiscibility of the two polymers, and their relative melting temperatures, restrict
the general application of this technique to other polymers than PGA and PLLA. In addition,
the technique does not lend itself to easy and independent control of porosity and pore size.[53]
A more versatile way to obtain bonded fiber networks is by coating the fiber mesh with
another polymer. PGA fibers have been stabilized after treatment with PLLA or PLGA
solutions in chloroform.[169]

Non-woven structures can also be obtained as more intricate devices like porous tubes.[170]
Fibers can be produced by extrusion of polymer melts or polymer solutions through fine
orifices, these fibers are then stretched and wound on a rotating mandril. Fiber-fiber bonding
takes place (the fibers are still wet or hot), resulting in the formation of stable porous tubes.
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Table 2.3 - Overview of techniques to prepare porous scaffolds for tissue engineering

Technique Porosity | Pore size Remarks Reference
(%) (um)
Foaming using blowing agents - 20-1000 Non porous outer layer (skin) [172]
<80 <350 Pore interconnectivity >99 % [173]
Foaming using CaCO; <81 100-1000 Difficult control [174]
Foaming using NH,HCO; <9%4 100-500 Interconnected pores [175]
Non-wovens Insufficient mechanical properties
Woven fabrics - - [176]
Bonded fiber structures 81 - Described process only possible [168]
for PGA-PLLA combination
- - Coating of fiber mesh with [169]
another polymer
Nanofiber electrospinning - - Interconnected pore structure [177]
with a high specific surface area
Sintered microspheres 32-39 67-150 Interconnected pores [178,179]
Solvent casting + particulate 20-50 30-425 Spherical pores, salt particles [150]
leaching remain in matrix, only thin [180]
membranes or small devices
Coagulation + particulate leaching <92 800-1500 | Large interconnections (350 pm) [181]
Irregular pore morphology
<96 250-1180 | Wide range of porosities and pore [182]
sizes
Solvent merging + particulate <95 250-500 Good interconnectivity [183]
leaching
Fused salt particles + solvent <97 250-425 Improved interconnectivity [184]
casting + particulate leaching compared to solvent casting +
Fused salt particles + gas foaming <94 250-425 particulate leaching [185]
+ particulate leaching
Porous membrane lamination <88 10-400 Irregular pore size, tedious [59]
procedure
Solvent casting + extrusion <90 <30 Highly porous. Interconnected [186]
pores. Severe breakdown of salt
particle during extrusion
Hydrocarbon templating <88 100-1000 | Allows incorporation of proteins [187]
<96 250-420 Control over interconnectivity [65]
Melt molding <80 50-500 [56]
Solid-liquid phase separation <97 <500 1,4-dioxane, phenol, benzene, [188-194]
(freeze drying) naphthalene are toxic solvents [195,196]
Emulsion freeze drying <97 <200 High volume of interconnected [197,198]
micropore structure
Solvent induced phase separation <95 <10 Only possible for films / tubes [199]
(immersion precipitation) <45 <10 [200]
Thermally induced phase separation <97 <200 High volume of interconnected [191,194,201]
micropore structure
Super critical fluid technology (gas <97 10-500 Only partly interconnected pores. [202]
foaming) Formation of a skin layer
Super critical fluid technology (gas 10-30 <100 High volume of non [203]
foaming) interconnected micropore
structure
Super critical fluid technology (gas <97 Micro Low volume of non- [197]
foaming) + particulate leaching <50 interconnected micropore
Macro structure + interconnected
<400 macropore structure
Solid free form fabrication [204]
(rapid prototyping)
3-D printing with or without <60 45-150 100 % interconnected macropore [56,205]
particle leaching structure
Fused deposition modelling <80 150-700 100 % interconnected macropore [56,205-208]
structure
60 Degradation during processing [209]
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The porosity is relatively constant and independent of the fiber diameter. The pore size on the
other hand is strongly dependent on fiber diameter and ranges from ca. 40 um for a fiber
diameter of 13 um to ca. 200 um for a fiber diameter of 30 um. Porosity and pore size can be
varied by changing the angle of winding, the shape of the pores then also changes.

Spun fibers can be regularly intertwined by knitting, braiding or weaving. The textile stiffness
for woven textures is dependent on the technique used.[171] Knitted structures can be of
interest for structural anisotropic biomaterials.

Particulate leaching

Porosifying agents are used to create the desired pores in a polymer. In this case the polymer
(melt or solution) is mixed with a porosifying agent like an inorganic salt, that is insoluble in
the polymer matrix. After solidification, due to cooling or evaporation of the polymer solvent,
the porosifying agent is leached out by using a non-solvent for the polymer, this results in a
porous structure.

Often-used porosifying agents are inorganic salts like sodium chloride. These salts are usually
chemically inert and soluble in water, often a typical non-solvent for polymers.[2101 The
desired pore size is usually achieved by using salt particles with the size of the desired pore
size. These salt particles are usually obtained by sieving.

Porous membranes have been prepared from poly(L-lactic acid) (PLLA) using sodium
chloride, sodium citrate and sodium tartrate sieved particles, by mixing the salt particles with
a PLLA solution in chloroform.[211] Membranes were prepared by casting the solution in a
Petri dish, followed by evaporation of the solvent. The PLLA membrane properties are
independent of the salt type and are related to the salt weight fraction and particle size.
Porosity increases with the salt weight fraction, and the median pore diameter increases as the
salt particle size increases. When 70-90 wt % salt was used, the membranes were
homogeneous with interconnected pores. All prepared PLLA foams were 99.9 wt % salt-free
and had porosities as high as 93 % and median pore diameters up to 150 um. The observed
porosity is somewhat higher than expected on the salt content alone, because additional pores
were formed during solvent evaporation and polymer solidification.

These porous PLLLA membranes can be stacked to form three-dimensional polymer foams
with precise anatomical shapes.[5%1 Careful processing of the porous films did not lead to
closure of the pores between adjacent layers, resulting in a continuous pore structure. The
same technique was also used to produce porous PLLA cylinders of 1-5 mm thick (diameter 2
cm), with device porosities ranging from 90-95 %.[150]

In combination with extrusion, it is possible to obtain porous tubular conduits.[186] After
solvent evaporation the solution cast polymer/salt composite was extruded, after which the salt
particles were leached out. The high temperatures of extrusion led to polymer degradation and
the large shear forces broke up the salt particles resulting in smaller salt particles and hence
smaller pore sizes. Large salt particles of 500-700 um gave mean pore diameters of 30 pum.
Increasing the salt particle size and the salt weight fraction both led to an increase in the mean
pore diameter.

Cast PLGA composites can also be crushed and placed in a mold. With the application of heat
and pressure, the polymer can be molded into the required shape, after which the porogen is
leached.[212] A comparable approach makes use of precipitation of the composite, followed by
compression molding to produce the desired structure.[181.182] Scaffolds with high porosities
up to 96 % with independent control over pore size (250 to 1180 um) can be obtained.[182]
Fusion of salt particles results in more interconnected pores in the final scaffold.[185]
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Besides inorganic salts it is possible to use other porosifying agents, like sugars (i.e. glucose,
saccharose)[213],  gelatin[53:66] ice particles[214-2161 palm oill214], and fused paraffin
spheres.[65.187] In supramolecular chemistry amphiphiles or amphiphilic block copolymers
have been used as nano-sized templates for pores.[217.218]

Gas foaming

Mooney et al. have reported the fabrication of macroporous sponges from synthetic
biodegradable polymers (PLGA) using high pressure carbon dioxide processing at room
temperature.[202]1 Solid discs of polymer were saturated with CO, (5.5 MPa, 72 h). The
solubility of the gas in the polymer was then rapidly decreased by reducing the CO, gas
pressure to atmospheric levels. This creates thermodynamic instability and results in the
nucleation and growth of gas cells within the polymer matrix.

Nucleation can occur homogeneously or heterogeneously. In homogeneous nucleation, the gas
molecules cluster together within the continuous material, the associated activation energy is
the free energy required to form a stable new surface and the work performed to generate the
volume change. In heterogeneous nucleation, the cells nucleate at discrete interfaces in the
polymer matrix. The nucleation free energy barrier at the interface is lower than that for
homogeneous materials owing to surface tension effects. Heterogeneous nucleation rates are
thus faster. Compared to homogeneous nucleation this leads to fewer but larger pores.
Polymer sponges with large pores (up to 100 pm) and porosities up to 93 % could be
fabricated by this technique. This procedure yielded structures with largely non-porous surface
films and both open and closed cells in the central portion of the matrix.

For semi-crystalline thermoplastic elastomers the polymer/gas solution formation is notably
more complex.[219] In the fabrication of microcellular (cell size 1-10 wm) poly (ethylene
terephthalate) (PET) it was found that PET crystallizes in the presence of high CO, solution
concentrations. A downside of gas foaming is that only 10-30 % of the pores are
interconnected.[53]

Harris et al. reported the preparation of highly porous (porosities up to 97 %) PLGA by using
a combination of gas foaming (CO;) and salt leaching (NaCl).[203] Blends of PLGA particles
(106-250 um) and NaCl crystals were compressed and subsequently foamed using CO,. The
NaCl was removed by leaching. The most important advantage of the foams prepared by this
technique over the combination of solvent casting and particulate leaching are the improved
compression strengths (+ 82 %) and tensile strengths (+ 229 %). Also this technique might
lead to less denaturation of proteins like growth factors, if these are to be incorporated in the
porous structure.

Thermally induced phase separation

The principles of thermally induced phase separation as a technique to obtain polymeric foams
have been described by Aubert ef al.1220] The basic process is to first dissolve a polymer
(Aubert and coworkers used polystyrene) in a suitable solvent. The solution is then placed into
a mold and the mold is cooled rapidly. Next the solvent is removed from the resulting solid
either by evaporation, sublimation or replacement (by a non-solvent for the polymer). The
density of the foam is determined by the initial concentration of polymer in solution. The
morphology of the resulting foam is determined either by liquid-liquid phase separation,
which may occur prior to freezing of the solvent, or liquid-solid phase separation, which
occurs when the solvent freezes. In the case of the studied polystyrene/cyclohexane system,
liquid-liquid phase separation resulted in an isotropic foam with small cells (10 um). Upon
quenching liquid-solid phase separation led to an anisotropic foam with a sheet-like
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morphology and a large separation between the folds in the sheets (100 pm). In the case of
liquid-solid phase separation the crystallizing solvent excludes the polymer to the grain
boundaries, resulting in a sheet-like morphology.

Liquid-liquid phase separation

In the biomedical field liquid-liquid phase separation was successfully used for the preparation
of isotropic foams from amorphous PDLLA and semicrystalline PLLA in dioxane/water
mixtures.[201] Freeze-drying of the poly(lactide) solutions produced foams with interconnected
pores of 1-10 um in diameter. Better foams were formed with higher molecular weight
poly(lactides). The major effect of polymer molecular weight is to allow for lower polymer
concentrations and therefore a decrease in foam density, and an increase in the foam porosity
(all other conditions being the same). At higher poly(lactide) concentrations gel formation is
observed. Solutions of semicrystalline polymers usually form a gel as a result of liquid-liquid
phase separation.

Liquid-solid phase separation
Liquid-solid phase separation can occur when either the solvent or the polymerl!88.189]
crystallizes before liquid-liquid phase separation can take place. Due to the crystallization of
one fraction the other fraction will be expelled to the grain boundaries of the forming crystals,
thereby causing phase separation of the components of the polymer/solvent mixture.
An often used solvent for this purpose is 1,4-dioxane, which has a melting point of 11.8 °C
and can be readily removed by sublimation (freeze-drying). Phase separation of PDLLA or
PLLA/dioxane mixtures yielded highly anisotropic foams with bundles of channels with a
diameter of 100 wm with a porous substructure (10 wm) in the internal walls.[190] Higher
polymer concentrations gave more regular porous structures. The polymer molecular weight
had no significant influence on the pore morphology of the porous structure. The
crystallization of 1,4-dioxane (depending on the cooling rates) had the strongest effect on
foam morphology. Using a uniaxial temperature gradient, it is possible to obtain a parallel
array of microtubular architectures (open pores), with anisotropic mechanical properties.[196]
Also using 1,4-dioxane, it was possible to produce highly porous composite foams of PLLA
and HA with interconnected pores.[1911 Addition of HA to the PLLA/dioxane solution,
perturbs the crystallization of the solvent, making the crystals of the solvent more irregular.
Because of the greater irregularity, the foam is more isotropic and no channel structure or
repeating partitions are observed for foams with 50 % HA or more. Foams with a porosity as
high as 95 % and pore sizes from several microns to a few hundred microns were obtained.
The addition of HA significantly improved the mechanical properties (almost a doubling of
the compressive modulus and yield strength of the porous structures).
Combined with injection molding it is possible to prepare uniform and non-uniform tubular
structures from polyurethane/dioxane solutions with pore sizes up to 200 wm and a porosity up
to 51 %.1192]
PLLA foams!!93] and PLLA/HA composite foams[194] also have been made from solutions
with naphthalene (m.p. 80 °C) and phenol (m.p. 43 °C). Naphthalene and phenol have the
following advantages:
1. The combination of molten naphthalene and phenol dissolves a wide range of polymers
used in the field of tissue engineering.
2. The melting points of these reagents are low enough to minimize the thermal degradation
of polymers and of incorporated bioactive agents.
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3. The progress of phase separation can be controlled by quenching the solution to a
temperature below the melting point of the solvent, thereby preserving the foam
morphology.

4. Both solvents are exceptionally easy to remove by sublimation.
The PLLA foams obtained from naphthalene had a porosity greater than 87 % and pore sizes
up to 100 pm. With phenol pore sizes up to 500 um could be obtained. The residual amounts
of solvent were very low as determined by DSC measurements (naphthalene 0.2 wt % after
220 h of freeze drying and phenol 0.01 wt %). Napththalene and phenol are, however, very
toxic solvents.
De Groot et al. used a combination of freeze-drying and salt leaching to obtain porous
polyurethanes (PU).[221.2221 PUs were typically dissolved in 1,4-dioxane, after which
cyclohexane was added to induce phase separation. After addition of the porosifying agents
(NaCl or saccharose particles), the mixture was frozen and freeze-dried. The salt or sugar
crystals were subsequently leached out with water.
Although polymer structures with pores of about 200 um could be prepared by freeze-drying
alone, the resulting foams lacked sufficient mechanical strength. A suitable foam was obtained
when saccharose was used as a porosifying agent. Addition of some water to the PU-solvent
(dioxane/cyclohexane)-sugar mixture, led to partial dissolution of the sugar crystals, resulting
in a better connection between small and large pores. Implants with a macroporous structure
(100-300 wm) highly interconnected with a microporous structure (<50 um) were obtained
with porosities up to 86 %. The freeze-drying step is of great importance in order to obtain
highly interconnected porous polymer materials with good mechanical properties. More
needle-like pores were obtained by using trioxane in the solvent mixture. Sugar particles can
also be sintered into a sugar template that ensures the interconnectivity of the resulting porous
network.[184]

Emulsion freeze-drying

Whang et al. developed an emulsion freeze-drying method for the preparation of porous
biodegradable PLGA scaffolds.l197] Scaffolds with porosities in the range of 91-95 % and
median pore diameters from 13 to 35 wm (with large pores up to 200 um) were obtained. The
method consists of creating an emulsion by homogenization of a polymer-solvent solution and
water, rapidly cooling the emulsion to lock in the liquid-state structure (freezing in a copper
mold), and removing the solvent and water by freeze-drying. Two different types of pores are
obtained, those larger than 1 wm (mostly due to the emulsion) and those smaller than 0.01 um
(probably due to the inherent porosity of the polymer itself from the evaporation of the
solvent). The use of high molecular weight polymer gives the emulsion structure high
stability, this allows for the formation of larger pores. The scaffolds made with this method
can be made more than 1 cm in thickness, much thicker than those made via a solvent
casting/salt leaching method. The use of an emulsion makes it possible to incorporate
proteins.

Rapid prototyping

Rapid Prototyping technologies (RP) or Solid Free Form fabrication (SFF) methods are
defined as a set of manufacturing processes that are capable of producing complex free-form
parts directly from a computer-aided design (CAD) model of an object. RP systems join
together liquid, powder and sheet materials to form parts. Several RP systems have been
developed over the years, examples are stereolithography, selective laser sintering, laminated
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object manufacturing, three-dimensional printing and fused deposition modeling.[205] The last
two will be discussed in more detail.

Three-dimensional printing is a rapid prototyping technology that has been used to process
bioresorbable scaffolds for tissue engineering applications. The technology is based on the
printing of a binder material (mostly solvents) through a print head nozzle onto a powder bed,
with no tooling required. The part is built sequentially in layers. The entire process is
performed at ambient conditions. Biological agents, such as cells, growth factors etc. could be
incorporated into a porous scaffold without inactivation if non-toxic solvents can be used.
Unfortunately, aliphatic polyesters can often only be dissolved in highly toxic solvents, such
as chloroform and methylene chloride.[56.205]

In fused deposition modeling the thermoplastic polymer material feeds into a temperature-
controlled extrusion head, where it is heated to a semi-liquid state. The head extrudes and
deposits the fiber in ultra-thin layers onto a support. The head directs the material precisely
into place. The fiber solidifies, bonding to the fibers in the preceding layer.[56.205]

The scaffold can be designed using a CAD file or digital data derived from CT or MRI scans,
permitting custom-made fabrication of bioresorbable hybrid scaffold systems.[56.205]
Inactivation of bioactive molecules by exposure to high temperatures or toxic solvents, is the
major obstacle to successful drug incorporation and delivery from degradable scaffolds
prepared in these ways.[53]
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Figure 2.3 — Porous PEOT/PBT scaffolds prepared by different fabrication techniques. A: solution casting
combined with salt leaching (1000PEOT70PBT30), B: liquid-solid phase separation, freeze-drying using 1,4-
dioxane (600PEOT70PBT30), C and D: fused deposition modeling (300PEOTS55PBT45, by courtesy of T.B.F.
Woodfield, Isotis S.A., Bilthoven, The Netherlands).
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Preferred ways of scaffold fabrication

Of the different techniques available those that are based on particulate leaching and liquid-
solid phase separation (freeze-drying) are the most versatile ones. With both techniques it is
possible to prepare scaffolds with a wide range of porosities and pore sizes, without the need
for specialized equipment, like in the case of rapid prototyping.

Figure 2.3 shows some examples of PEOT/PBT scaffolds prepared by different scaffold
fabrication techniques as described in this section. The differences in morphology are clearly
observed.

Although this chapter reviews the different materials and techniques for preparing scaffolds
for (bone) tissue engineering, it is impossible to address all the publications written on this
subject. For more information the reader is advised to consult some excellent reviews written
on bone substitution.[40.68,147.223] * cells in (bone) tissue engineeringl2.38.39.41,53,224]
biomaterials[2:53.54.2251 and scaffold fabrication methods.[53.54.56.205,226]
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Chapter 3

Synthesis, processing and characterization
of poly(ethylene oxide)/poly(butylene
terephthalate) block copolymers

A tower of nine storeys begins with a heap of earth.
The journey of a thousands li starts from were one stands.

Lao Tzu (604 -531 BC)

Abstract

Poly(ethylene oxide)/poly(butylene terephthalate) (PEOT/PBT) block copolymers have been
prepared by two-step polycondensation on a 50-100 g and on a 1 kg scale. Copolymers with
weight average molecular weights (relative to poly(methyl methacrylate)) of 110,000 to
150,000 g/mol have been obtained. Molecular weights were determined by gel permeation
chromatography using a solution of sodium trifluoroacetate in 1,1,1,3,3,3-hexafluoro-2-
propanol as a solvent. PEOT/PBT copolymers with higher molecular weights could be
obtained after postcondensation of purified and precipitated copolymer. Thermal processing in
the form of compression molding results in films and porous structures with molecular
weights slightly lower than the ones of the original copolymers.

Due to the uptake of water PEOT/PBT copolymers in the water-swollen state have
significantly decreased tensile and creep properties as compared to those in the dry state.

Introduction

Segmented poly(ether ester) elastomers

Segmented poly(ether ester) elastomers contain repeating blocks that are phase separated into
domains of hard segments with a high T, or Ty, acting as physical cross-links, and domains of
soft segments with a low T,. Typically, the hard segments are composed of aromatic esters of
short chain diols, such as butylene terephthalate, and the soft segments are derived from
aliphatic polyether glycols. By varying the ratio of hard to soft segments and the relative
length of the soft segment, polymers ranging from soft elastomers to relatively hard
thermoplastics can be obtained.!!]

The first research on block copoly(ether ester) elastomers started around 1950, with the
principal efforts being directed towards modifying or developing new melt spinnable synthetic
fibers. In 1949 Coleman at ICI prepared block copolymers by copolymerisation of ethylene
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glycol, dimethyl terephthalate (DMT) and poly(ethylene oxide) (PEO) with different
molecular weights.[2:3] The synthesized poly(ethylene oxide)/poly(ethylene terephthalate)
(PEO/PET) block copolymers were meant to have a better dye receptivity than PET fibers. In
1967 Nishimura and Komogata studied polyester elastomer fibers prepared by block
copolymerization of dimethyl terephthalate, 1,4-butanediol and polytetramethylene oxide
(PTMO). These elastomers were melt-spun to give elastic fibers.[4] Witsiepe at DuPont started
research on these PTMO/PBT block copolymers for molding and extrusion applications.[5-7]
He obtained a variety of polymers by varying the weight percentage of PBT and adding
different monomers, thereby obtaining polymers where part of the butylene terephthalate units
where replaced by butylene isophthalate or butylene phthalate units. This family of polyester
elastomers exhibits outstanding elasticity, tear strength, solvent resistance, low-temperature
flexibility and strength at elevated temperatures. In 1972, they were commercialized under the
trademark Hytrel polyester elastomer by DuPont. Other copoly(ether ester)s currently on the
market are Arnitel (manufactured by DSM) and Ecdel (manufactured by Eastman).[!]

The first report on the use of such poly(ether ester)s as a biomaterial was in 1979, when
Gilding and Reed discussed the synthesis!8] and degradation[®] of PEO/PET block copolymers.
In 1988 Van Blitterswijk et al. found that PEOT/PBT block copolymers can be used for
prosthetic devices with bone-bonding properties.l10] Like other poly(ether ester)s, PEOT/PBT
contains blocks that are capable of phase separation: ‘hard’ PBT segments with a high T, or
Tm, acting as physical crosslinks, and ‘soft” hydrophilic PEOT segments with a low T,
forming amorphous domains.

A PEOT/PBT family of polymers can be prepared by varying PEO molecular weight and
weight percentage. The dependence of some physical and mechanical properties on the
composition of these PEOT/PBT polymers was studied by Fakirov et al.[11.12]

Copoly(ether ester) synthesis

The synthesis of block copoly(ether ester)s has been thoroughly studied by Hoeschele et al. at
DuPont.[13.14] Segmented poly(ether ester)s were prepared by an ester interchange reaction of
dimethyl terephthalate, excess 1,4-butanediol and either hydroxyl terminated poly(ethylene
oxide) (PEO), poly(propylene oxide) (PPO) or poly(tetramethylene oxide) (PTMO). The
reaction can be divided into two steps, namely transesterification and polycondensation.

In these reactions an excess of removable diol is used. It speeds up the trans-esterification step
(due to an increase in reactant concentration) and in the second polycondensation step drives
the reaction to completion (resulting in polymers of high molecular weight) by distilling off
the extra added amount of diol. At the beginning of the reaction an excess of diol is used,
since starting with a 1:1 stoichiometry would lead to a low conversion, resulting in a low
molecular weight polymer. This reaction is analogous to that for the synthesis of PET,
however in the case of PBT somewhat different catalysts and reaction conditions are used. To
accelerate the transesterification as well as the polycondensation reactions in the synthesis of
polyalkylene terephthalates (PET, PBT) titanium complexes like Ti(OBu)4 have proven to be
effective catalysts.[15]

These alkoxides are very sensitive to traces of water that can coordinate to the metal as shown
in Figure 3.1 leading to an inactive catalyst complex.

The exact mechanism of the polycondensation and the participation of the catalyst in it are not
quite clear. Apicella ef al. propose different mechanisms for bivalent (like Zn®*) and tri- or
tetravalent catalysts (like Ti**, see Figure 3.2).116] It has previously been suggested that the
catalyst metal interacts with the carbonyl group. In the synthesis of PET however there are no
spectroscopic (NMR or IR) indications for such an interaction.
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O—Ti(OR)y, —— O——Ti(OR) x4

Ti(OH)(OR) ,.1 + ROH

Figure 3.1 - Hydrolysis of titanium alkoxides.

Apicella et al. found that the effect of substituent x on the activity in the tri- and tetravalent
metal systems was negligible, a finding that one would not expect in the case of
titanium/carbonyl interaction.
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Figure 3.2 - Part of the proposed mechanism for the synthesis of PET catalysed by Ti(OBu),, as described by
Apicella et al [16]

The authors propose that tri- and tetravalent metals are coordinated to the acylic oxygen, in
contrast to divalent metals that coordinate to the carbonyl oxygen, in line with a previously
described model by Weingart ef al. Based on NMR and IR data, Weingart et al. suggested the
following mechanism, as indicated in Figure 3.3.[15]

It is very likely that a comparable mechanism is operative in the synthesis of PBT and in our
case in the synthesis of PEOT/PBT block copolymers.

PEOI!17] and to a much lesser extent PBT!!8] are known to be sensitive to degradation at high
temperatures. Due to the high temperatures during the synthesis it is necessary to add an
antioxidant to the reaction mixture to prevent oxidative degradation of PEO.

Often used antioxidants are based on secondary aromatic amines and or substituted
phenols.l11.13.191 Tn our case the naturally occurring hindered phenol vitamin E (ct-tocopherol)
is used.
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Figure 3.3 - Mechanism for the synthesis of PET, as proposed by Weingart e al.[15]

Materials and methods

Synthesis
50-100 g scale synthesis. The copolymers were prepared by two-step polycondensation in the

presence of titanium tetrabutoxide (Ti(OBu)s, Merck, Germany) as catalyst, as previously
described!!?], with the exception that vitamin E (Sigma-Aldrich, Germany, approx. 95 %
pure) was used as antioxidant. The composition was adjusted by varying the poly (ethylene
glycol) (Fluka, Switzerland) to dimethyl terephthalate (DMT, Merck, Germany)/1,4-
butanediol (Acros, Belgium) ratio. The catalyst (0.1 wt % of DMT weight) was added as a
solution in toluene (Biosolve, The Netherlands). Synthesis was performed on a 50-100 g scale
using standard laboratory glassware.

The composition of these copolymers is indicated as aPEOTHPBTc, with a the molecular
weight of the poly (ethylene glycol) starting compound, b the weight percentage of the PEOT
soft segments and ¢ the weight percentage of the PBT hard segments. The copolymer
composition was determined by "H-NMR (CDCls, Varian Inova 300 MHz). The copolymers
were used without further purification unless otherwise mentioned.

1 kg scale synthesis. Copolymer batches up to 1 kg were prepared in a 2 L stainless steal
conical shaped reaction vessel (Biichi, Flawil, Switzerland) equipped with a 800 Ncm
magnetic coupling, a helical shaped stirrer (both Biichi), an Unistat T 325 oil heater (Huber,
Offenburg, Germany) and an oil-filled rotary vane E2M18 vacuum pump (BOC Edwards,
Crawley, United Kingdom) (see Figure 3.4).

Copolymers were prepared analogous to the small scale synthesis, except that the pure
Ti(OBu)4 catalyst was added to the reaction mixture at a higher concentration (0.2 wt % of
DMT weight). Polymer melt temperature, reactor pressure, condensor temperature and the
torque of the stirrer were recorded and logged during the polymerization using Labview
(version 5.1, National Instruments, U.S.A.).

Methanol and excess 1,4-butanediol were collected in a glass cold trap. The polymer was
discharged once the measured torque reached a plateau value. The copolymer composition
was determined by '"H-.NMR (CDCls, Varian Inova 300 MHz).

The copolymers were used without further purification unless otherwise mentioned.

For the synthesis of 1000PEOT70PBT30 the typical procedure was as follows:
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After purging of the reaction vessel with nitrogen, all chemicals (as described in the 50-100 g
scale synthesis) are put into the reaction vessel. As soon as possible the stirring speed is set to
100 rpm. The reactor is slowly heated to 200 °C, when the melt temperature reaches 150 °C
methanol distillation starts. After approximately 30 min, the distillation ends and the
temperature is further increased to 260 C. The distillation of excess 1,4-butanediol starts at
250 °C. After approximately 90 min (after the temperature increase) the nitrogen inlet is
closed and the pressure is slowly reduced, over a time period of approximately 30 min,
reaching a value of approximately 25 mbar. Cooling the cold traps with liquid nitrogen further
decreases the pressure to 3-4 mbar. The torque gradually increases, leveling off at a value
around 450-510 Ncm after 2 h (after cooling with liquid nitrogen). At that time the polymer is
discharged from the reaction vessel and cooled using an ice/water bath.

Post  condensation. A post condensation experiment was carried out with
1000PEOT70PBT30. This polymer was heated at 150 °C at a pressure of 7.5 mbar. After
dissolution of the copolymer in chloroform and precipitation in a tenfold excess of ethanol,
three samples of the purified polymer were heated in three different glass tubes: one for 1 h,
one for 3 h and one for 5 h. The samples were allowed to cool under dry nitrogen, after which
the intrinsic viscosity was determined by a single point measurement/20:211 (Ubbelohde 0C
viscometer, 25 °C, copolymer solutions in CHCl; with a concentration of approximately 0.3
g/dL).

Figure 3.4 — 1 Kg scale synthesis unit. Left: overview. Top right: helical shaped stirrer. Bottom right: Cover plate
of the reaction vessel, showing inlet valves and various sensors and the stirrer equipped with a 800 Ncm
magnetic coupling fitted with a sensor for registering the torque. Next to the manometer is the connection for the
condensor and cold trap (not shown). [Color figure on p. 168].
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Processing
Films prepared by solution casting. PEOT/PBT block copolymers were dissolved in

chloroform (CHCIl;, Biosolve, The Netherlands) to obtain a polymer solution of
approximately 10 % (w/v). All polymers, were soluble in chloroform, except for the
4000PEOT70PBT30, which was soluble in a 20 % (w/v) solution of 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP, Biosolve, The Netherlands) in CHCI;. The resulting polymer solutions were
cast on a glass plate using a 0.75 mm casting knife. All PEOT/PBT copolymers readily
formed films within min. All films were dried for 2 d in a vacuum oven at room temperature.
Films prepared by compression molding. Copolymer films were prepared by compression
molding for 4 min at 140 °C (1000PEOT70PBT30), 150 °C (300PEOT55PBT45) or 175 °C
(1000PEOTS55PBT45) in a laboratory hot press (THB 008, Fontijne Holland BV, The
Netherlands).

Porous structures prepared by compression molding of polymer/salt mixtures followed by salt
leaching. 1000PEOT70PBT30 copolymer granulate was cryogenically ground using an IKA
Labortechnik (Germany) A10 grinder. Polymer powder and sodium chloride crystals (Merck,
Germany) were sieved using Endecotts (England) test sieves of 250, 425, 500, 710, 1000 and
1180 wm mesh size. The desired salt volume fractions (425-500 wm particle size) were
calculated using a salt density of 2.165 g/cm’. The powders were mixed and subsequently
compression molded in a laboratory hot press (THB 008, Fontijne Holland BV, The
Netherlands) into 4 mm thick blocks. Mixed powders were heated at 180 °C for 3 min and
subsequently pressed for 1 min at 2.9 MPa. Samples were leached with milliQ water for 48 h
and dried under reduced nitrogen pressure in a vacuum oven.

Characterization

Water uptake. The water uptake of the different PEOT/PBT polymers was determined at
regular intervals during 14 d. The samples (solution cast films) were weighed at regular
intervals after blotting the surface of the film with a tissue to remove any residual water. For
every polymer, three film samples of 15 mm diameter were swollen in demineralized water
(milliQ) and put in a shaking bath at 37 oC,

Tensile testing of solution cast films. Dumb-bell shaped specimens were cut according to DIN
53504 (dumb-bell S2). Films had a thickness ranging from 0.08 (dry) to 0.18 mm (wet). The
thickness of the films was measured in triplicate using a spring-loaded micrometer (Mitutoyo,
Tokyo, Japan). To prepare wet films, films were swollen in water for at least 24 h, after which
the samples were cut.

A Zwick Z020 universal tensile testing machine was equipped with a 10 N load cell. A grip-
to-grip separation of 25 mm, a pre-load of 0.05 N and a crosshead speed of 200 mm/min were
used. The tensile modulus was determined from the initial part (0.1- 0.3 % elongation) of the
stress-strain curve. The sample deformation was derived from the grip-to-grip separation,
therefore the presented values of the E-modulus give only an indication of the stiffness of the
different composites.

Tensile testing of compression molded films. Strips of 50 x 1000 mm were cut from
compression molded films and subjected to tensile testing. A Zwick Z020 universal tensile
testing machine was equipped with a 500 N load cell and the strips were clamped in
pneumatic clamps with sandpaper (to prevent slippage). A grip-to-grip separation of 50 mm, a
pre-load of 0.1 N and a crosshead speed of 50 mm/min were used. The tensile modulus was
determined from the initial part (0.1-0.3 % elongation) of the stress-strain curve. The sample
deformation was derived from the grip-to-grip separation, therefore the presented values of
the E-modulus give only an indication of the stiffness of the different composites.

Creep tests. Compression molded 1000PEOT70PBT30 strips of 5 x 50 mm with a thickness
of 1.0 mm were statically loaded with a weight corresponding to 2.5, 5.0, 10 or 20 N. Grip-to-
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grip distance was 4.0 cm. At regular time intervals the elongation was measured between two
marks initially placed at 3 cm distance. The constant creep rate was determined from the creep
curve. Samples were measured both dry and water swollen at room temperature
(approximately 18 °C).

Viscometry. Intrinsic viscosities of the PEOT/PBT copolymers were determined by single-
point measurements(2021], using an Ubbelohde OC viscometer at 25 °C and copolymer
solutions in CHCIl3 with a concentration of approximately 0.3 g/dL.

Gel permeation chromatography (GPC). Copolymers were dissolved in HFIP containing 0.02
M of sodium trifluoroacetate (CF;COONa, Aldrich, U.S.A.), at a typical concentration of 5
mg/mL. Number average and weight average molecular weights were calculated relative to
poly(methyl methacrylate) standards (PMMA, Polymer Standards Service GmbH, Mainz,
Germany). Samples were measured with a flow rate of 0.8 mL/min at 30 °C. Measurements
were performed on a Polymer Laboratories PL-GPC 120 High temperature chromatograph
with PL HFIPgel columns, a refractive index detector and a Spark Basic + Marathon
autosampler. Data were analyzed using Cirrus GPC Offline GPC/SEC Software (version 1.11,
release 32, build 1.0.0.10).

PEOT/PBT block copolymer synthesis

PEOT/PBT copolymers were prepared on a 50-100 g and on a 1 kg scale. By varying the
PEO molecular weight and the soft to hard segment ratio a series of block copolymers can be
prepared. Table 3.1 shows the compositions and intrinsic viscosities of copolymers based on
different PEO molecular weights. The compositions of the copolymers are close to the
intended ones. Most copolymers containing a high weight % of PEO are soluble in CHCls.

Table 3.1 - Composition and intrinsic viscosity of PEOT/PBT block copolymers prepared on a 50-100 g scale.

.. Composition Intrinsic viscosity [n] in

Intended composition (H-NMR) CHCI; (dL/g) at 2;'0 C

300PEOT70PBT30 67/33 0.75

600PEOT70PBT30 63/37 0.80
1000PEOT70PBT30 70/30 1.07
1000PEOT70PBT30 70/30 1.10
2000PEOT70PBT30 74126 0.68
4000PEOT70PBT30 80/20 0.95

Purification by dissolution and precipitation of the synthesized copolymer leads to a small
increase in intrinsic viscosity, the shorter and more soluble oligomers dissolve during
precipitation. During the last stages of polycondensation, the last fraction of 1,4-butanediol is
removed from the oligomers/polymer chains of low molecular weight, resulting in chain
extension. As indicated in Figure 3.5, the pressure at the end of the reaction is a measure for
the polymer intrinsic viscosity, the lower the pressure the higher the intrinsic viscosity.
Although the measured intrinsic viscosities (and hence molecular weights) for the PEO/PBT
block copolymers are reasonably high, they can be further increased by post condensation.
During post condensation 1000PEOT70PBT is heated at a temperature slightly below its
melting point (157 0C)I221 at reduced pressure or under an inert gas like nitrogen or argon.
During post condensation the polymer chains can react further to give a higher molecular
weight.[14] Purification by precipitation of the polymers before post condensation reduces the
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amount of low boiling oligomers, which favors the evaporation of 1,4-butanediol, thus
resulting in higher polycondensation rates during post condensation.[23] The increased surface
area of the precipitated polymer fibers as compared to the area present during melt
polymerization also favors the evaporation of 1,4-butanediol. As indicated in Figure 3.6 there
is an increase in intrinsic viscosity from 1.10 to 1.21 dL/g after 5 h of postcondensation.
Figure 3.6 suggests that a post condensation longer than 5 h will result in even higher polymer

molecular weights.
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Figure 3.5 - Intrinsic viscosity as a function of pressure, as measured during the last stages of polycondensation
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Figure 3.6 - Post condensation of precipitated 1000PEOT70PBT30 at 150 °C and 7.5 mbar.
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1 Kg scale synthesis also showed good control over the copolymer composition, as shown in
Table 3.2 (later in this chapter); the copolymer compositions are close to the intended ones.

Gel permeation chromatography (GPC)

In order to determine the molecular weight of the synthesized copolymers, attempts have been
made to setup a GPC system that is suitable for all PEOT/PBT copolymers, including those
with a high PBT content. Although PEOT/PBT copolymers with a high PEO content are
soluble in CHCl3, those with a high PBT content are not. To dissolve copolymers with high
amounts of PBT, it is necessary to use other solvents, for instance 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP).[22] It has been shown that HFIP is a suitable solvent for various polyesters,
polyamides and other polar polymers.[24.25] Addition of an electrolyte like sodium
trifluoroacetate (CF;COONa) to HFIP gives additional benefits like peak-narrowing and
better polymer chain dissociation by breaking down hydrogen bonding.[26]

HFIP is a volatile and corrosive organic solvent. Previous studies on the degradation of
PEOT/PBT copolymers by Deschamps et al. showed that these copolymers are susceptible to
degradation both by hydrolysis and oxidation.[1°]
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Figure 3.7 - Weight (closed symbols) and number (open symbols) average molecular weights as determined by
GPC of 300PEOT55PBT45 and 1000PEOT70PBT30 dissolved in a solution of HFIP and 0.02 M CH;COONa
kept for different times at room temperature.

To study if PEOT/PBT copolymers degrade in HFIP, two different copolymers were dissolved
in a solution of HFIP and 0.02 M CH3COONa and their molecular weights were determined
by GPC at regular time intervals. As indicated in Figure 3.7 only a slight decrease was
observed in the molecular weights of 1000PEOT70PBT30 and 300PEOTS5PBT45 over a
period of 11 d. The GPC data for the different copolymers (Table 3.2) was typically obtained
by dissolving the copolymers overnight in a solution of HFIP and 0.02 M CH3COONa, so no
noticeable decrease in molecular weight is expected for these measurements. All GPC
measurements were performed at 30 °C and the molecular weights were calculated relative to
a PMMA calibration line.

Previously intrinsic viscosities of these copolymers have been reported: Hoeschele et al.
reported values of 1.2-1.5 dL/g (m-cresol, 30 0C)[l“], Fakirov et al. values of 1,0-1,4 dL/g
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(phenol:1,1,2,2-tetrachloroethane 1:1 at 20 OC)l1; and Deschamps et al. values of 1.0-1.6
dL/g (chloroform, 25 °C) [191 and values up to 1.9 dL/g (HFIP + 0.02 M CF;COONa, 40
0C)I221. These reported values would roughly correspond to weight average molecular weights
of 50,000 to 150,000 g/mol, as can be expected for a polycondensation reaction.!!14.19]1 The
obtained relative values from our GPC measurements correspond well with these reported

values.

Table 3.2 - PEOT/PBT copolymers prepared on a 1 kg scale. Compositions and molecular weights relative to
PMMA measured in HFIP with 0.02 M CF;COONa at 30 °c.

Intended Composition o o

Composition ('"H- NMR) Mn Mw PDI
300PEOT55PBT45 299/56/44 9.2x10* 15.0x10* 1.66
300PEOT70PBT30 298/69/31 6.8x10* 12.0x10* 1.74
300PEOT70PBT30 302/68/32 7.4x10* 13.0x10* 1.73
1000PEOT30PBT70 $ 5.6x10* 11.0x10* 1.92
1000PEOT55PBT45 924/57/43 7.7x10* 13.0x10* 1.71
1000PEOT70PBT30 945/71/29 7.8x10* 13.0x10* 1.69
1000PEOT70PBT30 945/71/29 9.2x10* 15.0x10* 1.68
1000PEOT70PBT30 899/72/28 8.4x10* 15.0x10* 1.73
1000PEOT70PBT30 945/71/29 8.3x10* 14.0x10* 1.72
1000PEOT70PBT30 917/70/30 8.3x10* 14.0x10* 1.71

§: insoluble in CDCl;

Thermal processing

To obtain functional objects the copolymer needs to be processed into films and/or scaffolds.
Although for many processing routes solvents are used, a more convenient way of processing
these thermoplastic elastomers is by injection and compression molding.

Table 3.3 - Molecular weights as determined by GPC (HFIP + 0.02 M CF;COONa, relative to PMMA) of
various PEOT/PBT copolymers before and after compression molding.

300PEOTSS 1000PEOT55 1000PEOT70 1000PEOT70
PBT45 PBT45 PBT30 PBT30
1 mm thick film 1 mm thick film 1 mm thick film 4 mm thick porous
structure’
Process 4 min 150 °C 4 min 175 °C 4 min 140 °C 4 min 180 °C
temp.
before after Before after Before after before after

Mn 57x10* | 5.5x10° | 7.7x10* | 7.3x10° | 8.3x10* | 7.5x10" | 7.8x10" | 6.6x10%
Mw | 10.0x10* | 10.0x10* | 13.0x10" | 12.0x10* | 14.0x10" | 13.0x10* | 13.0x10" | 13.0x10"
PDI 1.84 1.85 1.71 1.70 1.71 1.73 1.69 1.90

§: 80 vol % sodium chloride crystals of 425-500 pm

Many of the films and porous structures described in this thesis were prepared by compression
molding. Like with the copolymer synthesis care needs to be taken that the copolymers do not
degrade during the exposure to high temperatures.[27] Table 3.3 summarizes the molecular
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weights of several copolymers before and after compression molding. For the different
copolymers, only small decreases in molecular weights were measured. For the process
conditions described, the lowest possible temperatures that still enable the production of
homogeneous films or stable scaffolds are applied.

Mechanical properties

Although the hydrophilic nature of some of the PEOT/PBT copolymers is an important factor
in their in vivo bone bonding[28! and calcification[?], one should realize that the high water
uptake of the hydrophilic materials has a prominent effect on their mechanical properties in
the water-swollen state. An elaborate study on the effects of copolymer composition and
molecular weight on the physical, mechanical and degradation properties was previously
reported by Deschamps ez al.[1%1 With increasing PEO length there is an increase in the actual
PEO weight % present in the copolymer. With increasing PEO weight % a strong increase in
the water uptake was observed (Figure 3.8).
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Figure 3.8 - Water uptake as a function of PEO weight % for PEOT70PBT30 copolymers. The PEO Mw is
indicated next to the data points.

To determine tensile characteristics like the elastic modulus, dry (stored at ambient
conditions) and wet films of the PEOT/PBT block copolymers were subjected to tensile
testing. For water swollen samples there is a decrease in E-modulus with increasing PEO
molecular weight. A comparable relation also applies to dry samples (Figure 3.9).

Polymers with a PEO molecular weight of 4000 in the dry state have an E-modulus of 325
N/mm? (data not shown in Figure 3.9), which is much higher than the E-modulus of polymers
based on PEO’s with lower molecular weight. Crystallization of PEO, due to the high
molecular weight of the PEOT segment, is expected to play an important role here. The
crystallinity is probably lost in the water-swollen samples (E = 3.8 N/mm?), due to swelling of
the hydrophilic PEO domains (water uptake over 200 mass %).
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Figure 3.9 - E-moduli of dry and water-swollen samples (solution cast films) as a function of PEO molecular
weight in PEOT70PBT30 copolymers.

Besides a decrease in E-modulus, water uptake also has a pronounced effect on the strength of
the material. In Table 3.4 the tensile properties of 1000PEOT70PBT30 in the dry and water-
swollen state are compared.

Besides tensile properties, where the samples are subjected to a relatively fast deformation,
the properties of these copolymers with respect to static or cyclic loading for extended time
periods are of importance. Under dynamic culture conditions in a bioreactor, the scaffold
material can be exposed to long term static loads, mainly due to shear forces.[30-35]

Mechanical stimulation has been successfully applied in the culture of skeletal musclel36:371,
cartilagel38.39], smooth muscle tissue and blood vesselsl40-42] to improve the physical
properties of the resulting tissues.

Table 3.4 - Selected tensile properties of compression molded 1000PEOT70PBT30 copolymer films.

Dry Water swollen
E-modulus (N/mm°) 265+ 1.3 147+0.2
Epreak (%) 805 %5 288 + 32
Grmax (N/mm?) 12.1£0.3 78402
Energy up to break (Nmm) (18.3 £ 0.6)x10° (5.0 £0.7)x10°

To evaluate the mechanical properties of 1000PEOT70PBT30 under static loads, creep tests
were carried out. Figure 3.10 shows parts of creep curves of 1000PEOT70PBT30 both in the
dry and water-swollen state. The constant creep rate was determined over the time period 60-
3600 s of the test for the water- swollen samples and over the time period of 6.8x10°-1x10° s
for the dry samples.

Especially in the dry state this material shows low creep rates. (Table 3.5). Unfortunately in
the water-swollen state the creep rate is considerably higher and the samples break before the
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end of the test (after approximately 3-4 h compared to 21 d for the dry samples), in line with
the lower tensile strength in the water-swollen state.
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Figure 3.10 - Creep curves of l000PEOT70PBT30. Left: dry. Right: wet. Swollen 1000PEOT70PBT30 was
unable to sustain a load of 4 N/mm’. Measurements were performed at room temperature (18 °C).

Table 3.5 - Creep rates of 1000PEOT70PBT30 copolymer films. For the dry samples the creep rate was
determined during the first 1x10° s of the test, for the water-swollen samples during the first 3600 s.

Load (N/mmz)q[ Creep rate (s'l) Residual strain (%)
(after 21 d)

1000PEOT70PBT30 0.5 (10 %) 1 x107 0
Dry 1.0 (20 %) 1 x10” 0
2.0 (40 %) 1 x10°® 0
4.0 (80 %) 9 x10° 13
1000PEOT70PBT30 0.5 (10 %) 7 x10* S
Water swollen 1.0 (20 %) 9 x10™ 3
2.0 (40 %) 5x107 S

q: percentage of yield stress in indicated in parentheses
§: wet samples broke during testing, hence no residual strain could be determined

Conclusions

PEOT/PBT block copolymers were prepared on a 50-100 g and on a 1 kg scale. Copolymers
with weight average molecular weights of 110,000 to 150,000 g/mol (relative to PMMA) have
been obtained. A further increase (if desired) in molecular weight can be obtained by
postcondensation of the precipitated copolymer.

Dissolution of the copolymers in a solution of HFIP and 0.02 M CH3;COONa results in a
limited decrease in molecular weight in time, showing the suitability of this solvent for GPC
measurements to determine PEOT/PBT molecular weights. Thermal processing in the form of
compression molding results in films and porous structures with molecular weights of the
copolymers slightly lower than the original ones. The tensile and creep properties of

PEOT/PBT copolymers in the water-swollen state are significantly lower as compared to
those in the dry state.
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Chapter 4

Enhanced bone marrow stromal cell
adhesion and growth on segmented
poly(ether ester)s based on poly(ethylene
oxide) and poly(butylene terephthalate)

Houston, we 've had a problem.

James Lovell (1928- )

Abstract

In previous studies in rats and goats, hydrophilic compositions of the PEOT/PBT block
copolymer family have shown in vivo calcification and bone-bonding. These copolymers are
therefore interesting candidates as scaffolding materials in bone tissue engineering
applications. Model studies using goat bone marrow stromal cells, however, showed that it
was not possible to culture bone marrow stromal cells (BMSCs) in vitro on these hydrophilic
copolymers. In this paper two ways of surface modifying these materials to improve in vitro
bone marrow stromal cell attachment and growth are discussed. Two different approaches are
described: 1) Blending of hydroxyapatite (HA) followed by CO, gas plasma etching. 2)
Surface modification using CO, gas plasma treatments. It was observed that not only HA, but
also the CO, plasma treatment by itself has a positive effect on BMSC attachment and growth.
Gas plasma treatment appeared to be the most successful approach, resulting in a large
increase in the amount of BMSCs present on the surface (determined by a DNA assay). The
amount of DNA present on the gas plasma treated copolymer 1000PEOT70PBT30, based on
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poly(ethylene oxide, M, = 1000, 70 weight % soft segment), was comparable to the amount
present on PDLLA and significantly higher than the amount present on PCL after 7 d of cell
culturing. The fact that after gas plasma treatment BMSCs do attach to PEOT/PBT
copolymers, enables in vitro BMSC culturing, making bone tissue engineering applications of
these materials possible.

Introduction

The development of biological substitutes that restore, maintain or improve tissue function
and the clinical application thereof is the goal of tissue engineering. Specific cells are
harvested from the appropriate tissue and seeded on a biodegradable polymer scaffold. After a
period of in vitro cell culture (if desired) to multiply the cells, these constructs can be
implanted at the place of the defect.l!l This approach is also used in the development of
synthetic, manufactured bone graft substitutes.[2-4]

In the case of non load-bearing bone tissue, suitable scaffold materials appear to be
PEOT/PBT block copolymers, also known under their trade name PolyActive®. Here the
copolymer compositions will be abbreviated as previously described by Deschamps et al.[5],
i.e. aPEOThPBTc, where a is the molecular weight of the used poly(ethylene glycol), b the
weight percentage soft segment and ¢ the weight percentage hard segment.

By varying the copolymer composition, properties like phase separation, in vitro degradation,
water uptakel3], but also in vivo degradation, calcification and bone bonding can be tuned.[6-8]
Copolymer composition also has a pronounced effect on in vitro cell culturing on these
materials. Although there is no effect of copolymer composition on chondrocyte attachment
and proliferation, significant differences are observed for skeletal muscle cells!®! and
keratinocytes.[10] Both cell types proliferate better on the more hydrophobic compositions (i.e.
300PEOT55PBT45). Similar behavior is seen for goat BMSCsl11.12] cultured in the presence
of dexamethasone to induce differentiation into the osteogenic lineage.[13] The more
hydrophilic copolymers, however, show better in vivo degradation, calcification and bone
bonding and are therefore the preferred materials as scaffolds in bone tissue engineering. To
use these hydrophilic compositions in bone tissue engineering, the copolymer surface needs to
be modified to improve in vitro cell attachment. Several approaches towards this end can be
taken.

An attempt to improve BMSC attachment by use of PEO-RGD conjugates is described in
Appendix A. Surface properties like hydrophilicity, the presence of positive or negative
charges and surface roughness play a key role in osteoblast adhesion to biomaterials.[14] We
therefore explored various ways to modify the surface properties of PEOT/PBT copolymers by
use of acidic and alkaline solutions. In the past strongly oxidizing reagents (concentrated
acids) have been used to improve cell attachment (Vero cells) to polystyrenell5], sodium
hydroxide treatments to improve smooth muscle cell attachment to poly(glycolic acid)[16] and
fibroblast attachment to poly(hydroxyalkanoates).l17]

Acid treatments (solutions in ethanol to prevent bulk hydrolysis) did not result in an improved
cell attachment and growth onto 1000PEOT70PBT30. Alkaline treatments resulted in severe
surface degradation, even at treatments of one minute in 0.1 N NaOH in ethanol. Also in these
cases no improvement in cell attachment and growth was observed.

Studies on PLA and PCI composites with hydroxyapatite (HA) have shown an increase in
osteoblast attachment and activity, showing the beneficial effect of this mineral in composite
systems.[18:191 HA is also used as a scaffolding material for the implantation of BMSCs.[3:4.20]
It is therefore to be expected that incorporation of this material can have a positive effect on
the BMSC attachment to PEOT/PBT copolymer systems. The grafting of 1000PEOT70PBT30
onto HA particles is described in Appendix B. Two ways of surface modification will be
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discussed in this paper: 1) Blending of HA and etching with CO, gas plasma treatments. 2)
Surface modification using CO, gas plasma treatments.

The focus of this paper will be on the improvement of cell attachment of the
1000PEOT70PBT30 copolymer since this copolymer composition shows the most favorable
in vivo properties (i.e. bone bonding, calcification and degradation) of the PEOT/PBT
copolymer family.[6-8] The obtained data will be compared with well known biomaterials like
poly(D,L-lactide) and poly(e-caprolactone).

Materials and methods

Materials

All solvents used were of analytical grade and all chemicals were at least 99 % pure and used
as received, unless otherwise mentioned. "H-NMR spectra were taken using a Varian 300
MHz apparatus. ?C-NMR spectra were obtained using a Varian 400 MHz apparatus.
1000PEOT70PBT30 and 300PEOTS55PBT45 were synthesized as previously described, using
vitamin E as an antioxidant.[5] Compositions according to 'H-NMR were 945PEOT71PBT29
and 296PEOTS3PBT47 respectively. PEOT/PBT copolymers were used without further
purification.

Poly(D,L-lactide) (PDLLA, M, = 1.16 x 10" was synthesized using a ring opening
polymerization of a 50/50 mixture of D and L-lactide. Poly(e-caprolactone) (PCL) Capa 680
(lot 96, M,, = 7.67 x 104, M, = 1.20 x 105) was obtained from Solvay Interox Ltd.
(Warrington, U.K.).[21] Both polymers were purified by precipitation in 96 % ethanol to
remove residual monomer. Sintered hydroxyapatite with a particle size of 38-53 um was
provided by professor F.J. Monteiro (Instituto de Engenharia Biomédica (INEB), Porto,
Portugal) and was used as received.

Polymer film preparation

Films prepared by solution casting. PEOT/PBT films (75-100 um thick) were prepared by
casting 20 % (w/v) polymer solutions in chloroform (1000PEOT70PBT30) or
chloroform/1,1,1,3,3,3-hexafluoro-2-propanol mixtures (300PEOTS55PBT45) on a glass plate
using a casting knife. All films were placed in ethanol (overnight) to remove any residual
1,1,1,3,3,3-hexafluoro-2-propanol and/or chloroform. Films were dried in a vacuum oven at
reduced nitrogen pressure for 5 d.

Films prepared by compression molding. Polymer films of PEOT/PBT, PCL and PDLLA
were prepared by compression molding for 4 min at 140 °C in a laboratory hot press (THB
008, Fontijne Holland BV, The Netherlands). Subsequently the 1 mm thick films were washed
24 h in hexane, 48 h in ethanol and dried in a vacuum oven at reduced nitrogen pressure for 5
d.

Composite films with HA

1000PEOT70PBT30 composite films (75-100 pm thick) were prepared by casting of 20 %
(w/v) polymer solutions in chloroform on a glass plate using a casting knife. The solutions
contained 5, 10 or 25 vol % HA.

To show the effect of HA on cell adhesion and proliferation, a second type of composite film
was prepared. HA powder was deposited on the freshly cast (wet) film by sprinkling. All films
were placed in ethanol for 24 h to remove any residual chloroform. Films were dried in a
vacuum oven at reduced nitrogen pressure for 4 d.
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Gas plasma etching. Composite films were placed in a tubular reactor (length 80 cm, internal
diameter 6.5 cm). Three externally placed capacitively coupled copper electrodes were
attached to the reactor: a ‘hot’ electrode in the center and a ‘cold’ electrode at both sides of the
‘hot’ electrode at 12 cm distance. The electrodes were connected to a RF (13.56 MHz)
generator through a matching network. Samples were placed in between the ‘hot’ and ‘cold’
electrode and treated for 5, 15 or 30 min using a CO, gas plasma (plasma pressure: 0.08
mbar). Discharge power was 50 W. A gas flow of 10 cm’/min was used. Samples were treated
with a pre-delay of 5 min and a post-delay of 2 min.[11.22]

CO,_gas plasma treatment

Compression molded films (treated on both sides) were treated for 30 min. Discharge power
was 50 W. CO; gas plasma pressure: 0.06-0.07 mbar. A gas flow of 10 cm’/min was used.
Samples were treated with a pre-delay of 5 min and a post-delay of 2 min.[11.22] After
treatment, samples were rinsed using demineralized water, followed by ethanol (p.a.). Samples
were washed with ethanol (p.a.) overnight and dried in a vacuum oven for 3 d at room
temperature.

Surface characterization

XPS analysis. The measurements were performed using a Quantum 2000 Scanning ESCA
microprobe (Physical Electronics,USA) with a monochromatic Al K source (1486.6 ¢V). The
input power was 25 W and the analyzed spot size was 1400 x 500 pm. Survey scans (0-700
eV) were recorded with a pass energy of 117 eV. The concentrations of the various elements
were calculated from the relative peak areas, using sensitivity factors from the machine
manufacturer. Subsequently, high resolution detail scans of the Cls peak region (278-298 eV)
were recorded with a pass energy of 29 eV. The Cls peak was normalized and the first sub-
peak (C-C) was set at 284.8 eV. For peak deconvolution, spectra were fitted with the minimal
amount of peaks. Samples of the same compositions were fitted with the same settings.
Contact angle measurements. Solution cast and compression molded polymer films were
characterized by static water contact angle measurements using the captive bubble and the
sessile drop method. The measurements were performed with a Video-based Optical Contact
Angle Meter OCA 15 Plus (DataPhysics Instruments GmbH, Germany). Samples were fixed
onto glass slides with double sided tape. For captive bubble measurements samples were
immersed in water overnight and placed in an optical cuvette filled with water, with the
polymer film facing downward. Contact angles were determined by placing an air bubble on
the sample with an electronically regulated syringe fitted with a hook-shaped needle. For the
sessile drop measurements a water droplet of approximately 10 uL was placed on dry surfaces.
Contact angles were calculated by SCA 20 software (DataPhysics, version 1.60) using ellipse
fitting. Results are the average of at least four measurements (£ s.d.).

Bone marrow stromal cell culturing

Goat bone marrow stromal culturing on copolymer films. Samples with a diameter of 10 mm
were cut from the copolymer film covered with HA. Before culturing, samples were washed
with demineralized water (2x), 70 % ethanol/water and sterile PBS (3x). For preliminary
screening experiments goat BMSCs, passage 3 were used. The cells were seeded with a
density of 10,000 CCHS/CmZ, in the presence of 3 mL. minimal essential medium (a-MEM, Life
Technologies, The Netherlands) containing(!3l: 15 % (v/v) fetal bovine serum (Life
Technologies, The Netherlands), 100 units/mL penicillin, 100 pg/mL streptomycin (Life
Technologies, The Netherlands), 2 mM L-glutamine (Life Technologies, The Netherlands),
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0.2 mM ascorbic acid 2-phosphate (Life Technologies, The Netherlands), 10 mM -
glycerophosphate (Sigma, The Netherlands), 10° M dexamethasone (Sigma, The
Netherlands).

Rat bone marrow stromal cell culturing. Samples were cut from the compression molded
films and put into 24-well plates. Before culturing, samples were washed with demineralised
water (2x), 70 % ethanol/water and sterile PBS (3x). BMSCs were isolated from 2 femora and
2 tibia from 2 male Wistar-rats. The femora were cut on both sides and the marrow was
flushed out using 9 mL of medium. The collected cells were re-suspended with a 21G needle
and cultured at 37 °C, 5 % CO, for 7 d, with periodic medium changes every other day. The
culture medium was identical to the one used for goat BMSC culturing. After 7 d, cells were
confluent and were washed with PBS (Life Technologies, The Netherlands) and treated with
trypsin/EDTA (Sigma, The Netherlands), yielding 2.3 x10° rat BMSCs. Cells were seeded at a
density of 10,000 cells/cm” and cultured up to 7 d. Samples were analyzed after 1, 3 and 7 d.
Methylene blue staining. Samples were analyzed at day 1, 3 and 7. Films were washed with
warm PBS (containing 100 units/mL penicillin and 100 pg/mL streptomycin) and
subsequently fixed with glutaraldehyde (Merck, Germany, 1.5 % solution in 0.14 M cacodylic
acid (Fluka, Germany, buffer pH = 7.35)). The samples were washed with water and stained
for 30 s using a 1 % methylene blue solution in 0.1 M borax buffer (Sigma/Aldrich, Germany,
pH = 8.5). Scaffolds were subsequently washed with demineralized water, until the water was
clear. Samples were stored in a refrigerator until further analysis. Samples were evaluated
using a Nikon SM2-10A stereomicroscope (1x objective). Digital photographs were taken
using a Sony progressive 3 CCD camera.

DNA-assay. Films were washed with sterile PBS at 37 OC and stored in a freezer (-80 0C) until
further analysis. Films were incubated at 56 °C overnight in 1.0 mL of lysis-medium to lyse all
cells. The lysis-medium consisted of proteinase K (Sigma, The Netherlands) in Tris/EDTA
buffer (1 mg/mL).

The next day 250 uL of these suspensions were mixed with 250 pL. RNase-solution. The
RNase solution was prepared from 60 uL. RNase (Sigma, The Netherlands, 1.35 Kunitz/pl)
and 100 pL heparin (Leopharma, The Netherlands, 5.000 IE/mL) in 30 mL PBS, and
incubated at 37 °C for 70 min to remove the single stranded RNA and DNA. Various dilutions
were prepared with PBS. Dilutions were mixed with CyQUANT® dye. After 15 min
fluorescence was measured in 96 well plates using a Perkin Elmer Luminescence
Spectrometer LS 50 B (excitation at 480 nm, slit width 2.5 nm, emission at 520 nm, slit width
7.5 nm). The measured fluorescence intensities were correlated to the amount of DNA using a
calibration curve made by using DNA (Sigma) dilutions of known concentration. Data shown
are the result of triplicate measurements (£ s.d.). Results were analyzed using one-way
ANOVA, followed by a Games-Howell Post Hoc Test (assuming unequal variance).
Differences were considered statistically significant when p < 0.05. Statistical calculations
were performed using SPSS software for Windows (version 10.0, SPSS, USA).

Results and discussion

It is well known that chemical treatments can introduce changes at the surface of a
material.[15-17] Preliminary experiments, however, have shown that treatments with acidic or
alkaline solutions of PEOT/PBT copolymers do not improve rat BMSC attachment and
growth. Alkaline treatment with 0.1 N NaOH in ethanol for 1 min even causes severe surface
degradation. It was, however, observed that there are significant differences in the surface
contact angle of the compression molded compared to previously reported solution cast
films.[11]
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The fact that different processing techniques give significantly different surface properties is
of interest. For instance in the preparation of porous structures for tissue engineering different
techniques are used: thermal processes like heat treatment[23], compression molding[?4! fiber
spinning[23] and extrusion[26] or techniques involving solvents like solution casting(27] and
freeze-drying.[28.291 Currently we are working on the preparation of porous scaffolds for bone
tissue engineering both by freeze-drying and by compression molding combined with salt
leaching. In the former technique the solvent is expected to play an important role, where in
the latter thermal processes are expected to influence the surface properties.

XPS measurements of the compression molded (untreated) copolymer films
(1000PEOT70PBT30 and 300PEOTS55PBT45) used in these experiments show that the
composition at the surface is the same as for solution cast films, with O/C ratios close to the
ones calculated based on the bulk composition (Table 4.1).

Table 4.1 - Selected XPS data from PEOT/PBT copolymers: O/C ratios and C 1s peak deconvolution.

‘ Solution cast” ‘ Compression molded’
1000PEOT70PBT30 | O/C ratio 0.44 0.440 £ 0.004
C 1s peak C-C 29.19 % 30.5£0.8 %
C-O 65.17 % 63.0£0.7 %
O-C=0 5.64 % 6.6+03%
1000PEOT70PBT30 | O/C ratio 0.49 0.502 = 0.004
30 min CO; plasma | C 1speak | C-C 29.47 % 272+12 %
C-O 61.88 % 64.0£1.2 %
O-C=0 8.66 % 87102 %
300PEOT55PBT45 | O/C ratio 0.41 0.413 £0.006
Clspeak | C-C 47.8 % 479+1.2 %
C-O 42.39 % 414%£0.7 %
O-C=0 9.81 % 10.7£0.6 %

*: single measurement
§: average of four measurements, * s.d.

Contact angle measurements however show significant differences between the different
films. Table 4.2 compares the contact angle data of solution cast (from chloroform/1,1,1,3,3,3-
hexafluoro-2-propanol) and compression molded 1000PEOT70PBT30 and
300PEOTS5PBT45 copolymer films as measured by captive bubble and sessile drop
measurements. After thorough washing with ethanol, both solution cast and compression
molded PEOT/PBT copolymer films of the same composition show the same surface
composition as measured by XPS. Based on these findings one could expect comparable
surface contact angles, for both solution cast and compression molded films. If one compares
the contact angles (sessile drop and captive bubble) of these copolymer films, however, large
differences are observed, as shown in Table 4.2. In this table also data on PDLLA and PCL are
included, which show the same effects.

In principle sessile drop and captive bubble techniques should give comparable values, since
both measure an air/water interface. One should keep in mind, however, that the captive
bubble measurements are performed in an aqueous environment allowing the polymers to
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absorb water (the wet surfaces in captive bubble measurements can therefore not be directly
compared to the dry surfaces in the sessile drop measurements).

But even within the same method large differences are observed between solution cast and
compression molded films, both for the PEOT/PBT and PDLLA copolymers as for the
homopolymer PCL. Different surface morphologies are likely to play a role here.[30]

Table 4.2 - Contact angles determined by sessile drop and captive bubble measurement on solution cast and
compression molded polymer films.

Material Water Compression molded Solution cast
uptake*
Captive bubble | Sessile drop | Captive bubble | Sessile drop
1000PEOT70 | 74 % 327+1.0° | 74.6+4.6° 41+1° 37+2°
PBT30
300PEOT 5% 39.8+1.7° | 659+0.9° 47+1° 56+ 1°
55PBT45
PCL 08% | 498+32° | 753+34° 62 +2° 80+ 1°
PDLLA 06% | 553+14° | 67.5+3.0° n.d. 73

*: Equilibrium water uptake, measured at room temperature
n.d.: not determined

Composites with hydroxyapatite

To improve cell attachment to the hydrophilic 1000PEOT70PBT30 copolymer system, we
investigated the incorporation of non-water soluble materials in the form of hydroxyapatite
(HA). HA is used as a scaffolding material for the implantation of BMSCs.[3:4.201 Tt is
therefore expected that incorporation of this material can have a positive effect on the BMSC
attachment to PEOT/PBT copolymer systems. As shown in Figure 4.1, a stereomicroscopy
picture of solution cast 1000PEOT70PBT30 copolymer film, where HA powder was deposited
on the surface of the drying film, this is indeed the case.
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Figure 4.1 - Stereomicroscopic image of a I000PEOT70PBT30 copolymer film of which the surface is partially
covered with hydroxyapatite after 3 d of goat BMSC culturing. The methylene blue stained (dark blue) cells are
only present on the white hydroxyapatite. [Color figure on p. 169]
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Figure 4.2 - SEM pictures of 1000PEOT70PBT30 composite films with 10 vol % HA. Top: non gas plasma
treated, middle: 15 min CO, plasma treatment, bottom: 30 min CO, gas plasma treatment.

Goat BMSCs are able to attach to the added HA, but not to the copolymer. By blending
1000PEOT70PBT30 chloroform solutions with sintered HA particles (size 38-53 pm)
composites with 5, 10, 25 vol % of HA were prepared. These solution cast composite films,
however, hardly showed any cell attachment of goat BMSCs. The reason for this observation
becomes clear from SEM. As shown in Figure 4.2 (top picture) for a composite film with 10
vol % HA, almost all HA particles are covered with a layer of copolymer.
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To remove this copolymer layer, the composite films were etched using a CO, gas plasma
treatment for 5, 15 or 30 minutes respectively. As shown in Figure 4.2 (middle and bottom)
the covering copolymer layer is etched away. After 30 minutes of treatment, most HA
particles are exposed to the surface.

After 3 and 7 d of cell culture, a screening experiment with goat BMSCs showed that on all
composite surfaces even after only 5 min of CO, gas plasma treatment cells attached and
proliferated. Interestingly enough, not only the composite films, but also the
1000PEOT70PBT30 copolymer without added HA, used as control, showed a tremendous
improvement in the amount of goat BMSCs after 5, 15 and 30 min of CO, gas plasma
treatment.

Clearly, not only the exposed HA leads to an improvement in stromal cell attachment and
growth, also CO, gas plasma treatment of the 1000PEOT70PBT30 copolymer itself has a
positive effect on stromal cell attachment and growth.

CO; gas plasma treatment

Based on the good results obtained from the etching experiments the effect of gas plasma
treatments on the cell attachment to PEOT/PBT copolymers was investigated. A qualitative
assessment of goat BMSC growth on gas plasma treated PEOT/PBT copolymers showed that
both CO; and Ar plasmas have a positive effect on the cell attachment to solution cast films of
different composition.[11]

Here, compression molded PEOT/PBT films (CO, gas plasma treated and untreated) were
compared with PDLLA and PCL with respect to the attachment and growth of BMSCs. In
view of future in vivo experiments rat BMSCs were cultured on 300PEOTS5PBTA4S5,
1000PEOT70PBT30 and 1000PEOT70PBT30, treated for 30 min with a CO, gas plasma, as
well as PCL and PDLLA for up to 7 d. The amount of DNA present on the films was
determined by means of a fluorescent dye (CyQuant®) at day 1,3 and 7. Results are depicted in
Figure 4.3.

2000,

1500

1000

DNA (ng/film)

5004

1000/70/30 300/55/45 PCL PDLLA  1000/70/30
30 min CO»

Figure 4.3 - Amount of DNA present after 1,3 and 7 d on 15 mm diameter polymer films of untreated
1000PEOT70PBT30, untreated 300PEOTS5PBT45, PCL, PDLLA and 30 min CO, plasma treated
1000PEOT70PBT30.
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Compared to the untreated copolymer a large increase in the amount of DNA present on the
CO, gas plasma treated 1000PEOT70PBT30 was observed after 7 d of cell culturing. The
amount of DNA present on gas plasma treated 1000PEOT70PBT30 after 7 d was comparable
to the value found for PDLLA, but significantly higher than for PCL, 300PEOTS55PBT45 and
untreated 1000PEOT70PBT30. These results confirm the qualitative results obtained with
goat BMSCs previously reported for solution cast and plasma treated PEOT/PBT films.[11]
After plasma treatment, a large amount of rat BMSCs attach to the surface of these
PEOT/PBT films. After 3 d of cell culture many well spread stromal cells are present on the
gas plasma treated 1000PEOT70PBT30 surface, forming extracellular matrix as observed by
SEM (Figure 4.4). CO, gas plasma treatments result in 1000PEOT70PBT30 copolymer
surfaces that attach as many BMSCs as PDLLA.

As shown in Table 4.2, CO, gas plasma treatment leads to a significant increase in the O/C
ratio (from 0.44 to 0.50) as observed by XPS, showing the introduction of oxygen containing
functional groups to the 1000PEOT70PBT30 copolymer surface. The improvement of BMSC
attachment to gas plasma treated 1000PEOT70PBT30 and other PEOT/PBT copolymers is
possibly related to differences in protein adsorption from the medium used during cell culture
to these oxygen containing functional groups on the surfaces.

Figure 4.4 - SEM pictures of PEOT/PBT surfaces after 3 d of rat BMSC culturing. Left: untreated
1000PEOT70PBT30, no cells. Right: 1000PEOT70PBT30 after 30 min CO, plasma treatment, many cells and
extracellular matrix.

Further research in this direction is currently ongoing. Recent datal24] have also shown that
these kinds of gas plasma treatments are also suitable for the surface modification of porous
PEOT/PBT structures.

Conclusions

Incorporation of HA leads to an increase of BMSCs present on the surface after removal of the
copolymer film covering the HA particles. The etching procedure used here (30 min CO, gas
plasma treatment), however, also improved stromal cell attachment to 1000PEOT70PBT30
copolymer films without HA. XPS data showed the introduction of oxygen containing groups
at the material surface.

As determined by means of a DNA-assay, CO, gas plasma treatment yielded a surface to
which rat BMSCs attached in comparable amounts as to PDLLA. Significantly more cells
were observed on CO, plasma treated 1000PEOT70PBT30 as compared to PCL. The
presented data support previously reported qualitative data on the improvement of goat BMSC
attachment to gas plasma treated, solution cast PEOT/PBT films. Gas plasma treatments are
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therefore a preferred method of surface modification, resulting in an improvement in cell
attachment on both solution cast and thermally processed PEOT/PBT copolymers. The fact
that after gas plasma treatment BMSCs attach well to 1000PEOT70PBT30, enables in vitro
BMSC culturing as needed for tissue engineering of bone.
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Chapter 5

Porous PEOT/PBT scaffolds for bone tissue
engineering: preparation, characterization
and in vitro bone marrow stromal cell
culturing”

The thirty spokes unite in the one center; but it is on the empty space for the axle that the use
of the wheel depends.

Clay is fashioned into vessels, but it is on their empty hollowness that their use depends.
The door and windows are cut out from the walls to form an apartment; but it is on the empty
space that its use depends.

Therefore, whatever has being is profitable, but what does not have being can be put to use.

Lao Tzu (604 531 BC)

Abstract

The preparation, characterization and in vitro bone marrow stromal cell (BMSC) culturing on
porous PEOT/PBT copolymer scaffolds are described. These scaffolds are meant for use in
bone tissue engineering. Previous research showed that PEOT/PBT copolymers showed in
vivo degradation, calcification and bone bonding. In spite of this, several of these copolymers
do not support BMSC growth in vitro. Surface modification, such as gas plasma treatment, is
needed to improve the in vitro cell attachment. Porous structures were prepared using a freeze-
drying and a salt-leaching technique, the latter one resulting in highly porous interconnected
structures of large pore size. Gas plasma treatment with CO, generated an appropriate surface
throughout the entire structure, enabling BMSCs to attach. The amount of DNA was
determined as a measure for the amount of cells present on the scaffolds. No significant effect
of pore size on the amount of DNA present, was seen for scaffolds with pore sizes between
250-1000 um. Light microscopy data showed cells in the center of the scaffolds, more cells
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were observed in the scaffolds of 425-500 um and 500-710 wm pore size compared to the
ones with 250-425 um and 710-1000 pm pores.

Introduction

In the restoration of bone defects, the tissue engineering approachl!l mimics the natural
process of bone repair. The system can be activated or assisted by 1) the delivery of cells
capable of differentiating into osteoblasts, 2) inductive growth and differentiation factors or 3)
bioresorbable scaffolds which enable cell attachment, migration and proliferation. In many
approaches two, sometimes even three of these elements are combined.[2!

In the case of non load-bearing bone tissue, a promising scaffold material for this purpose
seems to be PEOT/PBT block copolymers also known as Polyactive®. The composition of
these copolymers is indicated as aPEOThPBTc, with a the molecular weight of the poly
(ethylene glycol) starting compound, b the weight percentage of the PEOT soft segments and ¢
the weight percentage of the PBT hard segments. Mechanical and physical properties of these
materials can be tuned by varying the PBT (hard segment) content and PEO (soft segment)
molecular weight of these copolymers.[34] Due to differences in hydrophilicity, water uptake
and degradability, the composition of these copolymers is also expected to be of influence on
the in vitro cell culturing of bone marrow stromal cells (BMSC) on these materials.

Several subcutaneous and intra-bone (tibia) implantations of dense and porous blocks and
porous films in rats showed bone bonding, calcification and degradation for PEOT/PBT
copolymers with high PEO content (60 and 70 weight percent PEO containing soft
segment).[5-8] However, these effects were not seen after implantation of porous blocks into
critical size defects in goatl®] and human!!0] ilea. We intend to prepare porous PEOT/PBT
scaffolds on which to culture patient-own human BMSCs. These polymer/cell constructs will
then be implanted at the site of the defect after a period of in vitro cell culture. For use in bone
tissue engineering, the structures need to be highly porous with interconnected pores and a
sufficiently large pore size to ensure tissue ingrowth and bone formation.[11]

Several ways are known to prepare porous structures, each with their own level of control over
pore size, porosity and interconnectivity. Depending on the polymer system each technique
has its own advantages and disadvantages.[!2] A widely applied technique is particulate
leaching. Leachable particles, for instance sucrose, sodium chloride or other salts, are mixed
with a polymer solution. After solvent evaporation and leaching, porous membranes are
obtained.[13] These polymer/salt composites can also be molded or extruded into various
complex shapes.[14.15]

Another versatile technique is liquid-solid phase separation as described by Aubert et al.[16] in
the preparation of microcellular polystyrene foams. By using solvents that can be freeze-dried,
e.g. cyclohexane, naphthalene or 1,4-dioxane, and by use of different freezing temperatures
and conditions various pore sizes and pore structures can be obtained.[17-21]

We are developing those techniques that give us large flexibility in the preparation of our
tissue engineering scaffolds, in terms of pore size and porosity, since the optimal conditions
and processing technique for a scaffold vary per material and tissue. Here we describe the
preparation and characterization of porous PEOT/PBT structures prepared by liquid-solid
phase separation, followed by freeze-drying and by compression molding of polymer and salt
particle mixtures, followed by salt leaching. These scaffolds were gas plasma treated using a
CO, gas plasma to enable BMSC attachment to these structures.[?2:23] Scaffolds of varying
pore size are evaluated to study the effect of pore size on the gas plasma treatments and on the
in vitro rat BMSC culture.
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Materials and methods

All solvents used were analytical grade and all chemicals were at least 99 % pure, unless
otherwise mentioned. All were used as received.

Polymer scaffold preparation

Synthesis. PEOT/PBT multiblock copolymers were prepared by two-step polycondensation in
the presence of titanium tetrabutoxide (Merck, Germany) as catalyst (0.1 wt %) as previously
described!3], with the exception that vitamin E (Sigma-Aldrich, Germany, approx. 95 % pure)
was used as antioxidant. Compositions were varied by changing the poly (ethylene glycol)
(Fluka, Switzerland) molecular weight and the dimethyl terephthalate (Merck, Germany)/1,4-
butanediol (Acros, Belgium) to polyethylene glycol ratio.

Unless otherwise mentioned, the resulting polymers were dissolved in chloroform (Biosolve
Ltd., The Netherlands) or chloroform/1,1,1,3,3,3-hexafluoro-2-propanol (Acros, Belgium)
mixtures (approximately a 10 % (w/v) solution) and precipitated in a tenfold excess of
technical grade ethanol. The copolymer composition was determined by 'H-NMR (Varian
Inova 300 MHz). All copolymers had compositions close to the intended ones. The
composition is indicated as aPEOThPBTc, where a is the starting poly (ethylene glycol)
molecular weight, b the weight percentage of PEOT soft segments and ¢, the weight
percentage of PBT hard segments. It has to be noted that terephthalic ester units are present in
both the soft and the hard segments.[3]

Film preparation. Films (75-100 um thick) were prepared by casting of 20 % (w/v) polymer
solutions in chloroform or chloroform/1,1,1,3,3,3-hexafluoro-2-propanol mixtures on a glass
plate using a casting knife. All films were placed in ethanol (overnight) to remove any residual
1,1,1,3,3,3-hexafluoro-2-propanol and/or chloroform. Films were dried in a vacuum oven
under a small N,-current for 5 d.

Porous structures prepared by freeze-drying. Typically, 5-20 % (w/v) copolymer solutions
were prepared in 1,4-dioxane (Merck, Germany), solutions were heated until a clear solution
was obtained (usually between 80 and 110 °C). Solutions were poured into polyethylene vials
and frozen at different temperatures: -196 °c (liquid nitrogen), -78 OC (acetone/CO,), -28 °C
(freezer) and +7 or +10 °C (refrigerator). Subsequent freeze-drying (5 d, 20 mbar) yielded
white foams.

Porous structures prepared by compression molding of polymer/salt mixtures followed by salt
leaching. Copolymer granulate was cryogenically ground using an IKA Labortechnik
(Germany) A10 grinder. Polymer powder and sodium chloride (Merck, Germany) was sieved
using Endecotts (England) test sieves of 250, 425, 500, 710, 1000 and 1180 pwm mesh size.
The desired salt volume fractions were calculated using a salt density of 2.165 g/cm3. The
powders were mixed and subsequently compression molded in a laboratory hot press (THB
008, Fontijne Holland BV, The Netherlands) into the desired shapes. Powders were heated at
180 °C for 3 min and subsequently pressed for 1 min at 2.9 MPa. Samples were leached with
milliQ water for 48 h and dried under reduced pressure in a vacuum oven.

Characterization of porous structures. Porosity was determined by measurement of scaffold
mass and dimensions (volume) in the dry state. The porosity was calculated from the densities
of the solid materials, 1000PEOT70PBT30: p = 1.188 = 0.011 g/cm’, 300PEOTS55PBT30: p =
1.2437 + 0.0029 g/cm’. Pore sizes were measured from scanning electron micrographs at a
magnification of 100 times. The average diameter of at least 20 pores (£ s.d.) was determined.
For salt leached samples the pore sizes were found to be in accordance with the sizes of the
salt crystals used. Compression moduli were determined at room temperature using a Zwick
7020 tensile tester. Moduli were measured at 10 % strain at a strain rate of 2 mm/min with a
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0.1 N preload. The scaffolds had a diameter of 17 mm and a height of 8§ mm. Results are
averages of at least three measurements (£ s.d.).

Water uptake. Polymer films were weighed at regular intervals. For every polymer three
samples were swollen in milliQ water (shaking bath, 37 °C). All results are averages of
triplicate measurements (% s.d.).

CO, gas plasma treatment. Both solution cast films (treated on both sides) and porous
structures were treated for 30 min. Discharge power was 49 W. CO, gas plasma pressure:
0.06-0.07 mbar. A gas flow of 10 cm’/min was used. Samples were treated with a pre-delay of
2 min and a post-delay of 2 min.[22] After treatment samples were rinsed using demineralized
water, followed by ethanol (p.a.). Samples were dried in a vacuum oven overnight at room
temperature.

Bone marrow stromal cell culturing

Goat bone marrow stromal cell culturing on copolymer films. Samples with a diameter of 10
mm were cut from the copolymer films. For preliminary screening experiments goat BMSC:s,
passage 3 were used. The cells were seeded with a density of 10,000 cells/cm?, on discs in the
presence of 3 mL minimal essential medium (-MEM, Life Technologies, The Netherlands)
containing[24l: 15 % fetal bovine serum (Life Technologies, The Netherlands), 100 units/mL
penicillin, 100 pg/mL streptomycin (Life Technologies, The Netherlands), 2mM L-glutamine
(Life Technologies, The Netherlands), 0.2 mM ascorbic acid 2-phosphate (Life Technologies,
The Netherlands), 10 mM [-glycerophosphate (Sigma, The Netherlands), 10 M
dexamethasone (Sigma, The Netherlands).

Rat bone marrow stromal cell culturing. BMSC cells were isolated from 7 femora from 4
male Wistar-rats. The femora were cut on both sides and the marrow was flushed out using 5
mL of medium per femur. The collected cells were re-suspended with a 21G needle and
cultured at 37 0C, 5 % CO; for 7 d, with periodic medium changes every other day. After 7 d,
cells were confluent and were washed with PBS (Life Technologies, The Netherlands) and
treated with trypsin/EDTA (Sigma, The Netherlands). The collected cell suspension was
cultured for another week, yielding 69x10° rat BMSCs.

Cell seeding and growth on porous scaffolds. Scaffolds were washed with: distilled water, 100
% ethanol, distilled water, 70 % ethanol/water, 3x sterile PBS containing 100 units/mL
penicillin and 100 pg/mL streptomycin. The scaffolds were stored in PBS containing 100
units/mL penicillin and 100 pg/mL streptomycin until cell culturing (1 1/2 d) and seeded with
2x 150 pL of cell suspension (~ 2x10° cells per scaffold). Cell suspensions were ‘injected’
into the scaffolds. Scaffolds were incubated at 37 °C for 3 h, after which 2 mL of cell culture
medium was added. Cells were cultured at 37 0C, 5 % CO, for 10 d, with periodic medium
changes every other day. Samples were analyzed at day 1, 3, 7 (methylene blue staining) and
day 10 (alkaline phosphatase staining). The amount of cells seeded was kept constant at
approximately 2x10° cells per scaffold since the estimated internal surface area was in the
same order of magnitude for all the scaffolds: between 13.0 cm? (250 um pores) and 3.3 cm’
(1000 pm pores), resulting in a seeding density in the range of 1.5%10* - 6x10" cells/cm’.

Analysis
Methylene blue staining. Samples were analyzed at day 1, 3 and 7. Scaffolds were washed

with warm PBS containing 100 units/mL penicillin and 100 pg/mL streptomycin and
subsequently fixed with glutaraldehyde (Merck, Germany, 1.5 % solution in 0.14 M cacodylic
acid buffer, pH = 7.35). Then the samples were washed with water and stained for 30 s using a
1 % methylene blue solution in 0.1 M borax buffer (pH = 8.5). Scaffolds were subsequently
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washed with demineralized water, until the water was clear. Samples were stored in a
refrigerator until further analysis. Samples were evaluated using a Nikon SM2-10A
stereomicroscope (1x objective). Digital photographs were taken using a Sony progressive 3
CCD camera. To obtain a qualitative comparison between the different polymers (concerning
the amount of cells present on the film surfaces), the intensity of blue staining of cells on the
film surfaces was evaluated. Higher magnifications showed blue staining of the cells. The
samples were divided in 4 categories: 1) no cells (-), 2) few cells (£), 3) cells (+) and 4) many
cells at the surface (++/+++). The distribution of cells within the scaffolds was examined
using diagonally cut cross-sections of the scaffolds.

DNA-assay. Scaffolds were washed with PBS containing 100 units/mL penicillin and 100
pg/mL streptomycin at 37 OC and stored in a freezer (-80 °C) until further analysis. Scaffolds
were cut in at least 4 pieces and incubated at 56 °C overnight in 0.5 mL of lysis-medium to
lyse all cells.

The lysis-medium consisted of 26.47 mg iodoacetamide (Sigma, The Netherlands), 1.60 mg
pepstatin A (Sigma, The Netherlands) and 150.0 mg proteinase K (Sigma, The Netherlands) in
150 mL Tris/EDTA buffer.

The next day 250 uL of these suspensions were mixed with 250 pL. RNase-solution. The
RNase solution was prepared from 60 pL. RNase (Sigma, The Netherlands, 86 Kunitz
units/mg) and 100 UL heparin (Leopharma,The Netherlands, 5.000 IE/mL) in 25 mL PBS, and
incubated at 37 °C for 45 min to remove the single stranded RNA and DNA. Various dilutions
were prepared with PBS. Dilutions were mixed with CyQUANT® dye. After 15 min
fluorescence was measured in 96 well plates using a Perkin Elmer Luminescence
Spectrometer LS 50 B (excitation at 480 nm, slit width 2.5 nm, emission at 520 nm, slit width
7.5 nm). The measured fluorescence intensities were correlated to the amount of DNA using a
calibration curve made by using DNA (Sigma) dilutions of known concentration.

Data shown are the result of triplicate measurements (£ s.d.). 6 scaffolds without cells were
used as blanks. Results were analyzed using one-way ANOVA, followed by a Tukey’s
Honestly Significant Difference Post Hoc Test. Differences were considered statistically
different when p < 0.05. ANOVA calculations were performed using SPSS software for
Windows (version 10.0, SPSS, USA).

Alkaline phosphatase (ALP) staining. Samples were analyzed at day 10. Scaffolds were
washed with PBS containing 100 units/mL penicillin and 100 pg/mL streptomycin of 37 °c
and subsequently fixed with paraformaldehyde (4 % solution in Sgrensen buffer (phosphate
buffer)) for 3 1/2 h.

Samples were washed with water (3x) and stained for 35 min using a Fast Blue RR salt (4-
benzoylamino-2,5-dimethoxybenzene-diazonium chloride hemi[zinc chloride], Sigma, The
Netherlands) in naphthol As-B-1 stock solution (1 g/L). Besides the cultured scaffolds also
three blank scaffolds were stained (pore size 500-710 pm).

Samples were investigated using a Nikon SM2-10A stereomicroscope (1x objective). Digital
photographs were taken using a Sony progressive 3 CCD camera.

Scanning Electron Microscopy (SEM). Porous scaffolds and films containing BMSCs were
fixed (as with methylene blue staining) and stored in 70 % ethanol. Samples were dehydrated
using an ethanol/water gradient. Dehydrated samples were dried using a Balzers CPD 030
critical point dryer before coating. Samples were coated with Au/Pd in a Polaron E5600
sputter coater. Pictures were taken with a Hitachi FE-SEM S-800 (6.0 kV).
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Results and discussion

Improvement of cell attachment

Based on literature, the PEOT/PBT multiblock copolymer with a 70 to 30 soft to hard segment
ratio and a PEO molecular weight of 1000 (1000PEOT70PBT30) holds promise as a scaffold
material for bone tissue engineering. Besides degradation, calcification and bone bondingls],
in vivo studies on porous 1000PEOT70PBT30 also showed bone ingrowth.[8] In contrast to
our expectation, screening experiments using goat BMSCs however did not show any cell
attachment to this I000PEOT70PBT30 in vitro.

As studies have shown, the hydrophilicity of polymers is an important factor in cell adhesion
and growth.[25.26] We therefore varied the copolymer compositions to adjust the
hydrophilicity. As indicated in Table 5.1 it is possible to vary the physical properties of the
tissue engineering scaffolds within a wide range by adjusting the copolymer composition. The
water uptake is very much dependent on the PEO molecular weight and the soft to hard
segment ratio. To screen for the viability of these materials as scaffold materials for bone
tissue engineering, previously frozen goat BMSCs were cultured on these materials. Goat
BMSCs only attached to the relatively hydrophobic 300PEOT55PBT45 and somewhat to the
300PEOT70PBT30 but not to the 1000PEOT70PBT30. Interestingly enough, cells did also
not attach to the other two copolymers with low PEO contents: 1000PEOT30PBT70 and
1000PEOT40PBT60. Despite their low PEO content these polymers have a considerable water
uptake of 32 and 38 mass percent, respectively. This in comparison to the 300PEOTS55PBT45
and the 300PEOT70PBT30 that have a much lower water uptake, even though they have a
comparable PEO content. Phase separation is likely to play an important role here.[3]

Table 5.1 - PEOT/PBT block copolymer films: composition, water uptake and results of goat BMSC attachment
experiments, -: no cell attachment, *: some round, not well attached cells at the surface +: cell attachment, ++
and +++: surface covered with cells.

Soft to hard PEO Water BMSC attachment
Copolymer segment content uptake Untreated 30 min. CO,
ratio® (%)§ (mass %) plasma

4000PEOT70PBT30 80/20 77.5 212 - +
1000PEOT30PBT70 30/70 27 32 - +++
1000PEOT40PBT60 41/59 37 38 -
1000PEOTS55PBT45 55/45 49 46 -
1000PEOT60PBT40 63/37 54 52 -
1000PEOT70PBT30 77/23 65 74 - +/++
300PEOT55PBT45 52/48 36 5 + +/++
300PEOT70PBT30 67/33 44 6 + +++

§: experimental from NMR

An effective way of making PEOT/PBT copolymers more suitable for BMSC attachment is by
a 30 min gas plasma treatment with CO,.[22.23.27] From an assessment of goat BMSC
attachment to PEOT/PBT films (cells were stained using methylene blue, data not shown) it
could be seen that the amount of cells present on the copolymer surfaces increased
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substantially after gas plasma treatment, as qualitatively indicated in Table 5.1. Details of
these techniques, like changes in surface chemistry and morphology and other ways of
improving cell attachment to these materials are discussed in a Chapter 4 and Appendix A.[23]
All gas plasma modified PEOT/PBT copolymers tested showed an improvement in goat
BMSC attachment, including the I000PEOT70PBT30 copolymer.

Preparation of porous structures

An important step towards a tissue-engineered polymer/cell construct is the preparation of a
suitable three-dimensional matrix for in vitro cell culturing. We are aiming for methods that
enable us to prepare highly porous scaffolds with large pores and good mechanical properties
from these hydrophilic copolymers.

A well-known method to prepare porous polymeric scaffolds is by liquid-solid phase
separation of a solvent that can easily be removed, for instance by freeze-drying. The resulting
porosity of the structures is governed by the polymer concentration of the solution. The
obtained pore sizes are mostly governed by the temperature at which the polymer solution is
frozen. In correspondence with literature smaller pores are obtained at lower freezing
temperatures, due to the faster rate of nucleation of the solvent, leading to more and hence
smaller crystals.[16.21.28] The effect of freezing temperature of a 1,4-dioxane solution on the
pore size of 1000PEOT70PBT30 is shown in Figure 5.1. In this figure the pore size of the
pores are shown, as they were observed in SEM pictures (Figure 5.2).
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Figure 5.1 - Estimated average pore size (£ s.d.) as obtained from SEM pictures of 1000PEOT70PBT30 of 91 %
porosity.

Based on in vivo studies it was concluded by Radder et al.[8] that 300 um pores were
suboptimal for bone ingrowth, probably due to the combination of press-fit implantation and
extensive swelling in situ. In order to obtain pores larger than 300 pm, we froze 1,4-dioxane
solutions at 10 °C, a temperature close to the melting point of the solvent (11 °C). As indicated
in Table 5.2 pores well over 300 um are obtained, even pores as large as 1.5 mm were
observed.
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Figure 5.2 - SEM picture from a 92 % porous 1000PEOT70PBT30 scaffold prepared by freeze-drying (frozen at
+7 °C, pore size: 167 £ 78 pm).

Table 5.2 - Average pore sizes (£ s.d.) for I000PEOT70PBT30 in 1,4-dioxane, frozen at 10 0C, as estimated

from SEM.
Volume % 1,4-dioxane | Average pore size (mm)
85 0.6+0.3
90 0.5+0.2
95 0.6+0.3

To our knowledge these are the largest pores reported for porous structures prepared by liquid-
solid phase separation.[12] The polymer concentration did not seem to have an effect on the
obtained pore size. Even though highly porous structures were obtained with porosities
ranging from 85 to 95 % most of the pores have a closed pore structure (Figure 5.3), in
accordance with previous observations.[21] Pore interconnectivity is one of the important
parameters for tissue engineering, since it enables tissue ingrowth and vascularization, making
the obtained structures not very suitable as tissue engineering scaffolds.

Figure 5.3 - 5 % solution of 1000PEOT70PBT30 frozen at +10 "C, most pores show a closed pore structure.
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In order to obtain a well-interconnected structure with large pores a salt-leaching approach
was followed. PEOT/PBT granules were cryogenically ground to a powder and subsequently
sieved using standard test sieves to obtain powders of known particle size. As leachable
porogen sodium chloride was selected which was also sieved to fractions of known sizes.

By compression molding, these polymer powder/salt mixtures can be processed into devices
of different sizes and shapes. By varying the polymer powder to salt ratio and the salt size, it
was possible to obtain porous structures with porosities ranging from 75 to 90 % and pore
sizes of 250 to 1000 um. Not all polymer/salt mixtures, however, yield coherent structures
that stay stable during salt leaching. In Table 5.3 the stability during leaching of
1000PEOT70PBT30 structures is indicated, defining the processing window of this technique.

Table 5.3 - Stability of scaffolds during the leaching process. Scaffolds were prepared by polymer powder
mixing/salt leaching. ++ denotes no fragmentation, + single polymer fragment comes off, + several polymer
fragments come off, - many polymer fragments come off, -- complete scaffold disintegration.

Intended Actual
Porosity porosity* 250-425 um | 425-500 pum | 500-710 um | 710-1000 wm
60 % 743120 n.p. ++ ++ +
70 % 79.1x1.3 ++ ++ ++ ++
80 % 84.8+2.2 ++ ++ ++ +
90 % 91.6x+ 1.1 + - + --

* = average of all the scaffolds of all pore sizes, determined by means of density
n.p. = not prepared
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Figure 5.4 - Actual porosity as a function of the salt volume fraction. Values are an average of the porosities of at
least 10 scaffolds of various pore size (£ s.d.).

The actual porosity was determined by measuring the relative density compared to the density
of solid compression molded 1000PEOT70PBT30 (p = 1.188 g/cm3). The obtained porosity is
in almost every case higher than that based on the calculated value. Remaining small air
bubbles formed during compression molding within the polymer fraction might be an
explanation for this. Nevertheless there is a clear linear relationship, as indicated in Figure 5.4,
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giving good control over the porosity in a range of 75-90 %. Interconnectivity of the obtained
structures is much better than was the case for the scaffolds prepared by liquid-solid phase
separation, as shown in Figure 5.5. The obtained pores are cubic, formed after the shape of the
salt crystals used.

Even though both preparation techniques give porous structures of high porosity (up to 90-95
%), the latter described technique of compression molding and leaching shows a better control
over pore size and interconnected pores. Therefore, the scaffolds prepared by this technique
were thoroughly characterized in terms of mechanical properties and were used in BMSC
culturing experiments.

Figure 5.5 - SEM picture of a 1000PEOT70PBT30 scaffold of 85.1 £ 3.0 % porosity, prepared with sodium
chloride particles of 500-710 um.

Mechanical properties of scaffolds prepared by polymer powder/salt mixing

Although these materials are not intended in load-bearing applications, mechanical properties
like scaffold stiffness are of interest. Scaffolds should maintain their structure and stiffness
after long periods of cell culture and should maintain their structure for subsequent
implantation. Depending on culture medium and culturing time and the place of implantation,
very soft or more rigid scaffolds might be required with good handling characteristics up to
the time of insertion into the bone defect.

The mechanical properties, especially the compression modulus, of porous materials are
mainly governed by porosity. Various empirical relationships relate properties like tensile
strength, compressive modulus and flexural modulus to the relative density or porosity.[29]
From experimental and theoretical studies on trabecular bone it was concluded that the
compression modulus of a porous structure (Cio,m) 1s related to the relative density
(Pfoam/Psotia) according to the following formula:[30]

X

p foam
p solid )

Cfoam = Csolid * [ (5 1)

where X is an exponent with a value ranging between 2 and 3. The same relation is also valid
for polymeric foams.[29] Experimentally, the exponent can easily be obtained by preparation of
log-log plots of the relative compression modulus versus the relative density.
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As shown in Figure 5.6, such relations fit the observed data very well. From our data on
1000PEOT70PBT30 scaffolds of varying porosity an exponent of 3.2 = (.2 was obtained, in
good correspondence with the previously mentioned value of 2-3, as often seen in literature.
Parallel studies on the scaffolds prepared by freeze-drying showed that these porous scaffolds
also obey this exponential decrease in modulus with increasing porosity, albeit with a
somewhat smaller exponent of 2.2 (1000PEOT70PBT30) or 2.8 (300PEOT55PBT45),
depending on the copolymer tested. The obtained relation allows us to accurately predict the
compression modulus of a scaffold of a given porosity, enabling us to tune the mechanical
properties to a specific need.
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Figure 5.6 - Dependence of compression modulus on scaffold porosity (p) in the case of 1000PEOT70PBT30
foams. 1-p equals the relative density as mentioned in formula 5.1. Moduli are the average of 3
measurements (% s.d.).

In vitro rat bone marrow stromal cell culture on porous scaffolds

After the initial screening with goat BMSCs, further experiments were carried out using rat
BMSCs. Future in vivo experiments will be conducted using the rat as a small animal model.
To study the effect of scaffold pore size on gas plasma treatment and in vitro cell culturing,
scaffolds of 84.5 + 2.0 % porosity of different pore sizes were used. Scaffolds of 4x4x4 mm’
were first treated using a 30 min CO, gas plasma to ensure cell attachment. Methylene blue
staining (data not shown) and SEM on scaffold cross sections showed that at day 1 of the cell
culturing experiments rat BMSCs (obtained from rat femora) attached throughout the entire
scaffold, also in the center, showing that the gas plasma is able to reach the center of the
scaffold. These results also indirectly show the interconnectivity of pores prepared by the
powder mixing/salt leaching technique. Figure 5.7 shows an SEM picture of BMSCs spread
on the surface of a 1000PEOT70PBT30 scaffold.

To study the effect of pore size on in vitro rat BMSC culture, scaffolds (porosity 84.5 = 2.0 %)
with four different pore sizes were prepared: 250-425, 425-500, 500-710, 710-1000 pm. Rat
BMSCs were cultured during 7 d, with media refreshments every other day. The amount of
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DNA, a direct indication for the amount of cells present in the samples, was then determined.
The scaffolds were evaluated at 1, 4 and 7 d as indicated in Figure 5.8.

Figure 5.7 - Rat BMSCs attached to the surface of a I000PEOT70PBT30 scaffold of 85 % porosity and pore size
of 250-425 um.

4x4x4 mm 1000/70/30 scaffolds
30 min CO, plasma treated
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Figure 5.8 - DNA amount (ng) present on 1000PEOT70PBT30 scaffolds (4x4x4 mm) of varying pore size
(porosity 84.5 £2.0 %), after rat BMSC culturing. DNA amounts are the result of triplicate
measurements (% s.d.).

The data show a statistically significant increase in the amount of DNA (and hence in cell
numbers) present on the scaffolds after 4 and 7 d. As a reference, a non gas plasma treated
scaffold of pore size 500-710 pwm was also included in the study, clearly showing the
beneficial effect of the gas plasma treatment. After 7 d of culture only 443 £ 548 ng of DNA is
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present on these scaffolds, significantly less than the 9694 + 1579 ng present on the same
scaffolds that were gas plasma treated.

The same trend was also observed by light microscopy evaluation of methylene blue stained
samples: in time there is a large increase in the amount of cells present on these scaffolds.
Over the culture period no significant differences between the amount of DNA present on the
different scaffolds could be observed. On the days of evaluation (1, 4 and 7) all the scaffolds,
within the margins of error, have similar amounts of DNA. These data show that for the
examined pore ranges, there is no significant effect of pore size on the amount of cells on
these scaffolds. Both goat (Table 5.1) and rat (Figure 5.8) BMSCs show improved cell
attachment and growth on CO, gas plasma treated PEOT/PBT surfaces.

In contrast to in vivo results where it was concluded that 300 um was a suboptimal pore
sizel81, in our in vitro study, in which pore sizes were varied from 250 to 1000 um, no
significant effect of pore size was seen. During in vitro cell culture there is no decrease in pore
size due to swelling and press-fit implantation.

Methylene blue staining of scaffold cross sections showed cell attachment in the center of the
scaffolds. Although not quantitative, the methylene blue staining suggested the presence of
more cells in the scaffolds with pore sizes of 425-500 wm and 500-710 pum. The presence of
BMSCs in the center of these scaffolds indirectly shows the interconnectivity of the pores,
allowing cells to attach in the center of the scaffolds.

Rat BMSC differentiation into the osteogenic cell lineage, was verified by staining the cells
for alkaline phosphatase activity, an enzyme not present in marrow cells. One of the first signs
of differentiation is the presence of alkaline phosphatase. Active cells color purple whereas
inactive cells stay yellowish (color of the staining medium). Figure 5.9 shows the alkaline
phosphatase active cells present on a 1000PEOT70PBT30 scaffold (710-1000 pm) after 10 d
of culture, showing the ability of the rat BMSCs to differentiate into the osteogenic lineage on
the surface of the gas plasma treated scaffolds.[24.31.32]

Figure 5.9 - Alkaline phosphatase stained 1000PEOT70PBT30 scaffold of 710-1000 um after 10 d of rat BMSC
culturing. Cells containing alkaline phosphatase (differentiated) color purple. [Color figure on p. 170]
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Conclusions

The preparation of porous structures by means of compression molding of polymer

powder/salt mixtures followed by salt leaching yields porous structures suitable as scaffold

material in in vitro BMSC culturing. Variation of polymer/salt ratio and the salt size gives
good control over porosity and pore size respectively, enabling us to prepare scaffolds with
pore sizes over 300 wm and porosities over 75 %.

Since during cell culturing rat BMSCs were able to attach in the center of the scaffolds, two

points could be proven:

® The structures prepared by powder mixing/salt leaching contain interconnected pores.

e (Gas plasma treatments using a CO, gas plasma for 30 min, are effective for the
improvement of BMSC attachment to PEOT/PBT porous scaffolds. With gas plasma
treatments it is possible to surface modify porous scaffolds both on the outside and the
inside.

In the in vitro rat BMSC culturing no significant effect of pore size, in the range of 250 to

1000 pwm, on the amount of cells present on the scaffolds was observed. The large increase in

the amount of DNA present on the scaffolds over the culture period of 7 d shows the

beneficial effect of gas plasma treatments on porous PEOT/PBT scaffolds. Methylene blue
stained scaffold cross sections showed cells in the center of the scaffolds, suggesting more
cells in the center of the scaffolds of 425-500 and 500-710 wm pore size.

The control over the scaffold preparation, the good cell attachment (after gas plasma

treatment) and the previously reported in vivo degradabilityl®] make 1000PEOT70PBT30 a

good candidate as a tissue engineering scaffold material.
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Chapter 6

Ectopic bone formation in cell-seeded
poly(ethylene oxide)/poly(butylene
terephthalate) copolymer scaffolds:

I. Effects of pore structure

Men will not be content to manufacture life: they will want to improve on it.

J.D. Bernal (1901-1971)

Abstract

Rat bone marrow stromal cells (BMSCs) were seeded and cultured (7 d) on polymer scaffolds.
The constructs were subcutaneously implanted in immunodeficient mice for 4 wks and the
ectopic formation of bone and bone marrow was evaluated as a model for bone tissue
engineering. The scaffolds were prepared from copolymers based on poly(ethylene oxide) and
poly(butylene terephthalate), PEOT/PBT, with a PEO molecular weight of 1000 and a PEO
content of 70 weight % (1000PEOT70PBT30), using compression molding and salt leaching
techniques. The scaffolds were gas plasma treated before cell culturing. Here we report on the
effect of the pore structure of 1000PEOT70PBT30 scaffolds with a porosity of approximately
80 % on ectopic bone formation.

The pore size distributions, average pore sizes, the accessible pore volume and accessible
surface area (as a function of a simulated permeating sphere with increasing diameter (d)) of
the porous scaffolds were determined by micro computed tomography (U-CT). The pore sizes
of the different 1000PEOT70PBT30 scaffolds ranged between approximately 0-480 pm, O-
648 um, 0-528 um and 0-720 um with corresponding average pore sizes of 260 wm, 342 um,
305 wm and 447 um. After cell seeding and culturing, all 1000PEOT70PBT30 scaffolds
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showed the formation of bone and bone marrow upon implantation. By histomorphometry, no
significant differences were observed in the amounts of formed bone (5-8 %) and bone
marrow (5-13 %) in the middle cross sections of the scaffolds. For simulated sphere diameters
(d) up to 100 um, no significant differences in accessible pore volume (as a fraction of the
total volume) of the 1000PEOT70PBT30 scaffolds were observed.

Porous poly(D,L-lactide) (PDLLA, porosity 83.5 %, average pore size 407 um) and biphasic
calcium phosphate (BCP, porosity 29 %, average pore size 837 pum) scaffolds, both seeded
with rat BMSCs and cultured for 7 d, were used as references. PDLLA and BCP scaffolds
showed considerably more bone and bone marrow formation and less fibrous tissue ingrowth
and wound exudate retention than the 1000PEOT70PBT30 scaffolds. The accessible pore
volume (as a fraction of the total volume) of PDLLA was higher than for the
1000PEOT70PBT30 scaffolds. The scaffold material can also be of great influence on the in
vivo bone and bone marrow formation as the swelling properties and stiffness of the polymer
can affect the pore structure upon implantation.

Introduction

Bone marrow stromal cells (BMSCs) can be regarded as a mesenchymal progenitor/precursor
cell population derived from adult stem cells. Cultured BMSCs can be stimulated to
differentiate into bone, cartilage, muscle, marrow stroma, tendon, fat and a variety of other
connective tissues.[1]

Bone regeneration in large, clinically significant, segmental defects was observed upon
implantation of bioceramic scaffolds, which were seeded with in vitro expanded BMSCs.
Implantation of bioceramic scaffolds, which were seeded with fresh bone marrow (not
expanded in culture), did not result in healing of the segmental defects.[?] Because only a very
low percentage of mesenchymal stem cells is present in marrow (1 per 100,000 nucleated
cells), expansion in vitro is necessary to produce a sufficient number of stem cells for
(re)implantation at the surgical site for bone tissue engineering.[2!

Poly(ethylene oxide)/poly(butylene terephthalate) (PEOT/PBT) segmented block copolymers
have interesting mechanical and physical properties for use in biomedical applications. These
properties can be tuned by varying the PBT (hard segment) content and PEO (soft segment)
content and molecular weight.[34] Several subcutaneous and intra-bone (tibia) implantations
of dense and porous blocks and porous films in rats and goats showed bone bonding,
calcification and degradation for PEOT/PBT copolymers with high PEO content (60 and 70
weight percent PEO containing soft segment).[5-81 We therefore investigated the use of these
materials as scaffold materials for bone tissue engineering.

Poor bone bonding, limited calcification and limited fragmentation were, however, observed
after implantation of porous blocks of the composition with 70 weight % PEOT soft segment
and PEO molecular weight 1000 (1000PEOT70PBT30) in goat!®! and human!!0] ilia critical
size defects. It is anticipated that seeding these copolymer scaffolds with BMSCs will result in
constructs with an osteoinductive effectl!1] that are therefore better suited for bone tissue
engineering than the scaffolds without BMSCs.[12.13] Gas plasma treatment of
1000PEOT70PBT30 scaffolds is an essential step to enable BMSC attachment in vitro to this
specific material.[14:15] Using a combined technique of polymer powder/salt crystal mixing
followed by compression molding and salt leaching, porous scaffolds can easily be prepared.
The use of different amounts of salt crystals of various sizes allows for an independent
variation of porosity and pore size.[16]
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Subcutaneous implantation into immunodeficient mice of porous scaffolds seeded with
BMSCs to form ectopic bone, can be used as a model for bone tissue engineering.[11]
Implantation in rats or mice of porous scaffolds, which were first seeded with BMSCs and
cultured in vitro in an osteogenic medium for a certain period of time, resulted in enhanced
ectopic bone formation as compared to implantation of scaffolds that were only preseeded
with BMSCs.[17-19] Subcutaneous implantation in nude mice of rat BMSC seeded and cultured
(for 7 d in an osteogenic medium) porous 1000PEOT70PBT30 scaffolds of 75 % porosity,
prepared by leaching of salt particles of 400-600 wm, showed comparable ectopic bone
formation to porous hydroxyapatite, that was also seeded with rat BMSCs and cultured for 7 d
in an osteogenic medium containing dexamethasone.l1°] The effect of scaffold pore structure
on the in vivo bone formation was not addressed in that study.

Here we report on the effect of the pore structure of gas plasma treated 1000PEOT70PBT30
scaffolds on ectopic bone formation in immunodeficient mice after subcutaneous implantation
of scaffolds preseeded and cultured in vitro (7 d) with rat BMSCs in an osteogenic medium
containing dexamethasone. The pore structure of scaffolds with an approximate porosity of 80
% was varied by using salt particles with different size distributions (250-425, 425-500, 500-
710 and 710-1000 wm) in the porosifying process. Poly(D,L-lactide), PDLLA, porosity 83.5
%, prepared with salt particles of 425-500 wm and biphasic calcium phosphate, BCP, porosity
29 %, with an average pore size of 837 um, as determined by u-CT were used as controls.

Materials and methods

Materials

1000PEOT70PBT30 copolymer. The copolymer was prepared by a two-step polycondensation
in the presence of titanium tetrabutoxide (Merck, Germany) as catalyst (0.1 wt %) as
previously described[3], with the exception that vitamin E (Sigma-Aldrich, Germany, approx.
95 % purity) was used as antioxidant. The copolymer composition was determined by 'H-
NMR (Varian Inova 300 MHz) and a soft to hard segment ratio of 71 to 29 was found. The
copolymer was used without further purification.

PDLLA. PDLLA was obtained from Purac (Gorinchem, The Netherlands), having an inherent
viscosity of 2.96 dL/g (chloroform, 25 °C, concentration 0.1 g/dL).

The polymer was dissolved in chloroform and precipitated in a tenfold excess of technical
grade ethanol to remove residual monomer. The precipitate was dried overnight under reduced
nitrogen pressure in a vacuum oven and subsequently for 6 h at high vacuum.

Porous structures prepared by compression molding of polymer/salt mixtures followed by salt
leaching. Both 1000PEOT70PBT30 copolymer granulate and PDLLA copolymer precipitate
were cryogenically ground using an IKA Labortechnik (Germany) A10 grinder. Polymer
particles and sodium chloride crystals (Merck, Germany) were sieved using Endecotts (United
Kingdom) test sieves of 250, 425, 500, 710, 1000 and 1180 wm mesh size. The desired salt
volume fractions (250-425, 425-500, 500-710, 710-1000 wm particle size) were calculated
using a salt density of 2.165 g/cm’. To obtain stable porous structures, the size of the polymer
particles needs to be smaller than the size of the salt crystals used. The powders were mixed
and subsequently compression molded in a laboratory hot press (THB 008, Fontijne Holland
BV, The Netherlands) into 4 mm thick blocks. Mixed powders were heated at 180 C for 3
min and subsequently pressed for 1 min at 2.9 MPa. Samples were leached with milliQ water
for 48 h and dried under reduced nitrogen pressure in a vacuum oven. From the obtained
blocks scaffolds of 4x4x4 mm were cut using a razor blade.
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Density determination of porous structures. Density and porosity were determined by
measurement of scaffold mass and dimensions (volume) in the dry state. The porosity was
calculated using the following densities of the solid materials 1000PEOT70PBT30: p= 1.188
g/em’, PDLLA: p=1.26 g/cm’.[20]

CO; gas plasma treatment. 1000PEOT70PBT30 porous structures were gas plasma treated for
30 min according to a previously described procedure.l!5] Discharge power was 50 W. CO,
gas plasma pressure: 0.06 mbar. A gas flow of 10 cm’/min was used. Samples were treated
with a pre-delay of 5 min and a post-delay of 2 min.

OsSatura™ BCP granules. Biphasic calcium phosphate granules were characterized by
mercury intrusion porosimetry and provided by Isotis OrthoBiologics (Bilthoven, The
Netherlands).

Cell culturing and implantation

Rat bone marrow stromal cell culturing. BMSCs were isolated from 12 femora of 6 young
male Wistar-rats (100-120 g). The osteogenic culture medium was minimal essential medium
(a-MEM, Invitrogen, The Netherlands) containing(21l: 15 % (v/v) fetal bovine serum
(Invitrogen, The Netherlands), 100 units/mL penicillin, 100 pg/mL streptomycin (Invitrogen,
The Netherlands), 2mM L-glutamine (Invitrogen, The Netherlands), 0.2 mM ascorbic acid 2-
phosphate (Invitrogen, The Netherlands), 10 mM B-glycerophosphate (Sigma, The
Netherlands), 10® M dexamethasone (Sigma, The Netherlands).

The femora were cut on both sides and the marrow was flushed out using 5 mL of culture
medium per femur. The collected cells were re-suspended and cultured in T 75 standard tissue
culture flasks (Nunc, Germany) at 37 0C, 5 % CO, for 7 d, with periodic medium changes
every other day. After 7 d, the cells were confluent, washed with PBS (Invitrogen, The
Netherlands) and treated with 0.25 % trypsin/EDTA (Sigma, The Netherlands). The collected
cell suspension contained 9.9x10’ rat BMSCs. The suspension was centrifuged at 300xg for
10 min at room temperature and re-suspended in medium to obtain a cell concentration of
6.7%10° cells/mL.

Cell seeding and growth on porous scaffolds. Scaffolds were placed in bacteriological well
plates (Nunc, Germany) and washed with: distilled water, 100 % ethanol, distilled water, 70
vol % ethanol and 3x sterile PBS, sequentially. Due to swelling in ethanol, PDLLA scaffolds
were washed with isopropanol instead of ethanol. The scaffolds were put in culture medium
overnight and seeded with 2x150 uL of cell suspension (approximately 2x10° cells per
scaffold). Cell suspensions were injected into the scaffolds with a pipette tip. Scaffolds were
incubated at 37 °C for 3 h, after which 2 mL of cell culture medium was added. Cells were
cultured at 37 °C, 5 % CO, for 7 d, with periodic medium changes every other day. At day 7
cultured samples were implanted or analyzed using SEM, alkaline phosphatase staining or a
DNA assay.

In vivo implantation. Cell-seeded and cultured scaffolds were soaked in serum-free medium
and washed with prewarmed PBS (37 °C) before implantation. Six immunodeficient mice
(HsdCpb:NMRI-nu) were anaesthetized using a mixture of ketamine/xylazine and atropine,
the surgical sites were cleaned with ethanol and subcutaneous pockets were created using
blunt inscissions. Six sites were created per mouse (3 on each side of the spine) and scaffolds
were implanted according to a randomized scheme. After 4 wks the mice were sacrificed by
asphyxiation with CO, gas. Scaffolds with tissue were removed and fixed with glutaraldehyde
(Merck, Germany, 1.5 % solution in 0.14 M cacodylic acid buffer, pH = 7.35)

One mouse showed substantially less bone formation in the 1000PEOT70PBT30 and PDLLA
scaffolds (BCP was not implanted here) than the other 5. The resulting data were therefore
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excluded from the experiment. For each of the 1000PEOT70PBT30 scaffolds 5 samples were
analyzed whereas for PDLLA 2 samples and for BCP 3 samples were evaluated. BCP granules
with an approximate diameter of 4-5 mm were used for implantation as positive
controls.[22-24]

Analyses
Compression testing. Compression moduli were determined at room temperature using a

Zwick Z020 tensile tester. Moduli were measured at 10 % strain at a strain rate of 2 mm/min
with a 0.1 N preload. The scaffolds had a diameter of 17 mm and a height of 8 mm. Results
are averages of at least three measurements (* s.d.).

Micro computed tomography. The scaffolds were scanned without further sample preparation
with a desktop Micro-CT (uCT-40, Scanco Medical, Bassersdorf, Switzerland) at a resolution
of 12 um in all three spatial dimensions (X-Ray voltage 45 kVp), with the exception of the
BCP and PDLLA scaffolds, which were scanned at a resolution of 20 um. Of every scaffold
300 slices were scanned with 1024x1024 pixels per slice, covering a depth of 3.6 mm. For
evaluation, volumes of interest slightly smaller than the diameter of the sample
(approximately 4x4x4 mm) were chosen to exclude crushed boundaries. The resulting gray-
scale images were segmented using a low-pass filter to remove noise, and a fixed threshold to
extract the polymer phase.

For the 3D evaluation of the structure of the scaffold, ’direct’ three-dimensional techniques
without model-assumptions for the appearance of the structure were used. Pore voxels can be
defined as voxels corresponding to the void space and polymer voxels as voxels
corresponding to the polymer phase.

Porosity and pore size. In u-CT data analysis, the porosity can be calculated from the number
of polymer voxels and the total number of voxels. To determine the pore size, pores are
completely filled with modelled spheres of different diameters. The pore diameter assigned to
a pore voxel is then the diameter of the largest sphere (still containing that pore voxel) that fits
inside the pore.[25] In the case of cubic pores, however, as is the case in this study, this
underestimates the pore size assigned to pore voxels present in the corners of these pores.
Therefore, the algorithm was modified to assign the diameter of the largest sphere fitting in
the pore to all voxels within that pore.

The average pore size is calculated by averaging the product of the pore voxels with their
assigned pore diameters over the total amount of pore voxels, according to the formula:[25]

X, (pore voxel, X pore size,)

Average pore size = 6.1)

X, pore voxel,

Accessible pore volume. An algorithm mimicking mercury intrusion porosimetry, by use of a
simulated sphere with diameter (d), was used to determine the accessible pore volume. Using
a thresholding operation, all the pores not accessible for the sphere with diameter (d) are
suppressed. All pores of this thresholded structure not (inter)connected to the outside of the
scaffold are discarded with a component labelling operation. The volume of the resulting pore
structure is calculated, and plotted versus sphere diameter (d), resulting in a graph of
accessible pore volume (as a fraction of the total volume) versus sphere diameter (d).

Accessible surface area. The surface area of the accessible pore volume as a function of sphere
diameter (d), was calculated using a triangularization algorithm.[26] The calculated surface
consists of triangular surfaces contacting the scaffold and triangular surfaces not contacting
the scaffold. Triangular surfaces not contacting the scaffold are suppressed, resulting in a
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surface area of the pore volume of the scaffold that is accessible for the simulated sphere of
diameter (d).

Scanning Electron Microscopy (SEM). Scaffolds containing rat BMSCs were fixed and
dehydrated using an ethanol/water gradient (isopropanol for PDLLA). Dehydrated samples
were dried using a Balzers CPD 030 critical point dryer before coating. The PDLLA scaffolds
were air dried. Samples were coated with Au/Pd in a Polaron ES600 sputter coater. Pictures
were taken with a Hitachi FE-SEM S-800 (6.0 kV).

Alkaline phosphatase (ALP) staining. Duplicate samples were analyzed after 7 days of in vitro
culture in an osteogenic medium. Scaffolds were washed with PBS of 37 °C and subsequently
fixed with paraformaldehyde (4 % (w/v) solution in Sgrensen buffer (phosphate buffer)) for 6
h. Samples were washed with water (3x) and stained for 35 min using a Fast Blue RR salt (4-
benzoylamino-2,5- dimethoxybenzene-diazonium chloride hemi[zinc chloride], Sigma, The
Netherlands) in naphthol As-B-1 stock solution (1 g/L). Besides the cell-cultured scaffolds,
also two unseeded scaffolds (G) were stained. Samples were observed using a Nikon SM2-
10A stereomicroscope (1x-4.9x objective). Digital photographs were taken using a Q Image
Reticon 1000 camera.

DNA-assay. Scaffolds were washed with PBS at 37 OC and stored in a freezer (-80 0C) until
further analysis. Scaffolds were cut in at least 4 pieces (except BCP granules) and incubated at
56 °C overnight in 1.0 mL of lysis-medium to lyse all cells. The lysis-medium consisted of
proteinase K (Sigma, The Netherlands) in Tris/EDTA buffer (1 mg/mL, pH = 7.6).

The next day 500 pL of these suspensions were mixed with 500 pL. RNase-solution. The
RNase solution was prepared from 42 pl. RNase (Sigma, The Netherlands, 1.35 Kunitz
units/uL) and 70 puL heparin (Leopharma,The Netherlands, 5,000 IE/mL) in 17.5 mL PBS, and
incubated at 37 °C for 60 min to remove single stranded RNA and DNA. Various dilutions
were prepared with PBS. Dilutions were mixed with CyQUANT® dye. After 15 min the
fluorescence of the solutions in 96 well plates was measured using a Perkin Elmer
Luminescence Spectrometer LS 50 B (excitation at 480 nm, slit width 2.5 nm, emission at 520
nm, slit width 4.0 nm). The measured fluorescence intensities were correlated to the amount of
DNA using a calibration curve of DNA (Sigma) dilutions of known concentration. Data
shown are the result of triplicate measurements (£ s.d.).

To calculate the amount of DNA present in rat BMSCs, the amount of DNA was determined
as a function of cell number. Cell batches of the rat BMSCs (passage 1) used to seed the
scaffolds were frozen (-80 °C) and analyzed together with the scaffolds that were seeded and
cultured in vitro for 7 days. Cell numbers of 5x10%, 10x10*, 20x10?, 30x10*, 40x10*, 80x10*
were used in duplicate to prepare the DNA-cell calibration line. A slope of 1.32 £ 0.03 pg
DNA/cell (r=0.998) was found.

Histology/histomorphometry. After 3 d in fixative, scaffolds were dehydrated using an
ethanol/water gradient (isopropanol/water for PDLLA) and subsequently embedded in
poly(methyl methacrylate) (PMMA). Sections were prepared using a histological diamond
saw (Leica SP1600, Leica, Germany) and stained using 1 % methylene blue and 0.3 % basic
fuchsine solutions. Samples were investigated using a Nikon SM2-10A stereomicroscope
(0.75 and 1x objective). For higher magnifications a Nikon Eclipse E600 with objectives 4-
50x was used. Digital photographs were taken using a Q Image Reticon 1000 camera.

To determine the relative amounts of tissue formed, the relative areas of the different tissues
were calculated from the number of pixels as determined with Scion Image (version beta 4.02
for Windows, Scion Corporation, USA). Sections from the middle part of the scaffolds were
analysed at high magnifications and the relative amounts of the different tissues were
calculated with respect to the porosity of the cross section (area of the cross sections

86



Effect of scaffold pore structure on ectopic bone formation

corresponding to the pores). Data shown are the average of 5 scaffolds % s.d., unless otherwise
mentioned.

Statistical analysis. Results were analyzed using one-way ANOVA, followed by a Games
Howell post-hoc test. Results were considered statistically different when p < 0.05. ANOVA
calculations were performed using SPSS software for Windows (version 11.0, SPSS, USA).

Results and discussion

Four gas plasma treated 1000PEOT70PBT30 scaffolds of approximately 80 % porosity with
different pore structures were prepared using different leachable salt fractions. As a
comparison, scaffolds were also prepared from poly(D,L-lactide) (PDLLA). These polymer
scaffolds were seeded and in vitro cultured in an osteogenic medium for 7 d with rat BMSCs,
and subsequently subcutaneously implanted in immunodeficient nude mice. OsSatura’™ BCP
(biphasic calcium phosphate) seeded and in vitro cultured in an osteogenic medium for 7 d
with rat BMSCs, and gas plasma treated 1000PEOT70PBT30 (unseeded) were used as
positive and negative controls respectively. BCP was used as a positive control to confirm the
osteogenic potential of the cells used.[2224] The scaffolds and some of their main
characteristics are summarized in Table 6.1.

1000PEOT70PBT30 and PDLLA scaffolds were prepared by mixing ground and sieved
polymer with salt crystals of a 250-425, 425-500, 500-710 or 710-1000 um size range. The
powder mixture was compression molded and salt-leached, resulting in porous structures.[16]
The technique is known to result in somewhat higher values of the porosity than could be
expected on the basis of the volume content of salt used.[16:20]

The resulting porosities of the different 1000PEOT70PBT30 scaffolds are similar and
therefore these scaffolds show a comparable value of the compression modulus of about 0.2
N/mm?. A decrease in compression modulus is observed with increasing porosity, in line with
previous observations.[16] The PDLLA scaffolds are considerably stiffer with a compression
modulus of about 2 N/mm? The higher modulus can be directly related to the compression
modulus of the starting materials: 30.2 + 1.4 N/mm?® for I000PEOT70PBT30L16] and 296.5
N/mm? for PDLLA.[20]

The scaffolds (dry, prior to gas plasma treatment and cell seeding) were characterized by
micro computer tomography (U-CT), resulting in computer generated 3D pictures as shown in
Figure 6.1. Besides this, relevant data like porosity and pore size distribution were calculated.
As shown in Table 6.1, the porosity obtained from W-CT matches the values determined by
density measurements quite well. The average pore sizes of 260 to 447 um as determined by
the u-CT are lower than the size of the salt crystals used for the preparation of these porous
structures. This is in line with other reports where u-CT was used to characterize porous
scaffolds.[27]

In these previous reports a calculation method was used to calculate the pore size and average
pore size from the u-CT data, that underestimates the assigned pore size for many pore voxels
(see Materials and methods). This results in pore size distributions with a relatively high
number of small pores and therefore a lower average pore size than expected on the basis of
the size of the salt crystals used. In this study, however, the underestimation of the average
pore size is less than in previous reports(27! due to an improved algorithm more suitable for
cubic pores, as is the case in this study for the scaffolds prepared by salt leaching.

For the different 1000PEOT70PBT30 porous scaffolds prepared with salt fractions of 250-
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Table 6.1 - Main characteristics of unseeded scaffolds in the dry state, before gas plasma treatment.

Scaffold description Salt Salt Average Porosity” | Compression
fraction | volume | poresize | from u-CT modulus
used (%) | from u-CT (%) (N/mm?)
(m) (lm)
A: 1000PEOT70PBT30 | 250-425 70 260 77.3 0.19+£0.06
gas plasma treated (79.3+0.7)
B™: 1000PEOT70PBT30 | 425-500 70 342 78.2 0.14 £ 0.05
gas plasma treated (80.6 £0.7)
C: 1000PEOT70PBT30 | 500-710 70 305 77.6 0.25+0.09
gas plasma treated (783 % 1.2)
D: 1000PEOT70PBT30 | 710-1000 70 447 73.6 0.25+0.05
gas plasma treated (78.1x1.1)
E: PDLLA 425-500 80 407 81.7 2l
not treated (83.5+£0.7)
F: OsSatura"™ BCP 382 - 837 36.2 n.d.
not treated (29%)

*: porosity as obtained from density measurements is shown in parentheses

1: scaffold G = B not seeded with cells

q: approximate value based on reference [20]

I: average pore size, as determined by mercury intrusion porosimetry, pores < 100 um were excluded
§: average porosity, as determined by mercury intrusion porosimetry, pores < 100 um were excluded

425, 425-500, 500-710 wm size range, calculations based on U-CT show that these scaffolds
have an average pore size of about 300 wm. The scaffolds prepared with a salt fraction of 710-
1000 wm have a higher average pore size of 447 um.

Although for three 1000PEOT70PBT30 scaffolds the average pore size is comparable, the
pore size distribution of the studied scaffolds differs considerably. Figure 6.2 also shows that
the pore size distribution for 1000PEOT70PBT30 scaffold D and PDLLA scaffold E are
considerably broader (up to 720 and 760 pm) than for the 1000PEOT70PBT30 scaffolds A, B
and C with pore sizes up to 480, 648 and 528 pum, respectively.

The accessible pore volume as a function of a simulated permeating sphere with increasing
diameter (d) was determined using W-CT data, as described in the Materials and methods
section. The diameter (d) of the simulated sphere is a direct measure of the size of the
interconnecting pore network. The resulting graphs of the accessible pore volume (given as a
fraction of the total volume) versus the sphere diameter (d) are shown in Figure 6.3.

The curves for the accessible pore volume for 1000PEOT70PBT30 scaffolds B and D show
that a higher pore volume of the scaffold is accessible for simulated spheres with (d) varying
from approximately 120 - 650 pm than for scaffolds A and C.

88



Scaffold A:
1000PEOT70PBT30

Scaffold C:
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Scaffold B:
1000PEOT70PBT30

Scaffold D:
1000PEOT70PBT30

Scaffold F:
BCP

Figure 6.1 - 3D generated computer images of scaffolds constructed from pu-CT scans. Dry, unseeded scaffolds
before gas plasma treatment, corresponding to scaffolds A, B, C, D, E, F and G (identical to B) as listed in Table
6.1 are shown. [Color figure on p. 171]
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Figure 6.2 - Pore size distributions and average pore sizes derived from pu-CT. Scaffold G is identical to scaffold
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Figure 6.3 - Accessible pore volume (normalized for the total volume) versus sphere diameter (d) for unseeded,
dry scaffolds before gas plasma treatment.
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Figure 6.4 - Accessible surface area (normalized for the total volume) versus sphere diameter (d) for unseeded,
dry scaffolds before gas plasma treatment.

For all sphere diameters (d) the accessible pore volume of PDLLA scaffold E is higher than
(or equal to) the accessible pore volume of the 1000PEOT70PBT30 scaffolds. Although the
BCP scaffold (F) has a low porosity, 20 % of the total volume is accessible for simulated
spheres with a diameter (d) up to 750 wm.

At sphere diameters (d) smaller than 100 wm, the polymeric scaffolds A-E of comparable
porosity, but with different average pore sizes show a comparable accessible pore volume.

The accessible surface area in the dry state differs considerably for the different scaffolds
(Figure 6.4). For the 1000PEOT70PBT30 scaffolds with a porosity of approximately 80 %, an
increase in the average pore size (as determined by WU-CT) results in a decrease in the
accessible surface area, at simulated sphere diameters smaller than 100-150 pum. For
1000PEOT70PBT30 scaffolds of 4x4x4 mm the obtained values would correspond to surface
areas between 369 (scaffold D) and 580 (scaffold A) mm?, values in the same order of
magnitude as previously reported based on model calculations.16]

Rat BMSCs (first passage), expanded in culture in the presence of osteogenic factors, were
seeded into the scaffolds (2><105 cells/scaffold) and cultured for 7 d. Figure 6.5 shows SEM
pictures of the rat BMSCs seeded porous structures after 7 d of culture. The outsides of all gas
plasma treated and cell-seeded 1000PEOT70PBT30 scaffolds (A-D) as well as PDLLA (E)
and BCP scaffolds (F) were fully covered with rat BMSCs, whereas unseeded
1000PEOT70PBT30 (G) did not contain cells.

At higher magnification scaffold A shows a fiber-like network, most likely collagen. This
indicates that prior to implantation the constructs consisted of a scaffold with cultured tissue-
like material, forming an extracellular matrix.[19] Scaffolds B and D (not shown in Figure 6.5)
had a similar appearance as scaffolds A and C (Figure 6.5).
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Scaffold A:
1000PEOT70PBT30

-] ‘\ Scaffold..Q:

Figure 6.5 - SEM pictures of the external surface of selected cell-seeded scaffolds after 7 d of in vitro cell culture.
Rat BMSCs are well attached and spread on scaffolds A, C, E and F. Bottom right: unseeded scaffold G.

Rat bone marrow cell differentiation into the osteogenic cell lineage, was verified by staining
the cells for alkaline phosphatase (ALP) activity, an enzyme not present in undifferentiated
BMSCs. One of the first signs of bone marrow cell differentiation is the presence of alkaline
phosphatase.[2128-30] When rat BMSCs are exposed to osteogenic supplements, immediately
after collection, the alkaline phosphatase activity is known to increase rapidly during culture
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from day 7 to 14.[291 Active cells stain dark blue/dark purple whereas inactive cells stain
yellowish (color of the staining medium).

Scaffold C:
1000PEOT70PBT30

b 3

Figure 6.6 - Light micrographs of the surface of rat BMSC seeded scaffolds stained for ALP activity after 7 d of
culture. Top: 1000PEOT70PBT30 (scaffold C), middle: PDLLA (D), bottom: BCP (E). [Color figure on p. 172]
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Figure 6.6 shows ALP-active cells present on 1000PEOT70PBT30 (scaffold C, scaffolds A, B
and D had a similar appearance), PDLLA (E) and BCP (F), indicating the ability of the rat
BMSCs to differentiate into the osteogenic lineage on the various scaffolds. Although most
ALP-active cells were present on the outsides of the scaffolds, micrographs of scaffold cross-
sections also showed ALP-active cells in the center of the scaffolds. This shows that the
plasma treatment is able to modify the pore surface even in the center of 4x4x4 mm
1000PEOT70PBT30 scaffolds.

The amount of DNA present in cells on the different scaffolds after 7 d of in vitro cell culture
was fluorometrically quantified using CyQuant® dye. As shown in Figure 6.7, the
1000PEOT70PBT30 scaffolds A, B, C and D show a slight, although not statistically
significant, decrease in the amounts of DNA detected in the scaffolds. For the negative control
(scaffold G) no DNA was detected.
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Figure 6.7 - Fluorometric quantification of DNA present on the different scaffolds after 7 d of in vitro rat BMSC
culture. *: Value significantly different from the other 6 scaffolds. Scaffold A, B, C and D: cell-seeded
1000PEOT70PBT?30, E: cell-seeded PDLLA, F: cell-seeded BCP, G: 1000PEOT70PBT30, unseeded.

The in previous paragraphs presented SEM and ALP data clearly show that gas plasma treated
1000PEOT70PBT30, PDLLA and BCP are suitable substrate materials for the attachment of
rat BMSCs. All three materials show many well spread BMSCs on their surfaces.

The significantly lower amount of DNA determined for the PDLLA and BCP scaffolds is
most likely due to the lower accessible surface area of these scaffolds as compared to the
1000PEOT70PBT30 scaffolds (see Figure 6.4, at values of sphere diameter (d) smaller than
150 pm). Based on the differences in accessible surface area between the 1000PEOT70PBT30
scaffolds A-D, one also would expect differences in the amount of cells (and hence DNA) in
these scaffolds after 7 days of in vitro cell culture. Although a slight decrease in the amount of
DNA detected in the scaffolds was observed, these differences were not statistically
significant. A previously conducted in vitro study with rat BMSCs seeded
1000PEOT70PBT30 scaffolds (porosity of approximately 85 %) also showed approximately
equal amounts of DNA in scaffolds with different pore sizes.[16]

To correlate the amount of DNA present in the scaffolds to the number of rat BMSCs, the
amount of DNA was determined as a function of cell number. Cells were lysed under the same
conditions as the cell-seeded scaffolds (see Materials and methods). A value of 1.32 + 0.03 pg
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DNA/cell was found. This corresponds to 1.8-2.0x10° BMSCs per 1000PEOT70PBT30
scaffold after 7 d of cell culture. The obtained value of 1.32 * 0.03 pg DNA/cell is
considerably lower than the value of 10.4 pg DNA/cell previously reported by Mikos et al.[31]
A commonly accepted reference value is 6.90 pg DNA/celll32], therefore it appears that the
lysis and RNase incubation conditions greatly influence the obtained results. Care has to be
taken when comparing the amounts of DNA/cell obtained under different lysis conditions.
After 7 d of in vitro cell culture in an osteogenic medium, the cell-seeded scaffolds were
implanted subcutaneously in the back of immunodeficient mice for a time period of 4 wks.

To investigate bone formation the undecalcified explanted samples were embedded in PMMA
and saw-microtomed. The sections were stained using methylene blue and basic fuchsin.[19]
This staining allows for the differentiation between bone, bone marrow, cartilage and fibrous
tissue. Basic fuchsin also stains the 1000PEOT70PBT30 scaffolds pink, whereas PDLLA does
not adsorb the dye. Representative middle sections of the different scaffolds, which were
implanted in one mouse, are shown in Figure 6.8.

The various cell-seeded 1000PEOT70PBT30 scaffolds show bone and bone marrow
formation both at the periphery and in the center of the scaffolds. The formed tissue, however,
is not homogeneously distributed. A better distribution of stromal cells and hence bone tissue
is likely to be achieved by dynamic seeding(33! and culturing techniques.[31:34] The negative
control scaffold G (unseeded, gas plasma treated 1000PEOT70PBT30) does not show
formation of bone or bone marrow at all and is mainly filled with fibrous tissue and wound
exudate. At higher magnifications the different tissue types can be identified, as shown in
Figure 6.9. Scaffold F (BCP) confirms the ability of the BMSCs to induce ectopic bone
formation as bone and bone marrow are present in and on the surface of the scaffold. BCP
shows bone formation only in close contact to the material. The cell-seeded polymeric
scaffolds (1000PEOT70PBT30 and PDLLA) typically show bone formation both in close
contact to the material as well as in the center of the pores.

The different types of tissue were quantified using histomorphometry. The amounts of the
different tissues were determined in middle cross-sections of the different scaffolds (implanted
in 5 fold) and averaged. The porosity (area of the cross sections corresponding to the pores)
and the amounts (relative areas) of the different tissues (normalized for porosity) as
determined from histomorphometry are shown in Table 6.2.

The porosity in the 1000PEOT70PBT30 scaffolds is consistently lower than expected on the
basis of the overall porosity obtained by density measurements and pU-CT. A possible
explanation for this is the swelling of 1000PEOT70PBT30 in MMA during embedding. As
the volume of the scaffold is restricted by tissue, the porosity is decreased upon swelling.

The relative amounts of bone and bone marrow formed in the 1000PEOT70PBT30 scaffolds
are in the range of 5 to 8 and 5 to 13 %, respectively. The relative amounts of ectopic bone
determined in the 1000PEOT70PBT30 scaffolds, are considerably lower than the value of 36
% of bone previously reported by Mendes et al.[19] In that study smaller scaffolds were used
(3x3%x2 mm, compared to 4x4x4 mm used here). As the same amount of cells (2><105 per
scaffold) was seeded, this results in a lower cell seeding density in our case.

In the study of Mendes et al. the determined amount of DNA per scaffold at the time of
implantation was also higher, approximately 20.000 ng per scaffold compared to the values of
2.400 to 2.700 ng per scaffold reported here. As discussed in a previous paragraph, the
amounts of DNA determined per scaffold can be influenced by the lysis conditions employed
in the DNA assay. Therefore, one should be careful in directly comparing the obtained values.
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Figure 6.8 - Representative cross sections of scaffolds after 4 wks of subcutaneous implantation. The sections
shown were taken from the middle of the scaffolds and stained using methylene blue and basic fuchsin.
1000PEOT70PBT30 stains pink, whereas PDLLA appears transparent. All scaffolds (except G) show bone (dark
red) and bone marrow (blue/gray) formation. Fibrous tissue and wound exudate stain bright blue.

[Color figure on p. 173]
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Figure 6.9 - Bone formation in the various scaffolds. Top left and right: I000PEOT70PBT30 (scaffold C).
Bottom left: PDLLA (E), bottom right: BCP (F). B: bone, BM: bone marrow, S: scaffold material and F: fibrous
tissue. [Color figure on p. 174]

For scaffolds B, C, and D a trace amount of cartilage (less than 0.2 %) was observed in 1 out
of 5 mice. Oxygen and nutrient supply ensured by thorough vascularization is important for
bone formation.[331 Poorly accessible pores can lead to a lack of nutrient and oxygen supply,
which results in the formation of cartilage instead of bone.[35:36] Besides bone and bone tissue,
large amounts of fibrous tissue were observed in many of the 1000PEOT70PBT30 scaffolds.

It has been reported that the ingrowth of fibrous tissue took place in subcutaneous implanted
(in rats) poly(L-lactic acid) scaffolds with pore sizes comparable to the pore sizes of our
scaffolds.[37.38]

No bone or bone marrow was observed in unseeded scaffold G, showing that the seeding and
culturing of BMSCs in 1000PEOT70PBT30 scaffolds is essential for ectopic bone formation.
The results obtained for PDLLA scaffold E clearly show that for this material an average pore
size of 407 um and pore sizes up to approximately 760 um (determined by p-CT) allow for
abundant in vivo bone and bone marrow formation. 1000PEOT70PBT30 scaffold D with a
somewhat higher average pore size of 447 um and pore sizes up to approximately 720 um
(determined by u-CT), shows considerably less bone and bone marrow formed than in the
PDLLA scaffolds.
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Table 6.2 - Amounts (%) of bone, bone marrow, cartilage, fibrous tissue and wound exudate (as determined from
the relative areas), normalized for the porosity. The porosity is the area of the cross section corresponding to the
pores, given as the percentage of the total surface area of the microtomed scaffold section. The results are the
average of 5 scaffolds (£ s.d.), unless mentioned otherwise. Middle cross-sections of the implanted scaffolds were

analyzed.
Pore surface Bone Bone Cartilage Fibrous Wound
area (%) marrow (%) tissue exudate
(%) (%) (%) (%)

A 56.4%9.1 6.1+£2.7 49+438 - 62.7+8.4 3.8£0.8
1000PEOT70PBT30
250-425 pm salt size

B 66.7+3.9 7.5%34 82+93 0.01 % 59.5+14.9 3.0£1.8
1000PEOT70PBT30 0.03
425-500 pum salt size

C 60.6 = 8.5 7.7%£32 | 13.4£153 0.04 = 48.7+£16.7 58139
1000PEOT70PBT30 0.08
500-710 pwm salt size

D 58.0£7.0 50x4.1 7.8£6.6 0.03 54.2+10.3 152+ 12.6
1000PEOT70PBT30 0.07
710-1000 pm salt size

E’ 80.3£0.1 86+20 | 75475 - 3.8%+2.7 04x0.5

PDLLA

425-500 pum salt size

F' 29.2+4.2 10.8+4.5 | 36.5x4.0 - 358169 -

BCP
29 % porous

G! 57.0+14.1 - - - 72.7£9.7 9.9+5.7
1000PEOT70PBT30
425-500 pum salt size

unseeded

§: average of 2 implants
T: average of 3 implants
q: scaffold G = scaffold B not seeded with cells

No significant differences in the amount of bone and bone marrow in the 1000PEOT70PBT30
scaffolds A-D were observed. As shown in Figure 6.3, for simulated sphere diameters (d) up
to 100 um, no large differences in accessible pore volume (as a fraction of the total volume)
are observed (values in between 0.7 and 0.8). Diameters up to 100 pm should be sufficiently
large to allow the passage of rat BMSCs, with an approximate diameter of 15-20 pm (see
Figure 6.5)

As shown in Figure 6.3 with increasing sphere diameter the accessible pore volume of PDLLA
scaffold E is always higher than (or equal to) the accessible pore volume of the
1000PEOT70PBT30 scaffolds (A-D). In a following study the effect of scaffold porosity and
accessible pore volume of 1000PEOT70PBT30 scaffolds on ectopic bone formation will be
investigated.

The scaffold material can, however, also be of great influence. In a stiffer and less hydrophilic
scaffold a more accessible pore structure is more likely to be preserved under physiological
conditions than in the hydrophilic 1000PEOT70PBT30 scaffolds. Both PDLLA and BCP
scaffolds contain more bone and bone marrow and much less fibrous tissue and wound
exudate than the different 1000PEOT70PBT30 scaffolds.

As was found in previous degradation studies of this material(5-8], 1000PEOT70PBT scaffolds
started to fragment after 4 wks of implantation. Histological sections showed the presence of
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small copolymer fragments as indicated in Figure 6.10. PDLLA and BCP did not show signs
of fragmentation.

Figure 6.10 - Fragmentation of 1000PEOT70PBT30 scaffolds (scaffold B) after 4 wks of subcutaneous
implantation in nude mice. Polymer fragments are indicated with arrows. [Color figure on p. 175]

Conclusions

Rat BMSCs seeded 1000PEOT70PBT30 scaffolds that were pretreated with a CO, gas plasma
and cultured for 7 d in vitro in an osteogenic medium, are able to form ectopic bone after
subcutaneous implantation in immunodeficient mice. Porous 1000PEOT70PBT30 scaffolds
were prepared by a salt-leaching process using salt crystals with sizes of 250-425, 425-500,
500-710 and 710-1000 wm. Calculations employing u-CT data show different average pore
sizes and pore size distributions for I000PEOT70PBT30 scaffold D (prepared using leachable
salt particles of 710-1000 pm) compared to 1000PEOT70PBT30 scaffolds A, B and C
(prepared using leachable salt particles of 250-425, 425-500, 500-710 um respectively).
1000PEOT70PBT30 scaffold D showed pore sizes up to approximately 720 um and an
average pore size of 447 um, whereas scaffolds A, B and C had pore sizes up to 480, 648 and
528 wm and an average pore size of 260, 342 and 305 um, respectively.

No significant differences in the amount of DNA (and hence cells) present in the
1000PEOT70PBT30 scaffolds A-D were observed, even though clear differences in accessible
surface area, as derived from u-CT data, were calculated.

The various cell-seeded 1000PEOT70PBT30 scaffolds show bone and bone marrow
formation both at the periphery and in the center of the scaffolds. These tissues are not
homogeneously distributed and a better distribution of stromal cells and hence of bone tissue
and bone marrow is likely to be achieved by dynamic seeding and culturing techniques.

The relative amounts of bone (5 to 8 %) and bone marrow (5 to 13 %) detected in
1000PEOT70PBT30 scaffolds A, B, C and D with average pore sizes ranging from 260 to 447
pm and different pore size distributions (as determined by pu-CT), after explantation were not
significantly different. For simulated sphere diameters (d) up to 100 wm, no large differences
in accessible pore volume (as a fraction of the total volume) of the 1000PEOT70PBT30
scaffolds A-D were observed. PDLLA scaffolds have a higher accessible pore volume than
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1000PEOT70PBT30 scaffolds of comparable porosity. In a following study the effect of
scaffold porosity and accessible pore volume of 1000PEOT70PBT30 scaffolds on ectopic
bone formation will be investigated.

BMSC seeded PDLLA and BCP scaffolds (cultured for 7 d), which were used as controls,
showed considerably more bone and bone marrow formation, less fibrous tissue ingrowth and
wound exudate retention than the I000PEOT70PBT30 scaffolds.
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Chapter 7

Ectopic bone formation in cell-seeded
poly(ethylene oxide)/poly(butylene
terephthalate) copolymer scaffolds:

I1. Effects of porosity ~

Biology is the search for the chemistry that works.

R.P.J. Williams (1926- )

Abstract

Scaffolds were prepared by methods involving compression molding and salt leaching of
copolymers based on poly(ethylene oxide) and poly(butylene terephthalate), PEOT/PBT, with
a PEO molecular weight of 1000 and a PEOT content of 70 weight % (1000PEOT70PBT30).
Based on previous W-CT analyses, it was concluded that the accessible pore volume
(expressed as a fraction of the total volume) is a factor that could influence the amount of in
vivo formed bone and bone marrow in cell-seeded and cultured 1000PEOT70PBT30
scaffolds. To vary the fraction of accessible pore volume the scaffold porosity can be changed
by adjusting the polymer to salt content ratio in the preparation of the scaffolds.

In this study gas plasma treated porous 1000PEOT70PBT30 structures seeded with rat bone
marrow stromal cells (BMSC:s, after in vitro culture for 7 d in an osteogenic medium) of 73.5,
80.6 and 85.0 % porosity were subcutaneously implanted for 4 wks in nude mice. All
scaffolds were prepared using leachable salt crystals of 425-500 um to obtain scaffolds with a
constant pore size. Poly(D,L-lactide) (PDLLA) and biphasic calcium phosphate (BCP)
scaffolds were included in the study as references. After 4 wks implantation in nude mice all
scaffolds showed ectopic formation of bone and bone marrow. The amounts of tissue were
evaluated and quantified by histomorphometry. No significant differences were observed in
the relative amounts of bone (7-9 %) and bone marrow (6-11 %) in the middle cross sections
of the 1000PEOT70PBT30 scaffolds, even though pu-CT data showed considerable differences
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in accessible pore volume (as a fraction of the total volume) and accessible surface area.
1000PEOT70PBT30 scaffolds with a porosity of 85.0 % lacked sufficient rigidity and could
not maintain their original shape in vivo. Surprisingly, 1000PEOT70PBT30 scaffolds with a
porosity of 73.5 % showed cartilage formation. Although the effect of scaffold stiffness cannot
be excluded, the observed cartilage formation is most likely due to poorly accessible pores in
the scaffolds, as was observed in histological sections. u-CT data showed a considerably
smaller accessible pore volume (as a fraction of the total volume) of 1000PEOT70PBT30
scaffolds of 73.5 % porosity, than of 1000PEOT70PBT30 scaffolds of 80.6 and 85.0 %
porosity.

PDLLA scaffolds show considerably more bone marrow formation (38 %) and less wound
exudate retention than the 1000PEOT70PBT30 scaffolds. BCP scaffolds also show
considerably more bone and bone marrow formation (23 and 40 % respectively) and less
fibrous tissue ingrowth and wound exudate retention than the 1000PEOT70PBT30 scaffolds.

Introduction

When damaged, bone has a unique self-repairing capability that is in several ways similar to
embryonic bone formation, and involves three stages: inflammation, followed by repair and
remodeling.[1:21 Large defects, however, do not heal spontaneously and require surgical
intervention for restoration. Besides established techniques like autografting and allografting,
the rapidly developing field of tissue engineering offers advantageous approaches for defect
repair.

Bone marrow contains a small population of stromal cells capable of differentiating into bone,
cartilage, muscle, tendon and other connective tissues.[3] The in vitro culture of (rat) bone
marrow stromal cells (BMSCs) in an osteogenic medium containing dexamethasone, [3-
glycerophosphate and L-ascorbic acid greatly increases the amount of cells with an
osteoblastic phenotype.[*7] In many systems, seeding of BMSCs (after expansion in culture)
on a porous scaffold, followed by a period of in vitro cell culture in an osteogenic medium
prior to implantation, resulted in enhanced ectopic bone formation compared to scaffolds that
were seeded and implanted immediately.[8.%]

As scaffold materials, porous polymers have attracted much attention.[!0] Due to the vast
variety of preparation techniques, many different polymeric scaffold architectures can be
obtained. The mechanical and physical properties of poly(ethylene oxide)/poly(butylene
terephthalate) (PEOT/PBT) segmented block copolymers can be tuned by varying the PBT
(hard segment) content and PEO (soft segment) content and molecular weight.[11.12] These
properties make these copolymers interesting candidates for use as scaffold materials in (bone)
tissue engineering. Several subcutaneous and intra-bone (tibia) implantations of dense and
porous blocks and porous films in rats and goats showed bonding to bone, calcification and
degradation for PEOT/PBT copolymers with high PEO content (60 and 70 weight % PEO
containing soft segment, PEO molecular weight 1000).[13-171 Poor bone bonding, limited
calcification and limited fragmentation were, however, observed after implantation of porous
blocks of the composition with 70 weight % PEOT soft segment and PEO molecular weight
1000 (1000PEOT70PBT30) in goat!!8] and human!!9] ilia critical size defects. It is anticipated
that seeding 1000PEOT70PBT30 scaffolds with BMSCs will result in structures with an
osteoinductive effect!20], that are better suited for bone tissue engineering than the scaffolds
without BMSCs.[21.221 To enable in vitro BMSC attachment to the 1000PEOT70PBT30
copolymers a gas plasma surface treatment is necessary.[23-26] Subcutaneous implantation in
nude mice of rat BMSC seeded porous 1000PEOT70PBT30 scaffolds (cultured for 7 d in an
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osteogenic medium) of 75 % porosity, prepared with leachable salt particles of 400-600 pm,
showed bone formation to an extent that was comparable to the amounts found for
hydroxyapatite particles, that were also seeded with rat BMSCs and cultured for 7 d in an
osteogenic medium.[27]

In a previous study the effect of the pore structure of 1000PEOT70PBT30 scaffolds on ectopic
bone formation was investigated by employing 1000PEOT70PBT30 scaffolds with a porosity
of approximately 80 %, prepared with salt particles of different size ranges (250-425, 425-500,
500-710 and 710-1000 wm).[28] The obtained micro computed tomography data of these
scaffolds was analyzed using an algorithm mimicking mercury intrusion porosimetry, where a
simulated sphere of increasing diameter (d) is moved through the structure. For simulated
sphere diameters (d) up to 100-150 wm, no considerable differences in the accessible pore
volume (as a fraction of the total pore volume) of the different 1000PEOT70PBT30 scaffolds
was observed. A poly(D,L-lactide) (PDLLA) scaffold of higher porosity (83.5 %) had a larger
accessible pore volume (for sphere diameters (d) up to 100-150 um) than the less porous
1000PEOT70PBT30 scaffolds. Although the influence of the stiffer PDLLA scaffold material
could not be excluded, it appears that the accessible pore volume (as a fraction of the total
volume) can be of influence on ectopic bone formation. The accessible pore volume can be
influenced by changing the scaffold porosity.

So far, the porosity of these 1000PEOT70PBT30 scaffold materials has not been optimized
for bone tissue engineering. Using a combined technique of polymer powder/salt crystal
mixing followed by compression molding and salt leaching, porous 1000PEOT70PBT30
scaffolds can be prepared. By varying the polymer powder to salt ratio, it is possible to obtain
stable porous structures with porosities ranging from 75 to 85 %, prepared with leachable salt
crystals with sizes up to 1000 pm.[25]

To study the effect of accessible pore volume (expressed as a fraction of the total volume) on
ectopic bone formation and to optimize the porosity, gas plasma treated porous
1000PEOT70PBT30 structures seeded with rat BMSCs (and in vitro cultured for 7 d in an
osteogenic medium) of 73.5, 80.6 and 85.0 % porosity were subcutaneously implanted in nude
mice. The ectopic formation of bone and bone marrow, as well as other tissues, was evaluated
and quantified by histomorphometry.

Materials and methods

Materials

1000PEOT70PBT30 copolymer. The copolymer was prepared by two-step polycondensation
in the presence of titanium tetrabutoxide (Merck, Germany) as catalyst (0.1 wt %) as
previously described!!l], with the exception that vitamin E (Sigma-Aldrich, Germany, approx.
95 % pure) was used as antioxidant. The composition is indicated as aPEOTHPBTc, where a
is the starting poly(ethylene glycol) molecular weight, b the weight percentage of PEOT soft
segments and ¢, the weight percentage of PBT hard segments.[!!1] The copolymer composition
was determined by 'H-NMR (Varian Inova 300 MHz) and a soft to hard segment ratio of 71 to
29 was found. The copolymer was used as prepared.

PDLLA. PDLLA was obtained from Purac (Gorinchem, The Netherlands), inherent viscosity:
2.96 dL/g (chloroform, 25 °C, concentration 0.1 g/dL). The polymer was dissolved in
chloroform and precipitated in a tenfold excess of technical grade ethanol to remove residual
monomer. The precipitate was dried overnight under reduced nitrogen pressure in a vacuum
oven and subsequently for 6 h at high vacuum.
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Porous structures prepared by compression molding of polymer/salt mixtures followed by salt
leaching. Both 1000PEOT70PBT30 copolymer granulate and PDLLA copolymer precipitate
were cryogenically ground using an IKA Labortechnik (Germany) A10 grinder. Polymer
particles and sodium chloride crystals (Merck, Germany) were sieved using Endecotts (United
Kingdom) test sieves of 250, 425, 500, 710, 1000 and 1180 wm mesh size. The desired salt
volume fractions (425-500 um particle size) were calculated using a salt density of 2.165
g/em’. To obtain stable porous structures, the size of the polymer particles needs to be smaller
than the size of the salt crystals used. The powders were mixed and subsequently compression
molded in a laboratory hot press (THB 008, Fontijne Holland BV, The Netherlands) into 4
mm thick blocks. Mixed powders were heated at 180 °C for 3 min and subsequently pressed
for 1 min at 2.9 MPa. Samples were leached with milliQ water for 48 h and dried under
reduced nitrogen pressure in a vacuum oven. From the obtained blocks scaffolds of 4x4x4
mm were cut using a razor blade.

Density determination of porous structures. Density and porosity were determined by
measurement of scaffold mass and dimensions (volume) in the dry state. The porosity was
calculated using the following densities of the solid materials 1000PEOT70PBT30: p = 1.188
g/cm3, PDLLA: p =1.26 g/cm3.[29]

CO; gas plasma treatment. 1000PEOT70PBT30 porous structures were gas plasma treated for
30 min, according to a previously described procedure.[26] Discharge power was 50 W and the
CO; gas-plasma pressure was 0.06 mbar. A gas flow of 10 cm’/min was used. Samples were
treated with a pre-delay of 2 min and a post-delay of 2 min.

OsSatura™ BCP granules. Bicalcium phosphate granules were characterized by mercury
intrusion porosimetry and provided by Isotis OrthoBiologics (Bilthoven, The Netherlands).

Cell culturing and implantation

Rat bone marrow stromal cell culturing. Bone marrow stromal cells were isolated from 16
femora of 8 young male Wistar-rats (100-120 g). The osteogenic culture medium was minimal
essential medium (o-MEM, Life Technologies, The Netherlands) containingl4l: 15 % fetal
bovine serum (Life Technologies, The Netherlands), 100 units/mL penicillin, 100 pg/mL
streptomycin (Life Technologies, The Netherlands), 2 mM L-glutamine (Life Technologies,
The Netherlands), 0.2 mM ascorbic acid 2-phosphate (Life Technologies, The Netherlands),
10 mM B-glycerophosphate (Sigma, The Netherlands), 10® M dexamethasone (Sigma, The
Netherlands).

The femora were cut on both sides and the marrow was flushed out using 5 mL of medium per
femur. The collected cells were re-suspended and cultured in T 75 standard tissue culture
flasks (Nunc, Germany) at 37 °C, 5 % CO, for 6 d, with periodic medium changes every other
day. After 6 d, the cells were confluent and were washed with PBS (Life Technologies, The
Netherlands) and treated with 0.25 % trypsin/EDTA (Sigma, The Netherlands). The collected
cell suspension contained 3.6x10’ rat BMSCs. The suspension was centrifuged at 300xg for
10 min at room temperature and resuspended in medium to obtain a cell concentration of 6.7 X
10° cells/mL.

Cell seeding and growth on porous scaffolds. Scaffolds were placed in bacteriological well
plates (Nunc, Germany) and washed with: distilled water, 100 % ethanol, distilled water, 70 %
ethanol/water and 3x sterile PBS. Due to swelling in ethanol, PDLLA scaffolds were washed
with isopropanol. The scaffolds were put in culture medium overnight and seeded with 2x150
uL of cell suspension (approximately 2x10’ cells per scaffold). Cell suspensions were injected
into the scaffolds with a pipette tip. Scaffolds were incubated at 37 OC for 3 h, after which 2
mL of cell culture medium was added. Cells were cultured at 37 0C, 5 % CO, for 7 d, with
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periodic medium changes every other day. At day 7 the samples were either implanted or
analyzed using SEM or a DNA assay.

In vivo implantation. Cell-seeded and cultured scaffolds were soaked in serum-free medium
and washed with prewarmed PBS (37 °C) before implantation. Six immunodeficient mice
(HsdCpb:NMRI-nu) were anaesthetized using a mixture of ketamine/xylazine and atropine,
the surgical sites were cleaned with ethanol and subcutaneous pockets were created using
blunt inscissions. Six sites were created per mouse (3 on each side of the spine) and scaffolds
were implanted according to a randomized scheme. After 4 wks the mice were sacrificed by
asphyxiation with CO, gas. Scaffolds were removed and fixed with glutaraldehyde (Merck,
Germany, 1.5 % solution in 0.14 M cacodylic acid buffer, pH = 7.35).

One mouse died prematurely and the implanted scaffolds were excluded from the experiment.
For each of the 1000PEOT70PBT30 scaffolds 5 samples were analyzed, unless otherwise
mentioned. BCP granules with an approximate diameter of 4-5 mm were used for
implantation as positive controls.[30-32]

Analyses
Compression testing. Compression moduli were determined at room temperature using a

Zwick Z020 tensile tester. Moduli were measured at 10 % strain at a strain rate of 2 mm/min
with a 0.1 N preload. The scaffolds had a diameter of 17 mm and a height of 8 mm. Results
are averages of at least three measurements (* s.d.).

Micro computed tomography. Dry, unseeded scaffolds were scanned before gas plasma
treatment without further sample preparation with a desktop Micro-CT (uCT-40, Scanco
Medical, Bassersdorf, Switzerland) at a resolution of 12 um in all three spatial dimensions (X-
Ray voltage 45 kVp), with the exception of the BCP and PDLLA scaffolds, which were
scanned at a resolution of 20 um. Of every scaffold 300 slices were scanned with 1024x1024
pixels per slice, covering a depth of 3.6 mm. For evaluation, volumes of interest slightly
smaller than the diameter of the sample (approximately 4x4x4 mm) were chosen to exclude
crushed boundaries. The resulting gray-scale images were segmented using a low-pass filter to
remove noise, and a fixed threshold to extract the polymer phase.

For the 3D evaluation of the structure of the scaffold, ’direct’ three-dimensional techniques
without model-assumptions for the appearance of the structure were used. Pore voxels can be
defined as voxels corresponding to the void space and polymer voxels as voxels
corresponding to the polymer phase.

Porosity and pore size. In u-CT data analysis, the porosity can be calculated from the number
of polymer voxels and the total number of voxels. To determine the pore size, pores are
completely filled with modelled spheres of different diameters. The pore diameter assigned to
a pore voxel is then the diameter of the largest sphere (still containing that pore voxel) that fits
inside the pore.[33] In the case of cubic pores, however, as is the case in this study, this
underestimates the pore size assigned to pore voxels present in the corners of these pores.
Therefore, the algorithm was modified to assign the diameter of the largest sphere fitting in
the pore to all voxels within that pore.

The average pore size is calculated by averaging the product of the pore voxels with their
assigned pore diameters over the total amount of pore voxels, according to the formula:[33]

X (pore voxel, X pore size,)

Average pore size = (7.1)

Y. pore voxel,
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Accessible pore volume. An algorithm mimicking mercury intrusion porosimetry, by use of a
simulated sphere with diameter (d), was used to determine the accessible pore volume. Using
a thresholding operation, all the pores not accessible for the sphere with diameter (d) are
suppressed. All pores of this thresholded structure not (inter)connected to the outside of the
scaffold are discarded with a component labelling operation. The volume of the resulting pore
structure is calculated, and plotted versus sphere diameter (d), resulting in a graph of
accessible pore volume (as a fraction of the total volume) versus sphere diameter (d).
Accessible surface area. The surface area of the accessible pore volume as a function of sphere
diameter (d), was calculated using a triangularization algorithm.[34]1 The calculated surface
consists of triangular surfaces contacting the scaffold and triangular surfaces not contacting
the scaffold. Triangular surfaces not contacting the scaffold are suppressed, resulting in a
surface area of the pore volume of the scaffold that is accessible for the simulated sphere of
diameter (d).

Scanning Electron Microscopy (SEM). Scaffolds containing rat BMSCs were fixed and
dehydrated using an ethanol/water gradient (isopropanol for PDLLA). Dehydrated samples
were dried using a Balzers CPD 030 critical point dryer before coating. The PDLLA scaffolds
were air dried. Samples were coated with Au/Pd in a Polaron E5600 sputter coater. Pictures
were taken with a Hitachi FE-SEM S-800 (6.0 kV).

DNA-assay. Scaffolds were washed with PBS at 37 OC and stored in a freezer (-80 °C) until
further analysis. Scaffolds were cut in at least 4 pieces (except BCP granules) and incubated at
56 °C overnight in 0.5 mL of lysis-medium to lyse all cells. The lysis-medium consisted of
proteinase K (Sigma, The Netherlands) in Tris/EDTA buffer (1 mg/mL, pH = 7.6).

The next day 250 puL of these suspensions were mixed with 250 uL. RNase-solution. The
RNase solution was prepared from 30 pL RNase (Sigma, The Netherlands, 1.35 Kunitz
units/uL) and 50 pL heparin (Leopharma,The Netherlands, 5,000 IE/mL) in 12.5 mL PBS, and
incubated at 37 °C for 60 min to remove single stranded RNA and DNA. Various dilutions
were prepared with PBS. Dilutions were mixed with CyQUANT® dye. After 15 min, the
fluorescence of the solutions in 96 well plates was measured using a Perkin Elmer
Luminescence Spectrometer LS 50 B (excitation at 480 nm, slit width 2.5 nm, emission at 520
nm, slit width 4.5 nm). The measured fluorescence intensities were correlated to the amount of
DNA using a calibration curve of DNA (Sigma) dilutions of known concentration. Data
shown are the result of triplicate measurements (£ s.d.).

Histology/histomorphometry. After 3 d in fixative, scaffolds were dehydrated using an
ethanol/water gradient (isopropanol/water for PDLLA) and subsequently embedded in
poly(methyl methacrylate) (PMMA). Sections were prepared using a histological diamond
saw (Leica SP1600, Leica, Germany) and stained using 1 % methylene blue and 0.3 % basic
fuchsine solutions. Samples were investigated using a Nikon SM2-10A stereomicroscope
(0.75 and 1x objective). For higher magnifications a Nikon Eclipse E600 with objectives 4-
50x was used. Digital photographs were taken using a Q Image Reticon 1000 camera.

To determine the relative amounts of tissue formed, the relative areas of the different tissues
were calculated from the number of pixels as determined with Scion Image (version beta 4.02
for Windows, Scion Corporation, USA). Sections from the middle part of the scaffolds were
analyzed at high magnifications and the relative amounts of the different tissues were
calculated with respect to the porosity of the cross section (area of the cross sections
corresponding to the pores). Data shown are the average of 5 scaffolds * s.d. unless otherwise
mentioned.
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Statistical analysis. Results were analyzed using one-way ANOVA, followed by a Games
Howell post-hoc test. Results were considered statistically different when p < 0.05. ANOVA
calculations were performed using SPSS software for Windows (version 11.0, SPSS, USA).

Results and discussion

To study the effect of scaffold porosity on in vivo bone formation, 6 different scaffolds,
seeded with rat BMSCs and cultured in vitro for 7 d in an osteogenic medium, were
subcutaneously implanted in immunodeficient nude mice (4 wks) and evaluated for tissue
formation. The used scaffolds and some of their main characteristics are summarized in Table
7.1. Three different 1000PEOT70PBT30 scaffolds differing in porosity (scaffolds A, B and C)
were gas plasma treated using a CO, plasma. Gas plasma treatment of these
1000PEOT70PBT30 scaffolds has been shown to be an essential step to enable in vitro BMSC
attachment to this specific material.[23-26] Untreated 1000PEOT70PBT30 (scaffold F) seeded
with rat BMSCs and cultured for 7d in an osteogenic medium, was therefore used as a
negative control for in vivo bone formation. For comparison scaffolds were also prepared
from PDLLA (scaffold D), a well-known biomaterial. Cell-seeded and cultured biphasic
calcium phosphate (OsSatura™ BCP, scaffold E) was used as a positive control for in vivo
bone formation to confirm the osteogenic potential of the cells used.[30-32]

As previously reported, the actual porosity of the prepared scaffolds is higher than could be
expected on the basis of the used salt volume.[251 For the 1000PEOT70PBT30 scaffolds, a
large decrease in compression modulus is observed with increasing porosity, in line with the
exponential decrease observed in previous experiments.[25]

Table 7.1 - Main characteristics of scaffolds to be used for cell seeding and implantation.
Dry, unseeded scaffolds were scanned before gas plasma treatment.

Scaffold description Salt Salt Average Porosity” | Compression
fraction | volume | poresize | from u-CT modulus
used (um) | used | from p-CT (%) (dry)
(%) (1tm) (N/mm?)
A: 1000PEOT70PBT30 | 425-500 60 318 69.8 0.33+0.02
gas plasma treated’ (73.5%0.5)
B: 1000PEOT70PBT30 | 425-500 70 342 78.2 0.14 £ 0.03
gas plasma treated (80.6 £ 0.6)
C: 1000PEOT70PBT30 | 425-500 80 311 81.6 0.03+£0.01
gas plasma treated (85.0£0.6)
D: PDLLA 425-500 80 407 81.7 ot
not treated (83.5+£0.7)
E: OsSatura™ BCP 382 - 837 36.2 n.d.
not treated (29%)

*: porosity as obtained from density measurements is shown in parentheses

1: scaffold F = A without gas plasma treatment

q: approximate value based on reference [29]
I: average pore size, as determined by mercury intrusion porosimetry, pores < 100 um were excluded
§: average porosity, as determined by mercury intrusion porosimetry, pores < 100 um were excluded
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Scaffold A/F: Scaffold B:
1000PEOT70PBT30 1000PEOT70PBT30

Scaffold C: Scaffold D:
1000PEOT70PBT30 PDLLA

Scaffold E:
BCP

Figure 7.1 - 3D generated computer images constructed from U-CT scans of dry scaffolds, prior to gas plasma
treatment and cell seeding. The images corresponding to scaffolds A, B, C, D, E and F (identical to A) as listed in
Table 7.1 are shown. [Color figure on p. 176]
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Fraction of total pore volume
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Figure 7.2 - Pore size distributions and average pore sizes derived from pu-CT. Scaffolds A, B, C and D were
prepared using salt crystals of 425-500 um. Scaffold F is identical to scaffold A.
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Figure 7.3 - Accessible pore volume (as a fraction of the total volume) versus sphere diameter (d) for unseeded
and dry scaffolds A-E. Notice the lower accessible pore volume of scaffold A.
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The scaffolds (dry, prior to gas plasma treatment and cell seeding) were characterized using
micro computed tomography (U-CT), resulting in computer generated 3D images, as shown in
Figure 7.1. Besides 3D images, relevant parameters like scaffold porosity and pore size
distribution were also calculated. As shown in Table 7.1, the porosity obtained from u-CT
matches the values determined by density measurements quite well. Pore size distributions are
plotted in Figure 7.2.

The pore size distributions of the 1000PEOT70PBT30 scaffolds A, B and C with pore sizes
up to 648 um are very comparable, as could be expected for scaffolds prepared with salt of the
same particle size. The pore size distributions of PDLLA (D) (pore sizes up to 760 um) and
BCP (E) (pore sizes up to 1000 um) differ considerably from the distributions of the
1000PEOT70PBT30 scaffolds A, B and C.

The average pore sizes of the 1000PEOT70PBT30 scaffolds (318, 342 and 311 um for the
scaffolds A, B, and C respectively) and the PDLLA scaffold (407 wm) are smaller than one
would expect based on the size of the salt particles used (425-500 pm). In this study,
however, the underestimation of the average pore size is less than in previous reports(35] due
to an improved algorithm[28] more suitable for cubic pores, as is the case for scaffolds
prepared by salt leaching.

The accessible pore volume of the scaffolds was determined using u-CT data, as described in
the Materials and methods section. The resulting graphs of the accessible pore volume (given
as a fraction of the total volume) versus the sphere diameter (d) are shown in Figure 7.3. Even
though the average pore sizes and pore size distributions are comparable, there are

considerable differences in accessible pore volume (as a fraction of the total volume) of the
1000PEOT70PBT30 scaffolds.
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Figure 7.4 - Accessible surface area (normalized for the total volume) versus sphere diameter (d) for unseeded
and dry scaffolds A-E.
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The curve for scaffold A shows that there is much less accessible pore volume at a sphere
diameter (d) smaller than 300 wm than for the 1000PEOT70PBT30 scaffolds B and C and
PDLLA scaffold D.

The accessible pore volume (as a fraction of the total volume) of the 1000PEOT70PBT30
scaffolds B and C is quite comparable, showing that the increase in scaffold porosity of 80.6
to 85.0 % does not result in a larger accessible pore volume. For all sphere diameters (d) the
accessible pore volume of PDLLA scaffold D is higher than (or equal to) the accessible pore
volume of the 1000PEOT70PBT30 scaffolds.

¥ Scaffold B;

1 oooFéA OT7QRi

- Scaffold F:

ke

1000REOT70PBg0

Figure 7.5 - SEM pictures of the rat BMSC seeded scaffolds after 7 d of in vitro cell culture. All scaffolds show
well attached and spread rat BMSCs, except for the untreated 1000PEOT70PBT30 (scaffold F).

With increasing porosity one would expect a larger surface area available for the BMSCs to
attach to and proliferate on. For simulated sphere diameters (d) up to 100 pm
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1000PEOT70PBT30 scaffold C of 85.0 % porosity indeed has a higher accessible surface area
than scaffold B of 80.6 % porosity. Surprisingly scaffold A with the lowest porosity of 73.5 %
shows the highest accessible surface area (for simulated spheres with a diameter (d) up to 100
pm) and PDLLA scaffold D of 83.5 % porosity shows the lowest accessible surface area of the
polymeric scaffolds.

The average pore size is likely to be of influence here, resulting in larger surface areas for
scaffolds (of comparable porosity) with smaller pore sizes, as previously observed in the
accessible pore surface areas of 1000PEOT70PBT30 scaffolds with different pore sizes.[28!
Rat BMSCs were isolated from the femora of male Wistar rats and expanded in culture in an
osteogenic medium containing dexamethasone.[#7] First passage cells were seeded on the
scaffolds (static seeding, 2x10° cells/scaffold) and cultured for 7 d in an osteogenic medium.
Figure 7.5 shows SEM pictures of the porous structures after 7 d of culture. The scaffolds
show many well-attached BMSCs, except the untreated 1000PEOT70PBT30 scaffold F, on
which almost no cells were observed. This is in line with our previous in vitro studies.[23-26]
At higher magnifications all scaffolds show a fiber-like network (not shown in Figure 7.5),
most likely collagen. This indicates that prior to implantation the constructs consisted of a
scaffold with cultured tissue-like material, forming an extracellular matrix.[27]

To obtain a quantitative insight in the amount of cells present on and in the different cell-
seeded and cultured scaffolds, the amount of DNA in the scaffold was fluorometrically
quantified using CyQuant® dye. The results are presented in Figure 7.6.
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Figure 7.6 - Fluorometric quantification of DNA in the scaffolds after 7 d of in vitro rat BMSC culture (triplicate
measurements). *: Value significantly different from the other 5 scaffolds. A: 1000PEOT70PBT30, 73.5 %
porous, average pore size 318 um, B: 1000PEOT70PBT30, 80.6 % porous, 342 um, C: 1000PEOT70PBT30,
85.0 % porous, 311 um, D: PDLLA, 83.5 % porous, 407 um, E: BCP, 29 % porous, average pore size: 837 um,
F: 1000PEOT70PBT30, 73.5 % porous, untreated.
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Figure 7.7 - Representative cross sections of scaffolds, seeded with rat BMSCs and cultured for 7d, after 4 wks of
subcutaneous implantation. Sections shown were taken from the middle of the scaffolds and stained using
methylene blue and basic fuchsin. 1000PEOT70PBT30 stains pink, whereas PDLLA appears transparent. All
scaffolds (except F) show bone (dark red) and bone marrow (blue/gray) formation. Fibrous tissue and wound
exudate stain pink. All scaffolds (except F) show bone and bone marrow formation. In addition scaffold A
(1000PEOT70PBT?30, porosity 73.5 %) shows the formation of cartilage (purple). [Color figure on p. 177]
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The higher amounts of DNA present in scaffold C (85.0 % porosity), as compared to scaffold
B (80.6 % porosity), reflect that with increasing porosity there is an increase in surface area
for the cells to attach to and to proliferate on, in line with the previous u-CT observations
concerning the accessible surface area. Interestingly enough scaffold A shows the smallest
amount of DNA even though the pu-CT data indicated that this scaffold has the largest
accessible surface area (for sphere diameters (d) up to 100 pm).

After 7 days of culture both the PDLLA and BCP scaffolds (D and E) contain a significantly
lower amount of DNA (and hence cells) than the gas plasma treated 1000PEOT70PBT30 A, B
and C scaffolds. The relatively low amount of DNA found in these experiments is likely due
to the low accessible surface areas (as determined by p-CT) of these scaffolds. In line with the
SEM observations in Figure 7.5 there is not much DNA (cells) present on untreated
1000PEOT70PBT30 scaffolds F.

To evaluate the bone induction potential of these rat BMSC seeded scaffolds (cultured in vitro
for 7 d in an osteogenic medium) in vivo, they were implanted subcutaneously in the back of
immunodeficient mice for a time period of 4 wks. At that time the samples (5 for each
different scaffold) were removed, fixed, dehydrated and embedded in PMMA. After
microtoming, the undecalcified sections were stained using methylene blue and basic fuchsin.
This staining allows for the differentiation between bone, bone marrow, cartilage and fibrous
tissue.[27]

Besides staining the different tissues present in the explants, basic fuchsin also stains the
1000PEOT70PBT30 scaffolds pink whereas PDLLA does not adsorb the dye. Representative
middle sections of the different scaffolds, which were implanted in one mouse, are shown in
Figure 7.7.

Although many histological sections showed concentrations of bone/bone marrow at one side
of the scaffold, bone and bone marrow formation is not limited to the outside of the
1000PEOT70PBT30, PDLLA and BCP scaffolds, but was seen throughout the scaffolds. This
was not the case in previous studies using porous PLGA scaffolds.[®] A more homogeneous
distribution and/or better proliferation of stromal cells and hence bone tissue can be achieved
by dynamic seeding[36] and culturing techniques.[37-381

When comparing scaffold A, B and C not much difference is observed in terms of the amount
of bone and bone marrow tissue formed (see Table 7.2). It was seen that several implants of
scaffold C were severely distorted after explantation (data not shown). Porosity greatly affects
the mechanical properties of a porous structurel25:29:391 and it seems that the rigidity of
scaffold C (compression modulus of 0.03 N/mm?, Table 7.1) is insufficient for in vivo
applications even in non-load bearing conditions. Depending on the stresses applied, it could
still be a suitable scaffold for the in vitro culture of bone-like tissue in a bioreactor.

Scaffold E (BCP) clearly shows the ability of the used BMSCs to induce ectopic bone
formation upon implantation, as bone and bone marrow are present at the surface of the
scaffold. The negative control scaffold F (untreated 1000PEOT70PBT30, seeded with rat
BMSCs and cultured for 7 d in an osteogenic medium) does not show any formation of bone
or bone marrow. Typically these scaffolds were mainly filled with wound exudate and more or
less infiltrated with fibrous tissue at the outside of the scaffold.

The different types of tissue were quantified using histomorphometry. The amounts of the
different tissues were determined in middle cross sections of the different scaffolds (implanted
in 5 fold) and averaged. The porosity (area of the cross sections corresponding to pores) and
the amounts (relative areas) of the different formed tissues (normalized for the porosity) are
shown in Table 7.2.

The histomorphometry data show a consistently lower porosity for the 1000PEOT70PBT30
scaffolds than one can expect based on the porosity values obtained by density measurements
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or U-CT scans, while PDLLA and BCP scaffolds match those values fairly well. A possible
explanation for this is the swelling of 1000PEOT70PBT30 in MMA during the embedding
procedure for histological examination. As the volume of the scaffold is restricted by tissue,
the area of the cross section corresponding to the pores (porosity) then decreases.

Table 7.2-— Amounts (%) of bone, bone marrow, cartilage, fibrous tissue and wound exudate (as determined from
the relative areas), normalized for the porosity. The porosity is the area of the cross section corresponding to the
pores, given as the percentage of the total area of the microtomed scaffold section. The results are the average of
5 scaffolds (% s.d.), unless mentioned otherwise. Middle cross-sections of the explanted scaffolds were analyzed.

Porosity’ Bone Bone marrow | Cartilage Fibrous Wound
(%) (%) (%) (%) tissue (%) | exudate (%)
A
1000PEOT70PBT30 | 529+ 72426 7.6+45 47429 | 22.8+6.8 | 35.5+12.21
73.5 % porous 10.3
B

1000PEOT70PBT30 | 65.8 £8.0 8.6xt5.0 64£55 0.1£0.2% | 58.0+4.8 89159
80.6 % porous
C
1000PEOT70PBT30 | 68.6+8.0 | 7.6t3.8 11.3+£94 0 64.8 £10.7 0.2%+0.3
85.0 % porous
DJ_
PDLLA 79.7+6.4 8.8+2.1 38.3+21.2 0 35.0£14.0 0
83.5 % porous
EJ_
BCP 274+7.1 | 234+1.8 40.4 + 8.9 0 8470 0.5+0.6
29 % porous
F B
1000PEOT70PBT30 | 45.0£6.3 0 0 0 289%£23.8 | 55.1%£253
73.5 % porous
untreated
T: determined by histomorphometry *: significantly higher than the other 5 scaffolds
q: significantly higher than scaffolds B,C,D and E #: significantly higher than scaffolds A,B,C and F
§: cartilage only observed in 1 out of 5 samples 1: average of 3 implants
L: average of 4 implants

The relative amounts of ectopic bone formed in the four different cell-seeded polymeric
scaffolds are comparable and vary from 7 to 9 %. This is comparable to the relative amounts
obtained from a study with 1000PEOT70PBT30 scaffolds of constant porosity (approximately
80 %) and prepared with salt crystals of 250-425, 425-500, 500-710 or 710-1000 pum size
range.[28] In addition, all I000PEOT70PBT30, PDLLA and BCP scaffolds show bone marrow
formation. The PDLLA scaffold contained considerably more bone marrow than the
1000PEOT70PBT30 scaffolds, even though at the time of implantation there was significantly
less DNA (and hence cells) present in the PDLLA scaffold. Besides bone and bone marrow,
fairly high amounts of fibrous tissue were observed in many of the scaffolds. It has been
reported that the ingrowth of fibrous tissue took place in poly(L-lactic acid) scaffolds with
pore sizes comparable to the pore sizes of our scaffolds.[40.41]

The observation of ectopic bone formation in the 1000PEOT70PBT30, PDLLA and BCP
porous structures demonstrates their potential as scaffold materials for the tissue engineering
of bone. The determined relative amounts of ectopic bone in the 1000PEOT70PBT30
scaffolds are considerably lower than the value of 36 % of bone previously reported my
Mendes et al.[27] In that study, smaller scaffolds were used (3x3%2 mm, compared to 4x4x4
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mm reported here) and with a same amount of cells (2><105 per scaffold) seeded, this results in
a higher cell seeding density. At the time of implantation (after 7 d of in vitro culture) the
amount of DNA from the cells present in/on the smaller scaffolds was also considerably
higher, approximately 20.000 ng/scaffold compared to the 2.000 to 4.000 ng/scaffold reported
here.

Figure 7.8 - Magnification of the cross-section shown in Figure 7.5 of scaffold A. Cartilage (C), bone (B), bone
marrow (BM), wound exudate containing red blood cells (W) and scaffold material (S) are indicated.
[Color figure on p. 178]

Figure 7.9 - Poorly interconnected pore containing cartilage. Interconnections to other pores are indicated with
arrows. [Color figure on p. 179]
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The amount of DNA determined can be influenced by the lysis conditions employed for the
DNA assay.[28] Therefore one should be careful in directly comparing the obtained values.

The resulting amounts of bone and bone marrow in our 1000PEOT70PBT30 and PDLLA
scaffolds are, however, higher than those for PLGA scaffolds reported by Ishaug-Riley et
al.I%1, who observed 3.8 = 2.4 % of bone-like tissue in their scaffolds after 28 d of
implantation. In that study the disc-like scaffolds (7 mm diameter, 1.9 mm height) were
seeded with approximately 2.6x10° rat BMSCs/scaffold and implanted after 7 d of in vitro cell
culture. The scaffolds were 90 % porous with pore sizes ranging from either 150 to 300 or 500
to 710 um.

Surprisingly, scaffold A (porosity 73.5 %) also showed cartilage formation besides bone and
bone marrow. At higher magnification, pores filled with cartilage, bone and bone marrow, can
clearly be observed, as shown in Figure 7.8. The scaffold stiffness can greatly affect cartilage
formation in vivo.[42:43] Although the effect of scaffold stiffness on cartilage formation cannot
be excluded here, there is another more likely explanation for the observation of cartilage.
From the histological sections it appears that the pores in which cartilage formation takes
place are not well connected (Figure 7.9).

Cartilage formation is known to be favored by conditions in which the oxygen supply is
limited.[44] Implantation of demineralized teeth resulted in cartilage formation when one side
was left open and in bone formation when both sides where left open. A comparable
observation was made after implantation of hydroxyapatite with channel-like pores, where
cartilage was observed in the central zones of the pores.[*5] Vascularization is needed for a
good oxygen and nutrient supply and is therefore believed to be of great importance for bone
formation.[46] Vascularization of tissue within a scaffold with large pores but with small pore
interconnections may be difficult.[47]

The poor accessibility of the pore structure also follows from p-CT data. The
1000PEOT70PBT30 scaffold A with the lowest porosity (73.5 %) not only results in cartilage
formation, it also shows considerably less ingrowth of fibrous tissue and contains much more
wound exudate than the other scaffolds. The interconnecting pore network in this scaffold
allows the passage of cell suspensions, both in cell seeding and in vivo, as it allows for
passage of wound exudate containing red blood cells (Figure 7.8). The pore network does not
allow for the ingrowth of fibrous tissue. The size of the interconnecting pore network appears
to be too small to allow for fibrous tissue ingrowth. With the use of different fabrication
techniques, for instance by use of fused salt particles[48491 or 3D printing[9! it should be
possible to obtain a more accessible pore network.

Conclusions

The results presented show the suitability of BMSC seeded polymer scaffolds for bone tissue
engineering. All implanted cell-seeded scaffolds show bone and bone marrow formation. By
varying the scaffold porosity of 1000PEOT70PBT30 scaffolds it was possible to obtain
scaffolds with a comparable pore size distribution (as determined by W-CT), but with
considerable differences in accessible pore volume (as a fraction of the total volume) and
accessible surface area. However, no significant differences between the different
1000PEOT70PBT30 scaffolds were observed in terms of ectopically formed bone (7-9 %) and
bone marrow (6-11 %).

Surprisingly, 1000PEOT70PBT30 scaffolds with a porosity of 73.5 % showed cartilage
formation. Although the effect of scaffold stiffness cannot be excluded, cartilage formation is
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most likely due to a poorly accessible pore network as shown by pu-CT. Scaffolds of 85 %
porosity lacked the required mechanical properties and were distorted after implantation.
BMSC seeded PDLLA and BCP scaffolds always showed considerably more bone and bone
marrow formation and less fibrous tissue ingrowth than the 1000PEOT70PBT30 scaffolds,
even though both scaffolds have a considerably lower accessible surface area (for sphere
diameters (d) up to 100 wm) and contain much less cells (as determined by a DNA assay)
upon implantation.

The scaffold material can be of great influence. In a stiffer and less hydrophilic scaffold like
PDLLA, the accessible pore structure is more likely to be preserved under physiological
conditions than in hydrophilic 1000PEOT70PBT30 scaffolds.
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Chapter 8

General discussion and conclusions

What we call the beginning is often the end
And to make an end is to make a beginning,
The end is where we start from.

T.S. Eliot (1888-1965)

General discussion and conclusions

This thesis shows that surface modified porous 1000PEOT70PBT30 scaffolds seeded with
bone marrow stromal cells (BMSCs, after expansion in an osteogenic medium) and cultured in
vitro for 7 d are able to induce ectopic bone formation, when implanted subcutaneously in
immunodeficient nude mice. BMSCs are, however, not able to attach to and grow on the
unmodified 1000PEOT70PBT30 polymers. Surface modification by means of gas plasma
treatment was shown to be an essential step in obtaining polymer-cell constructs that are able
to induce ectopic bone formation. 1000PEOT70PBT30 scaffolds that were seeded with
BMSCs and cultured for 7 d in an osteogenic medium, but that were not gas plasma treated or
gas plasma treated 1000PEOT70PBT30 scaffolds without BMSCs (Chapter 6 and 7), did not
show any formation of bone or bone marrow.

Gas plasma treated 1000PEOT70PBT30 scaffolds, seeded with BMSCs and cultured in vitro
for 7 d in an osteogenic medium, showed ectopic bone formation, although the amount of
bone (5-9 %) and bone marrow (5-13 %) was limited in comparison to scaffolds based on
poly-D,L-lactide (PDLLA) and biphasic calcium phosphate (BCP).

PEOT/PBT synthesis, characterization and properties

The procedures for the synthesis of PEOT/PBT copolymers on a 1 kg scale described in
Chapter 3 allow good control of copolymer composition and result in copolymers of high
molecular weights. Although it has been suggested that tetrahydrofuran (THF)!1.2] or
chloroform (CHCI3)[3-3] are suitable solvents for these copolymers, we found that these
copolymers do not dissolve in THF and that CHCI; is not suited for GPC analysis of the
copolymers.[6] 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) containing 0.02 M sodium
trifluoroacetate appears to be a solvent that is suitable for the whole PEOT/PBT family
including the compositions with high PBT contents.[”] In our studies, the molecular weights of
the copolymers were determined relative to PMMA using GPC with HFIP with 0.02 M
sodium trifluoroacetate as eluent. Although HFIP is a potentially reactive solvent, no
significant degradation of the copolymers dissolved in HFIP was observed up to a period of 11
d. Relative molecular weights of PEOT/PBT copolymers up to 150,000 g/mol were found.
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Compression molding of the copolymers into films and porous structures decreases the
molecular weight only slightly.

PEOT/PBT copolymers are flexible thermoplastic materials of which the physical and
mechanical properties depend on the composition. A higher PEO content results in a lower
modulus and a higher hydrophilicity. As described in Chapter 3, tensile properties like the E-
modulus, elongation at break and tensile strength are significantly higher for
1000PEOT70PBT30 in the dry state than in the wet state (the E-modulus in the dry state is 27
N/mm? and in the wet state 17 N/mm?). Static creep experiments show much higher creep
rates for 1000PEOT70PBT30 swollen in water as compared to the dry copolymer. The
swollen samples broke within 4 h at loadings of 0.5-2.0 N/mm®, whereas dry samples were
able to sustain loads of up to 4.0 N/mm® for 21 d. The introduction of porosity further
decreases the stiffness and strength of this material; an exponential decrease in compression
modulus is observed with increasing scaffold porosity (Chapter 5).

The limited mechanical properties of water-swollen PEOT/PBT copolymer scaffolds prohibit
the exposure of these materials to large (tensile) forces during in vitro cell culture. It is
expected that the formation of bone-like tissue in vitro will influence the mechanical
properties of these cell-seeded and cultured scaffolds substantially. The changes of the
mechanical properties of scaffolds of this material during cell culture need to be further
investigated.

Surface modifications

We found (Chapter 4) that it was not possible to culture rat BMSCs on 1000PEOT70PBT30.
Results from previous reports!891 on rat BMSC seeding on 1000PEOT70PBT30 and
subsequent in vivo bone formation could not be substantiated. We found that rat and goat
BMSCs only attach to the more hydrophobic PEOT/PBT copolymers. 1000PEOT70PBT30
scaffolds that were not gas plasma treated (Chapter 7) and that were seeded with BMSCs and
cultured for 7 d in an osteogenic medium, did not show any formation of bone or bone
marrow.

To ensure BMSC attachment to the more hydrophilic PEOT/PBT copolymers, surface
modifications are necessary. Often used modifications are based on cell binding peptides or
proteins adsorbed or covalently bound to the material surface (Appendix A of this thesis). For
some polymers cell attachment can be improved by simple chemical or physical treatments.
For example poly(glycolic acid) treated with a sodium hydroxide solution is a much better
substrate for fibroblast attachment than the untreated material. As described in Chapter 4,
chemical treatments were not very successful for PEOT/PBT copolymers. Etching with a 0.1
M sodium hydroxide solution in ethanol caused severe degradation of 1000PEOT70PBT30.
We have changed the surface characteristics of PEOT/PBT copolymers with CO, gas plasma
treatments. Preliminary experiments using argon plasmas also appear to be effective in
improving BMSC attachment to and growth on 1000PEOT70PBT30 copolymers.[10.11]

With the use of gas plasma treatments, only the top layer of the polymer substrates was
modified and no degradation of the films was observed (Chapter 4). After rat BMSC seeding
of gas plasma treated 4x4x4 mm 1000PEOT70PBT30 scaffolds, and in vitro culture for 7 d in
an osteogenic medium, we observed the presence of osteogenic cells in the center of the
scaffold (Chapter 5). This shows that plasma treatments are able to modify the pore surfaces
even in the center of the 4x4x4 mm scaffolds.

It has to be noted that most cells are still present on the outside of the scaffold. This can be
caused by a more effective surface treatment of the outside of the scaffold, enabling more cells
to attach to the surface. Another factor can be diffusion limitation, resulting in slow exchange
of nutrients and waste products in the center of the scaffolds during static seeding and culture.

124



General discussion and conclusions

Dynamic seeding and culture are expected to result in a more homogeneous cell distribution,
when diffusion is the limiting factor.[12-14]

In later reports, oxygen plasmas have been used to improve palatal mesenchyme cell
attachment to PDLLAI!S] and osteoblast attachment to poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)[16], showing the suitability of this technique to improve cell attachment onto
different polymer surfaces. Gas plasmas have also been used for low-temperature
sterilizationl17], providing the possibility of combining an essential surface modification step
(to ensure BMSC attachment) and a sterilization step.

Scaffold preparation and characterization

Although the freeze-drying techniques, as applied in Chapter 5, offer good control over pore
size and porosity, scanning electron micrographs of the resulting structures mostly show a
poorly interconnected pore structure.

The process of cryogenic grinding, blending and compression molding followed by salt
leaching to prepare porous structures, as described in Chapter 5, allows good control over pore
size and porosity. The porosity is determined by the salt volume fraction, whereas the pore
size can be controlled by the size of the salt crystals used. Stable PEOT/PBT scaffolds can be
obtained in a porosity range of 73 to 85 %. Scanning electron micrographs of the salt leached
scaffolds show a more interconnected pore structure than that of porous structures prepared by
freeze-drying polymer solutions in 1,4-dioxane.

One of the most often employed techniques to characterize porous structures is mercury
intrusion porosimetry. Unfortunately, the 1000PEOT70PBT30 scaffolds described in this
thesis were unable to resist the pressures that need to be used in this technique, resulting in
scaffold collapse (unpublished results). Other techniques are therefore necessary to
characterize these porous structures.

From 3D images generated from micro-computed tomography scans, it was possible to
determine relevant scaffold characteristics like porosity, pore size distribution, average pore
size, accessible pore volume and accessible surface area. The obtained average pore sizes are
considerably smaller than one might expect, when considering the size of the salt crystals
used. For scaffolds of approximately 80 % porosity, salt sizes of 250-425, 425-500, 500-710,
710-1000 pum resulted in average pore sizes of 260, 342, 305 and 447 um respectively.
Although these values represent a considerable improvement (averages are approximately 100
um higher) compared to average values obtained from previously used algorithms!!8], it is
worthwhile to further investigate algorithms, which can be adequately applied to such
systems.

Ectopic bone formation

All scaffolds (1000PEOT70PBT30, PDLLA and BCP) that were seeded with BMSCs (after in
vitro expansion and differentiation in an osteogenic culture medium) and cultured in vitro for
7 d in an osteogenic medium, showed the formation of bone and bone marrow upon
subcutaneous implantation in nude mice for 4 wks. This shows the ability of the used BMSCs
to induce ectopic bone formation. At constant pore size, a lower scaffold porosity resulted in a
lower amount of detected DNA (and hence in a lower number of cells) after seeding and in
vitro culture of rat BMSCs for 7 d. Even though the amount of DNA was significantly
different, for 1000PEOT70PBT30 scaffolds of different porosity, all scaffolds showed more or
less the same amount of bone and bone marrow formation after 4 wks of subcutaneous
implantation.
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PDLLA and BCP scaffolds contained considerably less BMSCs at the time of implantation (as
determined by a DNA assay), but showed considerably more bone and bone marrow and much
less fibrous tissue and wound exudate after 4 wks of subcutaneous implantation.

The 1000PEOT70PBT30 scaffolds of which the pore structure was less accessible led to
cartilage formation in addition to bone formation. The lack of oxygen and the limited nutrient
diffusion can result in cartilage formation instead of bone. Although an increase in porosity of
the 4x4x4 mm 1000PEOT70PBT30 scaffolds resulted in higher accessible pore volumes, it
did not result in more ectopic bone or bone marrow.

A further increase in the accessible pore volume of these 1000PEOT70PBT30 scaffolds could
be achieved by reticulation techniques as well as by using fused salt particles[1920] in the
compression molding/leaching technique described in this thesis.

Previous implantation studies of similar cell-seeded and cultured 1000PEOT70PBT30
scaffolds by Mendes et al. showed considerably more bone formation.[2!l The reported
scaffold dimensions used were 3x3X2 mm compared to 4x4x4 mm in our studies, which
suggests that the scaffold dimensions have a pronounced effect on ectopic bone formation.
With the same amount of BMSCs seeded (approximately 2x10° cells per scaffold) this also
resulted in a lower cell seeding density for the larger scaffolds. The effects of scaffold
dimensions and cell seeding density on the in vitro cell culture and in vivo bone formation
need to be further addressed.

Degradation

Many of the 1000PEOT70PBT30 scaffolds studied in Chapter 6 and 7, show the first signs of
fragmentation after 4 wks of subcutaneous implantation in nude mice. Although many
researchers have reported on the in vivo degradation of PEOT/PBT copolymers, it still
remains unclear if these copolymers will be resorbed completely in time. The more
hydrophobic copolymers that contain a high fraction of PBT, show a limited decrease in
molecular weight upon implantation.[3-7] Implantation studies using hydrophilic copolymers,
like T000PEOT70PBT30, show clear fragmentation and a more rapid decrease in molecular
weight than hydrophobic compositions.[3:71 Complete resorption, however, is not reported!22-
24] and after 3 years implantation in goat ilia, I000PEOT70PBT30 fragments could still be
observed intracellulary.[25]

Detailed in vivo and in vitro studies have shown that during degradation of the
1000PEOT70PBT30 copolymer mainly PEO containing segments are leached out, thereby
slowly changing the composition of the polymer to a low molecular weight, PBT rich
copolymer.[67] During degradation an increase in the copolymer crystallinity was
observed.[6:7] Previous studies on the degradation of PLLA show the presence of crystalline
remnants after 4 years of implantation, resulting in inflammation at the site of implantation.[26!
Whether the PBT remnants can be fully degraded and resorbed, remains an unanswered
question and further research is required to study the effects in the long term of possible
remnants on the surrounding tissue.

Further research

The ectopic bone formation using rat BMSC-seeded and cultured (in an osteogenic medium)
1000PEOT70PBT30 scaffolds shows the ability of this system to generate bone tissue. In our
approach rat BMSCs were statically seeded and cultured in vitro on the scaffolds for a period
of 7 d before implantation. To optimize the tissue engineered constructs, a detailed analysis of
the effect of variations in culture conditions (possibly dynamic) and culture times (up to
several wks) is needed. The physical and mechanical properties of these engineered constructs
are likely to change during the cell/tissue culture, as tissue is being formed and the polymer
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matrix is (slowly) degraded. To study in vivo bone regeneration, these in vitro cultured tissue
constructs, cultured under different culture conditions and culture times, need to be implanted
in critical size bone defects, preferably in large animals like goats.

Outlook

Scaffolds for bone tissue engineering should be prepared from a material that can easily be
processed into any desired shape and size. The scaffold should allow for cell attachment
and/or the controlled release of suitable bioactive molecules like BMP growth factors.
Furthermore for the restoration of large defects angiogenesis has to take place.

With freeze-drying and salt leaching techniques it is possible to produce scaffolds of different
porosities and pore sizes. Scaffolds with a complex shape or with a large size are, however,
difficult to prepare with these techniques. Scaffolds with the required dimensions and pore
morphology can be obtained by solid free form fabrication and 3D printing[27! using computer
aided design. In this way, tissue engineered constructs can be prepared that exactly fit the
shape of the defect with an optimal pore morphology for in vitro cell seeding and culturing.
The thermoplastic PEOT/PBT copolymers can be processed using 3D printing techniques.[28!
The implanted in vitro cultured cell/tissue construct should be able to release proteins like the
osteoinductive BMPs and/or bioactive compounds that stimulate angiogenesis.[?°] These
proteins and bioactive compounds should be released from the cell/tissue construct in a
controlled fashion to support the formation of bone-like tissue in vitro and/or the bone
formation and angiogenesis in vivo. These proteins and compounds could be incorporated into
the scaffold(30] (assuming the scaffold is still part of the implanted construct) and/or can be
produced by (genetically modified) cells.[31-33] Great care, however, needs to be taken to
ensure that these stimuli do not cause bone formation outside the defect after implantation of
the in vitro cultured cell construct.[341 PEOT/PBT copolymers are well suited for the release of
proteins.[35.36]

It should be kept in mind that other tissue engineering approaches can also result in successful
bone healing. Injectable ceramics and hydrogels, containing cells or suitable proteins
can/could also result in successful bone (re)generation.[37-391 The implantation of scaffolds
(guided tissue regeneration), scaffolds with growth factors or scaffolds seeded with cells (not
cultured in vitro before implantation) can result in successful healing of a bone defect (see
Chapter 2 for an overview). The prepared BMSC-seeded and cultured PEOT/PBT scaffolds
should, therefore, always be compared with other bone tissue engineering approaches and with
other scaffold materials.

The in vivo implantation of BMSC-seeded and cultured BCP and PDLLA resulted in
abundant bone and bone marrow formation (Chapters 6 and 7). BCP, like many other
ceramics, is difficult to process into the desired shape and size, but PDLLA can easily be
processed into a great variety of shapes and sizes (Chapters 5 and 6). Amorphous PDLLA is
completely resorbable(40-421 and is well tolerated by bone.[43] It has already been tested
successfully as a scaffold for the controlled release of BMPs[4445] and as a scaffold for the
culture of human osteoblast-like cells[#6] and human osteoprogenitor cells.[47]

The results presented in this thesis show that BCP and PDLLA might have certain advantages
over 1000PEOT70PBT30 and therefore should also be considered as scaffold materials in
future bone tissue engineering approaches.
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Synthesis of PEG-RGD conjugates

Problems worthy of attack
Prove their worth by hitting back.

Piet Hein (1905-1996)

Abstract

RGD-containing peptides sequences were coupled to poly(ethylene glycol)s of various
molecular weights, that were activated with 4-nitrophenyl chloroformate.

In cell culturing experiments, the incorporation of RGD-sequences into 1000PEOT70PBT30
by blending with PEG-RGD conjugates results in some clustered cells at the surface of films
of the blends. The improvement in bone marrow stromal cell attachment as compared to
unmodified 1000PEOT70PBT30 films, however, was not sufficient to justify the use of these
materials in further studies. A likely explanation for the low cell attachment is the rapid
washing out of a significant amount of blended PEG-RGD conjugates from the samples after
contact with water.

Introduction

To use the hydrophilic PEOT/PBT compositions in bone tissue engineering, the copolymer
surface needs to be modified to improve in vitro cell attachment. Several approaches towards
this end can be taken. Proteins like fibronectin and vitronectin play an important role in in
vitro osteoblast adhesion.!!l These proteins contain the tripeptide RGD (Arg-Gly-Asp), which
is the active-site sequence for cell adhesion.[2] By immobilizing proteins that contain this
sequence or the peptide itself on the surface of a material, cell adhesion can be enhanced.
Peptide grafting is quite easily controlled and stable in time, while protein adsorption is quite
difficult to control and dynamic in nature. Therefore RGD-peptide grafting (usually
employing an GRGDS sequence) may be advantageous over other approaches employed to
improve long-term cell adhesion to biomaterials.[3!

A well-known way of enhancing cell attachment onto surfaces is the incorporation of
peptides. After coupling of peptides to PEG, we investigated the possibility of improving
bone marrow stromal cell (BMSC) attachment and growth, by blending PEG-RGD conjugates
into PEOT/PBT copolymers. PEG-RGD conjugates have previously been reported to cluster
cells in cell suspensions, showing the cell binding capacity of these types of molecules.[4:5]
PEG-RGD conjugates are expected to entangle with the copolymer chains in the hydrophilic
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PEO domains and remain within the material for relatively long times. PEG-RGD conjugates
were synthesized using 4-nitrophenyl chloroformate as described by Jo ef al. and shown in
Scheme A.1.16]

0 0
PEG-OH + ClI—C—0 NO, —= PEG—O—C—O@NOz

o
|

H,N—GRGDS
PEG-O-C—NH ~GRGDS + HO NO,

Scheme A.1 - Reaction scheme for the coupling of a GRGDS peptide sequence to the hydroxyl group
of PEG by the use of 4-nitrophenyl chloroformate.

Materials and methods

Materials

All solvents used were analytical grade and all chemicals were at least 99 % pure, unless
otherwise mentioned, and used as received. '"H-NMR spectra were obtained using a Varian
300 MHz apparatus. *C-NMR spectra were obtained using a Varian 400 MHz apparatus.
1000PEOT70PBT30 and 300PEOTS5PBT45 were synthesized as previously described, using
vitamin E as an antioxidant.[?l Compositions according to '"H-NMR were 945PEOT71PBT29
and 296PEOT53PBT47 respectively. PEOT/PBT copolymers were used without further
purification.

Films prepared by solution casting. PEOT/PBT films (75-100 pm thick) were prepared by
casting 20 % (w/v) polymer solutions in chloroform (1000PEOT70PBT30) or
chloroform/1,1,1,3,3,3-hexafluoro-2-propanol (CHCIl3/HFIP) mixtures (300PEOTS55PBT45)
on a glass plate using a casting knife. All films were placed in ethanol (overnight) to remove
any residual HFIP and/or CHCls. Films were dried in a vacuum oven under reduced nitrogen
pressure for 5 d.

PEG-RGD conjugate synthesis
Determination of PEG molecular weight. PEG (Fluka, Switzerland) molecular weights were
determined by 'H-NMR using trifluoroacetic anhydride (Sigma-Aldrich, Germany) to

derivatize the PEG end groups. The following molecular weights were found: PEG 4000: Mn

=4.5x 10°, PEG 8000: Mn = 8.4 x 10°, PEG 10000: Mn = 11.1 x 10°. These experimentally
determined molecular weights were used to calculate the yield of the coupling reaction with
the RGD containing peptide, after pre-activation with 4-nitrophenyl chloroformate (NPC).
Activation and coupling reactions were performed as previously described by Jo et al. (6]

Activation of PEG 4000. In a round-bottom flask PEG 4000 (10.090 g, 2.23 mmol) was
dissolved in 150 mL anhydrous toluene (Biosolve, The Netherlands) at 40°C. To this solution
3.5 mL of triethyl amine (Merck, Germany) and subsequently 4-nitrophenyl chloroformate
(4.214 g, 20.9 mmol, NPC, Acros, Belgium) were added. After addition of NPC, the solution
colored slightly yellow. The reaction was continued for 4 h. The precipitated organic salt was
removed by filtration. The activated PEG solution in toluene was precipitated in a tenfold
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excess anhydrous diethyl ether, filtered and dried in vacuo for 36 h. Subsequently, the product
was recrystallized from 100 mL ethyl acetate (Biosolve, The Netherlands) and dried in a
vacuum oven. The product was a white wax, yield: 8.2g (76 %). According to 'H-NMR 94 %
of the PEG end groups had reacted. "H-NMR (DO, 300 MHz): & 3.4-3.7 (s, 408H,
{CH,CH,0},), & 3.7 (m, 4H, CH,CH2-{CH,CH,0},-CH,CH,), § 4.4 (m, 4H, CH,CH2-
{CH,CH,0},-CH,CH,), 6 4.7 (D,0), 8 7.4 (d, 4H, Ar), 6 8.3 (d, 4H, Ar).

Activation of PEG 8000. Reaction conditions as in the activation of PEG 4000.

The product was a fluffy white powder, yield: 3.1g (55 %). According to '"H-NMR 92 % of
the PEG end groups had reacted. "H-NMR (D,O, 300 MHz): & 3.4-3.7 (s, 756H,
{CH,CH,0},), é 3.7 (m, 4H, CH,CH2-{CH,CH,0},-CH,CH,), 6 4.4 (m, 4H, CH,CH2-
{CH,CH,0},-CH,CH,), 6 4.7 (D,0), 8 7.4 (d, 4H, Ar), 4 8.3 (d, 4H, Ar).

Activation of PEG 10000. Reaction conditions as in the activation of PEG 4000.

The product was a fine white powder, yield: 8.2 g (78 %). According to 'H-NMR 91 % of the
PEG end groups had reacted. '"H.NMR (D,0, 300 MHz): & 3.5-3.7 (s, 1004H, {CH,CH,0},),
o 3.7 (m, 4H, CH,CH2-{CH,CH,0},-CH,CH,), 6 4.4 (m, 4H, CH,CH2-{CH,CH,0},-
CH,CH,), 6 4.7 (D;0), 6 7.4 (d, 4H, Ar), 4 8.3 (d, 4H, Ar).

Coupling GRGDS to activated PEG 4000. In a round-bottom flask GRGDS (25.3 mg, 0.063
mmol, Bachem, Switzerland) was dissolved in 20 mL 0.1 M sodium phosphate buffer
(pH=8.3). After 15 min PEG 4000(NPC), (0.100 g, 0.020 mmol) was added. The clear
solution colored slightly yellow. After 90 h of reaction, the product was dialyzed in milli-Q
water for 24 h (molecular porous regenerated cellulose dialysis membrane (MWCO=2000)
Spectra/Por 7, Spectrum Laboratories Inc., U.S.A.) with periodic media changes. Finally, the
product was freeze-dried for 30 h. The product was obtained as a white powder, yield: 103 mg
(94 %). According to 'H-NMR, 95 % of the PEG end groups were coupled to the RGD
containing peptide. The spectrum showed no NPC peaks. 'H-NMR (D,0, 300 MHz): § 1.4-
1.8 (m, 4H, NHCH, CH, CH, Arg), § 2.5-2.7 (m, 2H, CH, Asp), & 3.1 (t, 2H, NHCH, CH,
CH; Arg), 6 3.4-3.7 (s, 408H, {CH,CH,0},), 6 3.7-3.8 (m, 4H, CH, Ser and CH,-NH, Gly), 6
3.9 (s, 2H, CH; Gly), 4 4.1 (m, 2H, CH Arg and CH Ser), 6 4.3 (q, 1H, CH,-CO-NH), 6 4.5-
4.6 (m, 1H, CH Asp), & 4.7 (D,0). A complete 'H-NMR spectrum with peak assignments is
shown in Figure A.1

Coupling GRGDS to activated PEG 8000. Reaction conditions as in the coupling to activated
PEG 4000. The product was obtained as a white powder, yield: 86 mg (84 %). According to
'H-NMR, 98 % of the PEG end groups were coupled to the RGD containing peptide. No NPC
peaks were distinguished in the spectrum. '"H-.NMR (D>0O, 300 MHz): & 1.5-1.9 (m, 4H,
NHCH, CH, CH, Arg), d 2.6-2.8 (m, 2H, CH, Asp), d 3.1 (t, 2H, NHCH, CH, CH, Arg), 6
3.4-3.7 (s, 756H, {CH,CH,0},), 6 3.7-3.8 (m, 4H, CH; Ser and CH,-NH, Gly), & 3.9 (s, 2H,
CH; Gly), 6 4.1-4.2 (m, 2H, CH Arg and CH Ser), 6 4.3 (q, 1H, CH,-CO-NH), 6 4.7 (D,0 and
CH Asp).

Coupling GRGDS to activated PEG 10000. Reaction conditions as in the coupling to activated
PEG 4000. The product was obtained as a white powder, yield: 139 mg (97 %). According to
'H-NMR, 94 % of the PEG end groups were coupled to the RGD containing peptide. No NPC
peaks were observed. '"H-.NMR (D,0, 300 MHz): 6 1.5-1.9 (m, 4H, NHCH, CH, CH, Arg), &
2.6-2.8 (m, 2H, CH, Asp), o 3.1 (t, 2H, NHCH, CH, CH, Arg), & 3.4-3.7 (s, 1004H,
{CH,CH,0},), 6 3.7-3.8 (m, 4H, CH; Ser and CH,-NH, Gly), & 3.9 (s, 2H, CH; Gly), d 4.1-
4.2 (m, 2H, CH Arg and CH Ser), 6 4.3 (q, 1H, CH,-CO-NH) & 4.5-4.6 (m, 1H, CH Asp), &
4.7 (D,0).
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Figure A.1 - "H-NMR of the PEG 4000-(GRGDS), conjugate. No 4-nitrophenyl proton
signals can be distinguished in the spectrum.

Preparation of films. Approximately 75 wm thick films were prepared by casting mixtures of
PEG-RGD conjugates or carboxylic acid terminated PEG (PEGDC, used as model
compounds for PEG-RGD conjugates, Fluka, Switzerland) and 1000PEOT70PBT30 in CHCI;
and drying in a vacuum oven under reduced nitrogen pressure for 5 d. The following model
compounds were used: O,0’-bis(carboxymethyl)polyethylene glycol 600, O,0’-bis(2-
carboxyethyl)polyethylene glycol 2000, O,0’-bis(2-carboxyethyl)polyethylene glycol) 6000.
Release of PEGDC from films. Circular samples of 28 mm in diameter were cut from the films
described above. The samples were weighed and placed in glass containers with milliQ water
at 37°C. After set times the samples were removed, dried and weighed again. From the mass
loss, the loss of carboxylic acid terminated PEG (PEGDC) was determined.

Bone marrow stromal cell culture and analysis

Goat bone marrow stromal cell culturing on copolymer films. Samples with a diameter of 10
mm were cut from the copolymer films blended with PEG-RGD conjugates (solution cast).
Before culturing, samples were washed with demineralized water (2x), 70 % ethanol/water
and sterile PBS (3x). For preliminary screening experiments goat BMSCs, passage 3 were
used. The cells were seeded with a density of 10,000 cells/cmz, in the presence of 3 mL
minimal essential medium (o-MEM, Life Technologies, The Netherlands) containing!8l: 15 %
(v/v) fetal bovine serum (Life Technologies, The Netherlands), 100 units/mL penicillin, 100
pg/mL  streptomycin (Life Technologies, The Netherlands), 2 mM L-glutamine (Life
Technologies, The Netherlands), 0.2 mM ascorbic acid 2-phosphate (Life Technologies, The
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Netherlands), 10 mM pB-glycerophosphate (Sigma, The Netherlands), 10° M dexamethasone
(Sigma, The Netherlands).

Methylene blue staining. Samples were analyzed at day 1, 3 and 7. Films were washed with
warm PBS containing 100 units/mL penicillin and 100 pg/mL streptomycin and subsequently
fixed with glutaraldehyde (Merck, Germany, 1.5 % solution in 0.14 M cacodylic acid (Fluka,
Germany, buffer pH = 7.35). Then the samples were washed with water and stained for 30 s
using a 1 % methylene blue solution in 0.1 M borax buffer (Sigma/Aldrich, Germany, pH =
8.5). Scaffolds were subsequently washed with demineralized water, until the water was clear.
Samples were stored in a refrigerator until further analysis. Samples were evaluated using a
Nikon SM2-10A stereomicroscope (1x objective). Digital photographs were taken using a
Sony progressive 3 CCD camera.

Results and discussion

The degree of activation with 4-nitrophenyl chloroformate (after product precipitation in
ether) and the degree of coupling (after product dialysis in water) were determined by 'H-
NMR. For the activation reaction 4 h were sufficient to reach conversions of 93 to 96 %.
Subsequent reaction with GRGDS-sequences for at least 70 h lead to degrees of coupling of
94 % and higher. Shorter reaction times significantly reduced the degree of coupling of
GRGDS to PEG; after 4 and 24 h only 8 and 40 %, respectively, were coupled. Besides 'H-
NMR data, further evidence for the coupling of PEG with GRGDS was given by "C-NMR,
clearly showing a peak at =161 ppm, which could be assigned to the urethane linkage in the
PEG-RGD conjugate. Other synthesis routes, like the activation of carboxylic acid
functionalized PEGs with NHS, did not result in the desired compounds.

PEG-RGD conjugates were prepared using PEGs with molecular weights 4000, 8000 and
10000. The PEG-RGD conjugates based on PEG molecular weights of 4000, 8000 and 10000
were blended with the 1000PEOT70PBT30 copolymer (2.5 or 10 wt % conjugate). Solution
cast films were produced on which goat BMSCs were cultured. After 3 d of cell culture the
samples were stained with methylene blue and studied by microscopy (Figure A.2).

Figure A.2 - Microscopic images of 1000PEOT70PBT30 copolymer films with goat BMSCs after 3 d of
culturing. The samples were stained with methylene blue: copolymer (light blue) and goat BMSCs (dark blue
spots). Left: I000PEOT70PBT30. Right: 1000PEOT70PBT30 blended with 10 wt % PEG-RGD conjugate based
on PEG with a molecular weight of 8000. [Color figure on p. 180]
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The films with 2.5 and 10 wt % blended PEG-RGD conjugate, of molecular weight 4000,
8000 and 10000 showed comparable results: clustered cells were observed on the surface. At
larger amounts and higher molecular weights of the blended PEG-RGD conjugate more cells
appeared to be present at the surface. A significant improvement of BMSC attachment
compared to 1000PEOT70PBT30 controls was, however, not observed.
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Figure A.3 - Mass loss of PEGDC containing 1000PEOT70PBT30 films.

To verify if the PEG-RGD conjugates indeed remained in the material, release profiles are
required. Due to the relatively large amount of material needed, the release of PEG model
compounds containing carboxylic acid end groups (PEGDC) was studied. These compounds
were blended with the 1000PEOT70PBT30 copolymer and the mass loss of films was
determined after extraction with water. As shown in Figure A.3 all films show rapid mass
loss. This release is most likely caused by the fast and extensive swelling of
1000PEOT70PBT30 (approximately 69 mass % within two h, the equilibrium water uptake is
74 mass %) allowing the release of the incorporated PEGs.

PEGDC with a higher molecular weight was retained longer in the film than the lower
molecular weight products. However, even in the case of PEGDC 6000 only 4 mass % from
the original 10 mass % remained present after extraction in water. The rapid release of the
PEGDC model compounds from the PEOT/PBT films suggests that PEG-RGD conjugates
will also be rapidly released and that their surface concentration will be rather low in time.
Although the PEG-RGD conjugates present at the surface appear to be able to bind cells, the
amount of the RGD containing peptide sequences!®-111, is not sufficient to obtain a significant
improvement in BMSC attachment.

Chemical modification of the surface of the material with gas plasma treatments, followed by
RGD modification of the introduced functional groups, is likely to improve cell attachment,
due to higher concentrations of RGD sequences at the surface, which will be maintained for a
longer period of time.
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Conclusions

The incorporation of RGD-sequences into 1000PEOT70PBT30 by blending with PEG-RGD
conjugates results in some clustered cells at the surface of films of the blends. The
improvement in bone marrow stromal cell attachment as compared to 1000PEOT70PBT30
films, however, was not sufficient to justify the use of these materials in further studies. A
likely explanation for the low cell attachment is the rapid washing out of a significant amount
of blended PEG-RGD conjugates from the samples after contact with water. Therefore the
available concentration of PEG-RGD at the surface is low and/or the RGD sequences at the
surface are not available for cell attachment.
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Grafting of poly(ethylene
oxide)/poly(butylene terephthalate) block
copolymers onto hydroxyapatite particles

And now for something completely different.

Monty Python’s Flying Circus

Abstract

Composite materials based on hydroxyapatite (HA) particles and poly(ethylene
oxide)/poly(butylene terephthalate) copolymers, PEOT/PBT, were prepared by blending
methods and by grafting. Composites based on PEOT/PBT copolymers with a PEO molecular
weight of 1000 and a PEOT content of 70 weight % (1000PEOT70PBT30) were studied. The
formation of 1000PEOT70PBT30 grafts onto HA filler particles (38-53 um) by directly
adding HA particles to the polycondensation reaction mixture is described. After extraction of
the soluble components, TGA and IR analyses showed considerably more
1000PEOT70PBT30 on the HA particles of the composites prepared by grafting than of those
prepared by blending.

In the dry state, an increase in HA content from 0 to 25 vol % in HA-composites prepared by
grafting and by blending leads to an increase in Shore A hardness from 83 to 92. At 17.5 and
25 vol % HA a significant improvement in the elongation at break and the energy up to break,
both in the dry and water-swollen state, was observed for the composites prepared by grafting.
HA-composites containing 17.5 vol % HA, prepared by grafting, showed an elongation at
break of 271 % in the dry state and 58 % in the water-swollen state. HA-composites with 17.5
vol % HA, prepared by blending, showed an elongation at break of 62 % in the dry state and
6.5 % in the water-swollen state. In the water-swollen state, the incorporation of HA (either by
grafting or by blending) does not result in composite materials with improved mechanical
properties, like tensile modulus and strength, compared to the original 1000PEOT70PBT30
copolymer.

For the composites prepared by grafting, the combined IR, TGA and tensile data indicate that
the copolymer is chemically bound to the HA, most likely by the formation of copolymer
grafts onto the surface of HA particles. To our knowledge this would be the first example of
the direct formation of polymer grafts onto HA, prepared by a polycondensation reaction in
the presence of HA particles. By employing freeze-drying techniques or compression molding
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of polymer powder/salt mixtures followed by salt leaching, the HA-composites can be
converted into porous structures.

Introduction

In the search for the optimal bone substitute material many researchers have incorporated
bioactive filler particles in their (co)polymer systems in order to obtain materials with
improved biological and mechanical properties. One of the first successful systems was
polyethylene reinforced with hydroxyapatite (HAPEX™) as developed by Bonfield and
coworkers.[1-5] These materials need to function as permanent implants, since polyethylene is
non-biodegradable.

A similar approach has also been used in designing biodegradable implants and scaffolds for
bone tissue engineering. Biodegradable HA composite systems based on collagenl6],
gelatinl7-91) chitosan[10-121 and chitin[!13] have been described in literature. The most
extensively studied group of biodegradable composites is based on HA and polyesters, mainly
PLLAI14-22] PDLLAI23], PGAI24], PCLI25] and their copolymers.[26-281 PEOT/PBTI29-311 and
poly(hydroxy butyrate)[32] based composites with HA have also attracted much attention.

The physical and mechanical properties and the degradation behavior of PEOT/PBT
copolymers, a family of segmented block copolymers consisting of poly(ethylene oxide) (soft
segment) and poly(butylene terephthalate) (hard segment), can be tuned by varying the soft to
hard segment ratio.[33:341 The composition is indicated as aPEOTAPBTc, where a is the
starting poly (ethylene glycol) molecular weight, b the weight percentage of PEOT soft
segments and c, the weight percentage of PBT hard segments. Subcutaneous and intra-bone
(tibia) implantations of dense and porous blocks and porous films in rats and goats showed
bone bonding, calcification and degradation for copolymers with a high PEO content
(1000PEOT60PBT40 and 1000PEOT70PBT30).[35-38]

To obtain composite materials with a higher stiffness than the copolymer itself, HA particles
can be incorporated in a 1000PEOT70PBT30 matrix. Previous research in the dental field
showed that PEOT/PBT-HA composite films are biocompatible and biodegradable (as shown
by in vivo fragmentation) and have been suggested for use in guided tissue regeneration.[3°]
Therefore, composite materials based on 1000PEOT70PBT30 and HA are interesting
candidates as scaffold materials in bone tissue engineering applications.

We intend to prepare porous PEOT/PBT scaffolds for bone tissue engineering, that can be
seeded and cultured with bone marrow stromal cells before implantation in the bone defect.
The incorporation of HA into the copolymer may result in composite materials with improved
biological and mechanical properties compared to the copolymer itself.

A good interaction between the HA filler and the polymer matrix is essential to provide the
composite with good mechanical properties (i.e. strength and toughness). In tensile testing a
poor interaction between the polymer matrix and the inorganic filler (poor interfacial bonding)
often leads to filler particle debonding and pull-out, resulting in void formation and crack
propagation.[1.4.15.40.411 Several approaches have been used to improve the interaction between
filler and matrix. The use of silanel#2-44], zirconate-based!43] coupling agents or
diisocyanates[46:47] to obtain chemical bonds between the filler and the polymer matrix have
proven to be efficient. It has to be noted that in many cases these compounds are cytotoxic.[48]
Hydroxyl groups present on the HA particle surface are known to be reactive towards
diisocyanates[46] and can act as initiator in ring-opening polymerizations.[4°] Making use of
the reactivity of hydroxyl groups present on the surface of HA, acrylatel30:31.42.43] and
PEOT/PBTI!46] (co)polymers have been grafted onto the HA particle surface resulting in
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improved mechanical properties of the corresponding composites. In the latter case the
PEOT/PBT copolymer was grafted onto HA by use of a diisocyanate coupling agent.

In this study we set out to covalently bind 1000PEOT70PBT30 to HA by direct surface
grafting via polycondensation, avoiding the use of potentially harmful coupling agents or
surface modifications. The mechanical properties of composites based on grafted HA particles
are discussed and compared to HA-composites prepared by blending.

Materials and methods

Materials

All solvents were of analytical grade and all chemicals were at least 99 % pure, unless
otherwise mentioned, and all were used as received. 'H-NMR spectra were obtained using a
Varian 300 MHz apparatus. Sintered HA with a particle size of 38-53 um was provided by
professor F.J. Monteiro (INEB, Porto, Portugal) and was used as received.

Composite preparation

Copolymer synthesis. A 1000PEOT70PBT30 multiblock copolymer was prepared by two-step
polycondensation in the presence of titanium tetrabutoxide (Merck, Germany) as catalyst (0.2
wt %) as previously described[33], with the exception that vitamin E (Sigma-Aldrich,
Germany, approx. 95 % pure) was used as antioxidant. The composition was varied by
adjusting the poly(ethylene glycol) (Fluka, Switzerland) to dimethyl terephthalate (Merck,
Germany)/1,4-butanediol (Acros, Belgium) ratio. The resulting copolymer composition
according to 'H-NMR was 917PEOT70PBT30.

HA-composites prepared by blending. 1000PEOT70PBT30 was dissolved in chloroform
(Biosolve Ltd., The Netherlands) overnight. To these polymer solutions of approximately 20
% (w/v) sintered HA was added. The suspension was stirred for 3 h and precipitated into a
tenfold excess of technical grade ethanol (Fisher, The Netherlands). The obtained composites
were dried in a vacuum oven at reduced nitrogen pressure for at least 6 d. For calculation of
the HA volume percentage the following densities were used: 1.188 g/cm’[501 for
1000PEOT70PBT30 and 3.156 g/cm® for HA.I51]

HA-composites prepared by grafting. The desired amount of HA was immediately added to
the polymerization reaction mixture. The synthetic procedure was the same as for the
copolymer described above. After 7 to 8 h, when the mixture could not be stirred efficiently,
the reaction was stopped by quenching with liquid nitrogen. The composites were discharged
from the reaction vessel.

Composite processing

Films prepared by compression molding. Films of HA-composites prepared by blending were
prepared by compression molding at 140 OC, the precipitates were heated for 3 min and
subsequently molded for 1 min at 2.9 MPa using a laboratory hot press (THB 008, Fontijne
Holland BV, The Netherlands). HA-composites prepared by grafting were compression
molded at 180 C, since compression molding at 140 °C did not result in homogeneous films.
The film thickness for both the composites prepared by blending and by grafting was
approximately 500 pwm.

Porous structures prepared by freeze-drying. A solution (10 % w/v) of 1000PEOT70PBT30
in 1,4-dioxane (Merck, Germany) was obtained after heating to 60 oC. Approximately 10 %
(v/v, relative to the copolymer) sintered HA was added and vigorously stirred. Suspensions
were poured into polyethylene vials and frozen at two different temperatures for 12 h: -28 °c
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(freezer) and +7 °C (refrigerator). Subsequent freeze-drying (5 d, 20 mbar) yielded grayish
foams.

Porous structures prepared by compression molding of polymer/salt mixtures followed by salt
leaching. Granulates of HA-composites prepared by grafting were cryogenically ground using
an IKA Labortechnik (Germany) A10 grinder. The obtained composite powder (particle size <
425 uwm) and sodium chloride (Merck, Germany, 425-500 um) were obtained using Endecotts
(England) test sieves of 425 and 500 pm mesh size. The powders were mechanically mixed
overnight and subsequently compression molded into the desired shapes using a laboratory hot
press. Powders were heated at 220 °C for 3 min and subsequently molded for 1 min at 2.9
MPa in a pre-heated mold. Samples were leached with milliQ water (Millipore, USA) for 60
h, after which the water was replaced by ethanol (Merck, Germany). The obtained structures
were air-dried.

Analyses
Water uptake. Composite films were swollen in milliQ water at 37 °C for 48 h. The water

uptake (single measurements) was determined as the mass gain of the polymer specimens after
48 h, according to equation B.1:
m — Mo

water uptake = x100 (mass%) (B.1)

(0}

where m, is the initial sample mass and m the mass of the sample after water uptake.

Tensile testing. Strips of 50 x 500 mm (HA-composites prepared by grafting) or 50 x 1000
mm (HA-composites prepared by blending) were cut from compression molded films and
subjected to tensile testing. A Zwick Z020 universal tensile testing machine was equipped
with a 500 N load cell and the strips were clamped in pneumatic clamps with sandpaper (to
prevent slippage). A grip-to-grip separation of 30 mm (HA-composites prepared by grafting)
or 50 mm (HA-composites prepared by blending), a pre-load of 0.1 N and a crosshead speed
of 50 mm/min were used. The tensile modulus was determined from the initial part (0.1- 0.3
% elongation) of the stress-strain curve. The sample deformation was derived from the grip-
to-grip separation, therefore the presented values of the E-modulus give only an indication of
the stiffness of the different composites. Samples were measured both in the dry and in the
water-swollen state (after 48 h equilibration in milliQ water).

Hardness measurements. Shore A hardness was determined using a Zwick hardness meter
(ISO R868). Pieces of film (4) were stacked and the hardness was determined in six fold at
different places on the top film with a measuring time of 20 s.

Extraction of the soluble fraction of HA-composites. Compression molded HA-composite
films were extracted using a Soxhlet setup with boiling chloroform over calcium chloride
(Merck, Germany). Samples were extracted for 48 h and subsequently air-dried for 4 d.
Thermogravimetric analysis (TGA). TGA measurements were performed using a Perkin Elmer
TGA 7 Thermogravimetric analyser. Samples of 10-15 mg were heated from 50 to 700 °C at a
heating rate of 10 °C/min under a nitrogen flow. The residual weights were used to determine
the volume and mass percentages of HA in the HA-composites.

Infrared spectroscopy (IR). IR spectra were recorded using a Biorad FTS-60. Spectra were
obtained using 256 scans at a resolution of 4 cm™ over the range of 4000-800 cm™'. Extracted
HA-composites and pure HA were ground and mixed with KBr and pressed into a pellet
(approximately 10 mg of sample/100 mg KBr). Samples that could not be ground at room
temperature (1000PEOT70PBT30 and the residues of the 10 and 17.5 % HA-composites
prepared by grafting) were dissolved/suspended in chloroform and the equivalent of 10 mg of
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sample was allowed to evaporate on a KBr (Merck, Germany) pellet of approximately 100 mg.
Cryogenic grinding of the samples was avoided to limit the exposure to moisture.

Scanning Electron Microscopy. Freeze-dried scaffolds were cut with a razor blade and coated
with Au/Pd in a Polaron E5600 sputter coater. Micrographs were taken using a Hitachi FE-
SEM S-800 at 6 kV. HA-composite films were freeze-fractured in liquid nitrogen. Porous
structures of the HA-composites were cut with a razor blade. Micrographs of both were taken
using a LEO Gemini 1550 FEG-SEM, fitted with a field emission gun. Samples were not
coated and pictures were typically taken at a low voltage of 0.5-1.0 kV.

Statistical analysis

The properties of dry and wet samples were compared using a two tailed, two sample
Student’s t-test assuming unequal variance. Differences were considered statistically
significant when p < 0.05.

Results and discussion

PEOT/PBT copolymers were prepared using a polycondensation reaction of dimethyl
terephthalate, poly(ethylene glycol) and an excess of 1,4-butanediol. The hydroxyl groups of
the alcohols react with the terephthalate ester groups by transesterification. By distilling of the
excess of 1,4-butanediol a polymer is eventually formed. Hydroxyl groups present on the HA
surface are known to be reactive.[46:49] Making use of the reactivity of the hydroxyl groups
present on the surface of HA, we investigated the formation of grafts of 1000PEOT70PBT30
onto HA filler particles (38-53 wm) by polycondensation, by directly adding HA to the
polycondensation reaction mixture. For comparison, a series of composite blends was
prepared by mixing HA with a solution of the copolymer in chloroform and precipitating the
resulting suspension in ethanol. The prepared composites are listed in Table B.1. TGA
measurements show that the actual volume percentages of HA are close to the intended ones,
both for HA-composites prepared by blending as for the composites prepared by grafting.
1000PEOT70PBT30 is a hydrophilic polymer with a high water uptake. Addition of HA
decreases the water uptake, but composites with 25 vol % of HA, still take up a high amount
of water (52-56 mass %).

Table B.1 - Composites of I000PEOT70PBT30 with HA prepared by blending and grafting.

Intended composition vol % HA by TGA® Water uptake (mass %)*
1000/70/30 79
10 vol % HA blended 9.6 69
17.5 vol % HA blended 17.0 62
25 vol % HA blended 24.3 52
10 vol % HA grafted 9.6 60
17.5 vol % HA grafted 16.4 61
25 vol % HA grafted 24.9 56

§: single measurements, unprocessed material, onset of mass loss 400-404 °C
1: single measurements, compression molded film
*: aresidue of 4.7 mass % was found, this value was used to correct the vol % of HA found for the composites

To study whether the copolymer was chemically bound to the HA particles, HA-composite
films were extracted with dry chloroform for 48 h using a Soxhlet setup. This time period was
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long enough to completely dissolve a 1000PEOT70PBT30 film. The residues of the extracted
HA-composite films were analyzed using TGA. The results are summarized in Table B.2.

Table B.2 - TGA data of extracted composites films, prepared by compression molding.

Composite vol % HA Onset of mass loss | mass % 1000/70/30
remaining after
extraction
Pure HA 98.9 No onset -
10 vol % HA blended® 95.6 385°C 1.7
17.5 vol % HA blended® 96.8 378 °C 1.2
25 vol % HA blended* 97.2 378 °C 1.1
10 vol % HA grafted 11.7£0.1 411+2°C 73.9+0.2
17.5 vol % HA grafted 71.5£3.0 401+1°C 13.1+1.7
25 vol % HA grafted” 95.5+0.1 397+1°C 1.7+0.1

§: single measurement
i: average result of a duplicate measurement

Clear differences are observed between the residues of extracted HA-composites prepared by
blending and those prepared by grafting. The residues of the extracted composites prepared by
blending all show small amounts of copolymer (up to 1.7 mass %), most likely due to physical
adsorption of the copolymer onto the HA. After extraction the residues of the composites
prepared by grafting with 10 and 17.5 vol % HA show a considerable mass loss at about 400
OC (this is in the same temperature range (390-410 °C) as for the unextracted composites and
the copolymer without HA).

Table B.2 shows that especially the residues of the extracted composites with 10 and 17.5 vol
9% HA, prepared by grafting, contain quite high amounts of copolymer. To get an indication of
the maximal amount of copolymer that can be present on a HA particle, a model calculation
was performed. Assuming spherical and non-porous HA particles with a diameter of 38-53
pum, covered with polymer chains with a cross-sectional area of 0.13 nm’ (minimal area that a
single ethylene oxide unit occupies)[32! and a molecular weight of 150,000 g/mol (which is the
maximum chain length obtained during polymerization in the absence of HA (Chapter 3)), one
can calculate that a maximum value of 6.4-8.7 mass % of copolymer can be expected on the
surface of HA particles.

The higher amounts of copolymer observed in the extracted residues of HA-composites
prepared by grafting with 10 and 17.5 vol % HA, could be the result of a subsequent cross-
linking reaction of bound (to HA) and unbound copolymer chains during the polycondensation
reaction. To verify if the HA-composites showed signs of cross-linking, possibly resulting in
network formation, they were placed in chloroform (CHCls) and in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP). The HA-composite with 10 vol % HA prepared by grafting showed gel
formation in CHCIl; and in HFIP, indicative of network formation. Gel formation was not
observed for the HA-composites prepared by grafting containing 17.5 and 25 vol % HA,
although the presence of cross-linked copolymer chains in these composites cannot be
excluded.

A possible cause for cross-linking during the synthesis of the HA-composites prepared by
grafting is the removal of the vitamin E antioxidant from the reaction mixture during the
polycondensation reaction (b.p. of vitamin E at 0.1 bar: 200-220 °C)I53], it is known that the
PEO segments in PEOT/PBT copolymers cross-link under oxidizing conditions.[54-56]
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IR-spectra of the residues after extraction of the HA-composites prepared by blending and
grafting were compared to the spectra of 1000PEOT70PBT30 and HA. An example (residues
from HA-composites prepared with approximately 17.5 vol % HA) is shown in Figure B.1.
The spectra clearly show the difference between the HA-composites prepared by blending and
by grafting. After extraction, the residue of the HA-composite prepared by blending shows
minimal amounts of 1000PEOT70PBT30 on HA. After extraction, the residue of the HA-
composite prepared by grafting clearly shows characteristics of the absorption spectrum of the
copolymer, indicating a strong bond (most likely chemical) between the copolymer and the
HA.

0 1000/70/30
D_
_50,
8 HA
é 1004
g
AR Residue after extraction of
the composite prepared
2001 by blending
280 Residue after extraction of
the composite prepared
300 by grafting

T T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber (cm-1)

Figure B.1 - IR-spectra of 1000PEOT70PBT30, HA and the extracted residues of HA-composites prepared by
blending and grafting (17.5 vol % HA). The copolymer is present in the residue of the extracted HA-composite
prepared by grafting, but the composite prepared by blending only shows minimal amounts of copolymer.

Composite films of 500 pm thickness were prepared by compression molding and cross-
sections of freeze-fractured films are shown in Figure B.2. As can be seen, HA-composites
prepared by grafting and HA-composites prepared by blending show well-dispersed HA
particles in the polymer matrix. A poor dispersion of filler particles would lead to a lower
elongation at break and lower tensile strength compared to films with well-dispersed fillers.
The interface between the copolymer and HA in the two types of HA-composites was
investigated using SEM (Figure B.3). High magnifications show that there is close contact
between the HA and the 1000PEOT70PBT30 polymer matrix for both HA-composites
prepared by blending and grafting.

The effect of the grafting procedure on the mechanical properties was investigated as well.
Figure B.4 shows the effect of increasing HA content of the composites on the Shore A
hardness (in the dry state). As expected there is an increase in hardness with increasing hard
filler content. HA-composites prepared by blending and by grafting appear to follow the same
trend.

Differences in terms of mechanical properties between HA-composites prepared by blending
and grafting, however, should become more evident in tensile testing. This will directly reflect
the effect of the interaction between filler and polymer matrix.[30:42.43.471 Composite films
were subjected to tensile testing, both in the dry and water-swollen state. Data are presented in
Table B.3.
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Figure B.2 - Scanning electron micrographs of cross-sections of freeze-fractured 1000PEO70PBT30-HA
composite films (blended and grafted), showing well-dispersed HA particles.

In correspondence with other HA filled (bio)materials, an increase in filler volume, results in
an increase in tensile modulus (in the dry state)[3], but this is accompanied with a decrease in
elongation at breakl!.2.8] and/or tensile strengthl15.18.40.41] (Table B.3). The HA particles are
most likely acting as initiation sites for crack formation, decreasing the elongation at break
and the maximal tensile strength of the composite.

In the water-swollen state these hydrophilic composites show a substantial decrease in the
mechanical properties, as does the unmodified copolymer. With an increasing amount of
blended HA a decrease in E-modulus is observed. Swelling causes loose embedding of the

filler particles, resulting in a lower modulus and tensile strength at a higher volume percentage
of HA.[46]
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Figure B.3 — Scanning electron micrographs of HA-polymer interface in freeze-fractured I000PEO70PBT30-HA
composite films. Both HA-composites show the polymer matrix in close contact with HA particles. Left:
composite prepared by blending with 25 vol % HA. Right: composite prepared by grafting (25 vol % HA).
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Figure B.4 - Shore A hardness of composites in the dry state, as a function of the HA volume content.
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Table B.3 - Tensile properties of 1000PEOT70PBT30- HA composites. Results after 48 h of water uptake are
shown in parentheses. All results are averages of four measurements (* s.d.).

Composite | E-modulus’ G max € break (%) G break Energy up to
(N/mm?) (N/mm?) (N/mm?) break (Nmm)
1000/70/30 2743 11.1+0.5 | 981+153 109+0.7 | 6380+ 1237
(23+1) (65+02) | (144+33) | (6.3%02) | (1084 +334)
10 vol % 45+ 4 7.0£0.2 214 +32 6.9+0.2 960 + 188
HA blended | (20+2) (3.1+0.3) (32+4) (3.0+0.3) (96 +22)
17.5 vol % 54+5 6.2+0.4 62+ 15 59+03 264 +79
HA blended | (154 1) (1.2£0.3) (11 +£3) (1.1£0.3) (13.4+6.4)
25 vol % 78+ 1 6.8 +0.1 3442 6.7+0.1 133+ 10
HAblended | (12+2) | (0.67£0.08) | (6.5+0.7) | (0.66+0.09) | (3.8+0.7)
10 vol % 3742 69+15 87 + 39 69+14 396 + 258
HA grafted (16 £ 1) (3.7£0.7) (29 £ 6) (3.4%0.9) (113 +£48)
17.5 vol % 4742 72406 | 271+93° 7.1+0.6° 1467 + 587°
HA grafted | (10+1) (33+0.2)" | (5811 | (32+03)" | (205+56)°
25 vol % 61 +3 6.1 +0.2° 179 + 20° 58+0.1° 813 + 104°
HA grafted | (12+1) | 2.0£02)" | 28+5" | (1.9+02" | (57+17)°

+: The sample deformation was derived from the grip-to-grip separation, therefore the presented values of the E-
modulus give only an indication of the stiffness of the different composite

§: significantly different from the corresponding values of the blended composite in the dry state

i: significantly different from the corresponding values of the blended composite in the water-swollen state

Significant differences are observed between the HA-composites prepared by grafting and the
HA-composites prepared by blending. The HA-composites with 17.5 and 25 vol % HA,
prepared by grafting, show a higher elongation at break and a higher energy up to break both
in the dry and the water-swollen state than the corresponding HA-composites prepared by
blending.

The mechanical properties of the HA-composites prepared by grafting compare well with
previously reported composites where 1000PEOT70PBT30 was covalently bound to HA by
diisocyanate coupling agents.[46] The tensile strength and elongation at break values of the
composites in the water-swollen state correspond well with data presented here for HA-
composites prepared by grafting. In contrast to our expectations HA-composites prepared by
blending and those prepared by grafting show a decrease in E-modulus in the water-swollen
state with an increase in HA vol %. It should be realized that the presented E-moduli are only
an indication of the stiffness of the different composites. For correct determinations, tests
should be repeated using standard test methods like ISO R527.

With tissue engineering applications in mind, the HA-composites were used to prepare porous
scaffolds. Many approaches employ a freeze-drying technique to prepare composite
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scaffolds.[57-59] In analogy to PEOT/PBT scaffolds prepared by freeze-dryingl50l, porous
composite structures were prepared. Suspensions of HA in a PEOT/PBT-1,4-dioxane solution
were frozen at different temperatures and subsequently freeze-dried, resulting in stable porous
structures as shown in Figure B.6. In line with previous reports, larger pore sizes are obtained
when freezing the polymer solution at higher temperatures.[50]

In another processing technique the polymer is cryogenically ground, sieved and the resulting
polymer powder mixed with the desired amount of salt (sodium chloride). This mixture is then
compression molded and leached, resulting in stable porous structures.[50] This technique was
applied to the HA-composites (10 and 25 vol % HA) prepared by grafting, resulting in stable
porous composite structures. Figure B.7 shows scanning electron micrographs of the porous
structure obtained from the 1000PEOT70PBT30-HA composite (10 vol % HA) prepared by
grafting. Higher magnifications clearly show the apatite particles in the polymer matrix.

Conclusions

By directly adding HA particles to the polycondensation reaction mixture, it was possible to
obtain composite materials with improved mechanical properties compared to composites
prepared by blending.

Figure B.6 - Scanning electron micrographs of porous composites prepared by blending and freeze-drying (11.3
vol % HA, porosity: 91.3 %) Top: prepared at +7 °C, bottom: prepared at -28 °C. Left: overview, right: close-up,
clearly showing the HA particles. Composites scaffolds were cut at room temperature using a razor blade.
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Figure B.7 - Scanning electron micrographs of a porous structure based on a I000PEOT70PBT30-HA composite
prepared by grafting with 10 vol % HA. Scaffolds were prepared by compression molding /salt leaching. Porosity
75.7 £ 1.5 %, salt size: 425-500 um. Left: overview, right: higher magnification showing the HA particles.
Composites scaffolds were cut at room temperature using a razor blade.

TGA and IR-data of extracted composites prepared by grafting show the presence of relatively
high amounts of copolymer compared to the extracted composites prepared by blending. The
composite with 10 vol % prepared by grafting showed gel formation, most likely due to cross-
linking of the copolymer chains.

In terms of mechanical properties significant differences were found. The presented tensile
data show a large increase in the elongation at break and energy up to break for the HA-
composites prepared by grafting (with 17.5 and 25 vol % HA) compared to those prepared by
blending. Both in the dry and water-swollen state the composites prepared by grafting (with
17.5 and 25 vol % HA) were significantly stronger and tougher than those prepared by
blending. The combined IR, TGA and tensile data suggest that the copolymer is grafted onto
the surface of HA particles. HA has previously been used as an initiator in ring-opening
polymerization, but to our knowledge this would be the first example of the direct formation
of polymer grafts onto HA, prepared by a polycondensation reaction in the presence of HA
particles. Except for an increase in Shore A hardness, the incorporation of HA (either by
grafting or by blending) does not result in composite materials, however, with improved
mechanical properties compared to the original I000PEOT70PBT30 copolymer.

By employing freeze-drying techniques or compression molding of polymer powder/salt
mixtures followed by salt leaching, the HA-composites can be converted into porous
structures.
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Summary

This thesis describes the development of polymeric scaffolds containing bone marrow stromal
cells (BMSCs) that are cultured in an osteogenic medium and can be used for the formation of
functional bone tissue upon implantation. The proposed polymer/cell constructs comprise
bone marrow stromal cells that are seeded and cultured in three-dimensional porous
biodegradable polymer scaffolds, based on PEOT/PBT (polyethylene oxide/polybutylene
terephthalate) copolymers. The composition of these copolymers is indicated as
aPEOTbHPBTc, where a is the starting poly(ethylene glycol) molecular weight, b the weight
percentage of PEOT soft segments and c, the weight percentage of PBT hard segments.
Available literature suggests that the more hydrophilic PEOT/PBT (1000PEOT70PBT30)
copolymers are suitable as scaffolding materials for bone tissue engineering because of their in
vivo calcification, bone bonding and degradation. In this thesis the synthesis of PEOT/PBT
copolymers, the preparation of porous structures and the in vitro and in vivo evaluation of rat
BMSC-seeded and cultured scaffolds are described. To study the osteogenic potential of the
cultured polymer/cell constructs, rat BMSCs were seeded and cultured in an osteogenic
medium on 1000PEOT70PBT30 scaffolds and subsequently subcutaneously implanted in
immunodeficient nude mice for a period of 4 wks.

Several bone tissue engineering approaches are discussed in Chapters 1 and 2. The main
components in bone tissue engineering are: a) osteoinductive agents, b) osteogenic cells and c)
scaffolds. Biomaterials seeded with the appropriate cells and/or releasing suitable bioactive
molecules can be osteoinductive, where the material by itself is at best only osteoconductive.
BMSCs are responsible for the maintenance of bone turnover throughout life and can be
regarded as a mesenchymal progenitor/precursor cell population derived from adult stem cells.
Cultured BMSCs can be stimulated to differentiate into bone, cartilage, muscle, marrow
stroma, tendon, fat and a variety of other connective tissues. The in vitro culture of rat BMSCs
in an osteogenic medium containing dexamethasone, B-glycerophosphate and L-ascorbic acid
greatly increases the amount of cells with an osteoblastic phenotype. In many systems seeding
followed by a period of in vitro cell culture in an osteogenic medium of stromal cells on a
porous scaffold, resulted in improved bone formation in vivo compared to scaffolds that were
seeded and implanted immediately. The (mechanical) properties of the scaffold need to allow
for cell proliferation, cell differentiation and tissue formation in vitro and in vivo.

From all the different techniques available for the preparation of porous structures those that
are based on particulate leaching and liquid-solid phase separation (freeze-drying) appear to be
the most versatile ones. With both techniques it is possible to prepare scaffolds with a wide
range of porosities and pore sizes, without the need for special equipment.

PEOT/PBT block copolymers have been prepared by two-step polycondensation on scales up
to 1 kg (Chapter 3). Gel permeation chromatography using 1,1,1,3,3,3-hexafluoro-2-propanol
(with 0.02 M sodium trifluoroacetate) as a solvent was used to determine the copolymer
molecular weights. Weight average molecular weights (relative to poly(methyl methacylate)
standards) of 110,000 to 150,000 g/mol have been obtained. The thermal process conditions
used for the preparation of films and porous structures by compression molding resulted in
only a small decrease in the relative molecular weights of the PEOT/PBT copolymers.

Due to the uptake of water, 1000PEOT70PBT30 copolymers in the wet state have
significantly decreased tensile and creep properties as compared to those in the dry state. The
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mechanical requirements for in vitro cell culture (for instance in bioreactors) and the changes
in these properties upon culture need to be further investigated.

BMSC attachment onto hydrophilic PEOT/PBT copolymers was poor. Two ways of surface
modifying these materials to improve in vitro BMSC attachment and growth are discussed in
Chapter 4: 1) Blending of hydroxyapatite (HA) followed by CO, gas plasma etching. 2)
Surface modification using CO, gas plasma treatments. It was observed that not only HA, but
also the CO, plasma treatment by itself had a positive effect on BMSC attachment and
growth. Gas plasma treatment resulted in a large increase in the amount of BMSCs present on
the surface (as determined by a DNA assay). The amount of DNA present on the gas plasma
treated 1000PEOT70PBT30 copolymer films, was comparable to the amount present on
poly(D,L-lactide) (PDLLA) films and significantly higher than the amount present on poly(e-
caprolactone) films after 7 d of cell culturing. The fact that after gas plasma treatment BMSCs
do attach to 1000PEOT70PBT30 copolymers, enables in vitro BMSC culturing on these
scaffolds, making bone tissue engineering with these materials possible.

An attempt to improve cell attachment by use of PEG-RGD conjugates is described in
Appendix A. The incorporation of RGD-sequences into 1000PEOT70PBT30 by blending
with PEG-RGD conjugates results in some clustered BMSCs at the surface. The improvement
in cell attachment and growth, however, was not sufficient to justify the use of these materials
in tissue engineering applications. A likely explanation for the low cell attachment is that a
significant amount of the blended PEG-RGD molecules is rapidly washed out of the samples
after contact with water.

To improve the mechanical properties of the composites we investigated the formation of
grafts of 1000PEOT70PBT30 onto HA filler particles (38-53 um) by polycondensation,
without the use of potentially harmful coupling agents (Appendix B). After extraction of the
soluble components, TGA and IR analyses showed the presence of 1000PEOT70PBT30 on
the HA particles. At 17.5 and 25 vol % HA a significant improvement in the elongation at
break and the energy to break, both in the dry and wet state, was observed for the composites
prepared by grafting, compared to those prepared by blending. The combined IR, TGA and
tensile data suggest that the copolymer is grafted onto the surface of HA particles. To our
knowledge this would be the first example of the direct formation of grafts of a
polycondensate onto HA, made by a polycondensation reaction in the presence of HA. By
employing freeze-drying techniques or compression molding of polymer powder/salt mixtures
followed by salt leaching, the HA-composites can be converted into porous structures.

In Chapter S the preparation, characterization and in vitro BMSC culturing on porous
1000PEOT70PBT30 copolymer scaffolds is described. Porous structures were prepared using
a freeze-drying and a cryogenic grinding/compression molding/leaching technique, the latter
one resulting in highly porous interconnected structures with large pores. This technique
enables good control over scaffold pore size and porosity. The porosity is determined by the
salt volume fraction, whereas the pore size can be controlled by variation of the size of the salt
crystals used. Stable 1000PEOT70PBT30 scaffolds can be obtained in a porosity range of 73
to 85 %.

Gas plasma treatment of porous 1000PEOT70PBT30 scaffolds with CO, generated an
appropriate surface throughout the entire structure, enabling BMSCs to attach. The amount of
DNA was determined as a measure for the amount of cells present on the scaffolds. No
significant effect of pore size on the amount of DNA present, was seen for scaffolds prepared
with salt crystals with sizes between 250-1000 pm. Light microscopy data showed cells in the
center of the scaffolds and more cells were observed in scaffolds prepared with salt crystals of
425-500 pm and 500-710 pum size compared to the ones prepared with 250-425 pm and 710-
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1000 pm salt crystal size. Our studies show that gas plasma treatments are able to modify the
pore surfaces even in the center of 4x4x4 mm scaffolds.

The ectopic bone formation in cell-seeded and cultured porous 1000PEOT70PBT30 structures
after subcutaneous implantation in nude mice is investigated in Chapters 6 and 7.

Chapter 6 describes the preparation of scaffolds with different pore sizes at a constant
porosity of approximately 80 %. Porous 1000PEOT70PBT30 and PDLLA structures were
prepared by a compression molding and salt leaching technique, using salt crystals with sizes
of 250-425, 425-500, 500-710 and 710-1000 um respectively. A detailed analysis of the pore
structure of the different scaffolds by u-CT showed differences in pore size distribution,
average pore size, accessible pore volume and accessible surface area. The average pore sizes
of these scaffolds determined by pu-CT are smaller than expected (260, 342, 305 and 477 pm)
based on the salt sizes used (250-425, 425-500, 500-710, 710-1000 wm respectively) in the
porosification method.

In literature methods to calculate the pore size distribution and average pore size from the -
CT data were used, that underestimate the pore size. In this study the underestimation of the
average pore size is less than in previous reports due to the use of an algorithm (averages are
approximately 100 pm higher) more suitable for cubic pores, as is the case in this study for the
scaffolds prepared by salt leaching.

No significant differences in the amount of DNA (and hence in cells) present in the
1000PEOT70PBT30 scaffolds were observed, even though clear differences in accessible pore
volume and accessible surface area, as derived from u-CT data, were seen.

Gas plasma treated 1000PEOT70PBT30 scaffolds were seeded with rat BMSCs, cultured in
vitro for 7 d in an osteogenic medium, and subcutaneously implanted in nude mice for 4 wks.
Seeded and cultured PDLLA (porosity 83.5 %, average pore size from u-CT: 407 pum) and
biphasic calcium phosphate (BCP, porosity 29 %, average pore size from p-CT: 837 pum)
scaffolds were included in the study as references. The presence of different tissue types,
including bone and bone marrow, was studied and quantified using histomorphometry. All
1000PEOT70PBT30, PDLLA and BCP scaffolds showed the formation of bone and bone
marrow. No significant differences were observed in the amounts (normalized for the
porosity) of bone (5-8 %) and bone marrow (5-13 %) in the middle cross sections of
1000PEOT70PBT30 scaffolds with different pore sizes. Although the PDLLA and BCP
scaffolds contained less BMSCs at the time of implantation (as determined by a DNA assay),
they showed considerably more bone and bone marrow formation and less fibrous tissue
ingrowth and wound exudate retention than the 1000PEOT70PBT30 scaffolds after 4 wks of
subcutaneous implantation in nude mice.

To study the effect of scaffold porosity on tissue formation, gas plasma treated porous
1000PEOT70PBT30 structures seeded with rat BMSCs (after in vitro culture for 7 d in an
osteogenic medium) of 73.5, 80.6 and 85.0 % porosity were subcutaneously implanted for 4
wks in nude mice (Chapter 7). All scaffolds were prepared using salt crystals of 425-500 pm
to obtain scaffolds with equal sized pores. The average pore sizes of the 1000PEOT70PBT30
scaffolds were in the range of 311-342 um, as determined by u-CT. PDLLA and BCP
scaffolds were again included as references. After implantation the 1000PEOT70PBT30,
PDLLA and BCP scaffolds showed the formation of bone and bone marrow. The
1000PEOT70PBT30 scaffolds with a porosity of 85.0 % lacked sufficient stiffness and could
not maintain their shape in vivo. Surprisingly, I000PEOT70PBT30 scaffolds with a porosity
of 73.5 % showed notable cartilage formation. Although the effects of scaffold stiffness
cannot be excluded, the cartilage formation is most likely due to poorly accessible pores (as
observed in histological sections) leading to an oxygen-poor environment that favors cartilage
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formation. Scaffolds of 73.5 % porosity containing cartilage, also showed a considerably
lower accessible pore volume (as a function of the total volume) than 1000PEOT70PBT30
scaffolds of 80.6 and 85.0 % porosity. Gas plasma treated 1000PEOT70PBT30 scaffolds not
seeded with BMSCs or 1000PEOT70PBT30 scaffolds that were seeded with BMSCs and
cultured for 7 d, but that were not gas plasma treated (Chapters 6 and 7), did not show any
formation of bone or bone marrow. In line with the studies described in Chapter 6, BMSC-
seeded and cultured PDLLA and BCP scaffolds always showed considerably more bone and
bone marrow formation than the 1000PEOT70PBT30 scaffolds.

Previous implantations of BMSC-seeded and cultured 1000PEOT70PBT30 scaffolds by
Mendes et al. resulted in considerably more in vivo bone formation (the amount of bone that
filled the pores was 36 %). The reported scaffold dimensions were 3x3X2 mm compared to
4x4x4 mm in our studies, with the same amount of BMSCs seeded (2x10° per scaffold). This
suggests that the scaffold dimensions and/or the cell seeding density have a pronounced effect
on bone formation. The effects of scaffold dimensions and cell seeding density on the in vitro
cell culture and in vivo bone formation need to be further addressed.

To optimize the tissue engineering constructs, a detailed analysis of the effects of culture
conditions (possibly dynamic) and culture times (up to several weeks) is needed. The physical
and mechanical properties of these constructs are likely to change during the tissue culture,
when new tissue is formed and the polymer matrix is (slowly) degraded. To study the effect on
in vivo bone (re)generation, these in vitro cultured tissue constructs, cultured under different
culturing conditions and culture times, need to be implanted in critical size bone defects,
preferably in large animals like goats.

The prepared BMSC-seeded and cultured 1000PEOT70PBT30 scaffolds should always be
compared with other bone tissue engineering approaches and with other scaffold materials.
The in vitro and in vivo results presented in this thesis (Chapters 6 and 7) show that BCP and
PDLLA might have certain advantages over 1000PEOT70PBT30 and therefore should be
considered as scaffold materials in future bone tissue engineering approaches.
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In dit proefschrift staat de ontwikkeling beschreven van polymere dragermaterialen voor de
vorming van functioneel botweefsel. Deze poreuze dragers bevatten beenmerg-stromacellen
(BMSC’s) die voor implantatie gekweekt zijn in een osteogeen medium. De voorgestelde
polymeer-celconstructen bestaan uit BMSC’s, die gezaaid en gekweekt zijn in drie
dimensionale poreuze, bioafbreekbare, polymere dragers op basis van PEOT/PBT
(polyethyleen oxide/polybutyleen tereftalaat) copolymeren. De samenstelling van deze
copolymeren is aangegeven als aPEOTHPBTc, met a het molgewicht van de uitgangsstof
poly(ethyleen glycol) (PEG), b het gewichtspercentage PEOT zacht segment en c¢ het
gewichtspercentage PBT hard segment. Beschikbare literatuur suggereert dat de meer
hydrofiele PEOT/PBT (1000PEOT70PBT30) copolymeren geschikt zijn als dragermaterialen
voor de tissue engineering van bot, vanwege hun in vivo calcificatie, botbinding en degradatie.
In dit proefschrift staan de synthese van PEOT/PBT copolymeren, de vervaardiging van
poreuze structuren en de in vitro en in vivo evaluatie van poreuze dragers, bezaaid en
gekweekt met BMSC’s van ratten, beschreven. Om het osteogene potentieel van de gekweekte
polymeer-celconstructen te bestuderen zijn BMSC’s van ratten gezaaid op poreuze
1000PEOT70PBT30 dragers en gekweekt in een osteogeen medium. Vervolgens zijn deze
constructen gedurende 4 weken subcutaan geimplanteerd in immunodeficiénte naakte muizen.
Verscheidene benaderingswijzen voor de tissue engineering van bot worden besproken in
Hoofdstuk 1 en 2. De belangrijkste componenten in de tissue engineering van bot zijn: a)
osteoinductieve middelen, b) osteogene cellen en c) (poreuze) dragermaterialen. Biomaterialen
die bezaaid zijn met geschikte cellen en/of geschikte bioactieve moleculen afgeven, kunnen
osteoinductief zijn, terwijl het materiaal zelf op zijn best osteoconductief is. BMSC’s zijn
gedurende het leven verantwoordelijk voor het onderhouden van de opbouw en afbraak van
bot en kunnen gezien worden als voorlopercellen afkomstig van volwassen stamcellen.
Gekweekte BMSC’s kunnen gestimuleerd worden tot differentiatie in bot, kraakbeen,
spierweefsel, mergstroma, pezen, vet en een grote verscheidenheid aan ander bindweefsel. De
in vitro kweek van BMSC’s van ratten in een osteogeen medium, dat dexamethason, [3-
glycerofosfaat en L-ascorbinezuur bevat, zorgt voor een sterke toename in het aantal cellen
met een osteoblastisch fenotype. In veel systemen leidt het zaaien van stromacellen in een
poreuze drager, gevolgd door een periode van in vitro celkweek in een osteogeen medium, tot
een verbeterde botvorming in vivo in vergelijking met poreuze dragers die met cellen bezaaid
en direct geimplanteerd zijn. De (mechanische) eigenschappen van de poreuze drager moeten,
zowel in vitro als in vivo, celproliferatie, -differentiatie en weefselvorming toelaten.

Van de verschillende technieken die beschikbaar zijn voor de vervaardiging van poreuze
structuren lijken degenen gebaseerd op het uitwassen van deeltjes en vloeibaar-vaste
fasenscheiding (vriesdrogen) het meest bruikbaar. Zonder gebruik te maken van speciale
apparatuur is het met beide technieken mogelijk poreuze structuren te maken van
verschillende porositeiten en poriegroottes.

PEOT/PBT blokcopolymeren zijn gesynthetiseerd d.m.v. een tweestaps polycondensatie op
een schaal tot 1 kg (Hoofdstuk 3). Gelpermeatiechromatografie met 1,1,1,3,3,3-hexafluor-2-
propanol (met 0.02 M natriumtrifluoracetaat) als oplosmiddel is gebruikt ter bepaling van de
molgewichten van de copolymeren. Gewichtsgemiddelde molgewichten (relatief t.o.v.
poly(methylmethacrylaat) standaarden) van 110.000 tot 150.000 g/mol zijn verkregen. De
omstandigheden voor thermische verwerking d.m.v. persen, gebruikt in de vervaardiging van
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films en poreuze structuren, resulteren slechts in een kleine afname in het relatieve
molgewicht van de PEOT/PBT copolymeren.

Door de opname van water bezitten 1000PEOT70PBT30 copolymeren in de natte toestand
aanzienlijk slechtere rek- en kruipeigenschappen dan copolymeren in de droge toestand. De
mechanische eisen voor in vitro celkweek (bij voorbeeld in bioreactoren) en de veranderingen
in deze eigenschappen gedurende de kweek vereisen verder onderzoek.

De hechting van BMSC’s aan de hydrofiele PEOT/PBT copolymeren was slecht. Twee
manieren van oppervlaktemodificatie van deze materialen om de in vitro BMSC hechting en
groei te verbeteren staan beschreven in Hoofdstuk 4: 1) Het blenden van hydroxyapatiet (HA)
gevolgd door etsen met een CO,-gasplasma. 2) Oppervlakte modificatie d.m.v. CO,-
gasplasmabehandelingen. Het is aangetoond dat niet alleen de HA, maar ook de CO,-
gasplasmabehandeling een positieve invloed heeft op BMSC hechting en groei.
Gasplasmabehandeling resulteerde in een grote toename van het aantal BMSC’s aanwezig op
het oppervlak (bepaald m.b.v. een DNA-analyse). De hoeveelheid DNA aanwezig op
gasplasma behandelde 1000PEOT70PBT30 copolymeer films was vergelijkbaar met de
hoeveelheid DNA aanwezig op poly(D,L-lactide) (PDLLA) films en significant groter dan de
hoeveelheid DNA aanwezig op poly(e-caprolacton) films na 7 dagen celkweek. Het feit dat na
gasplasmabehandeling BMSC’s wel hechten aan 1000PEOT70PBT30 copolymeren staat in
vitro BMSC kweek op deze dragermaterialen toe, waardoor tissue engineering van bot met
deze materialen mogelijk wordt.

Een poging om de celhechting d.m.v. PEG-RGD conjugaten te verbeteren staat beschreven in
Appendix A. Het incorporeren van RGD-sequenties in 1000PEOT70PBT30 door het blenden
van PEG-RGD conjugaten resulteerde in enkele geclusterde BMSC’s op het oppervlak. De
verbetering in celhechting en -groei is echter niet voldoende om het gebruik van deze
materialen in tissue engineering toepassingen te rechtvaardigen. Een mogelijke verklaring
voor de matige celhechting is, dat een aanzienlijk deel van de geblende PEG-RGD moleculen
snel uit de monsters gewassen wordt, nadat de monsters in contact zijn gekomen met water.
Om de mechanische eigenschappen van de composieten te verbeteren, is de vorming van
1000PEOT70PBT30 ‘grafts’ op HA vullerdeeltjes (38-53 pum) via polycondensatie onderzocht
(Appendix B). Op deze manier zijn geen (mogelijk) schadelijke ‘coupling agents’ nodig. Na
extractie van de oplosbare componenten toonden TGA en IR analyses de aanwezigheid van
1000PEOT70PBT30 op de HA deeltjes aan. Bij 17.5 en 25 vol % HA is een significante
verbetering in de rek bij breuk en de energie tot breuk, zowel in de droge als in de natte
toestand, waargenomen voor de composieten gemaakt d.m.v. ‘graften’ t.0.v. composieten
gemaakt d.m.v. blenden. De gecombineerde data van IR, TGA en trek-rek testen suggereert
dat het copolymeer op het oppervlak van de HA deeltjes ‘gegraft’ is. Voor zover bekend, is dit
het eerste voorbeeld van de directe vorming van ‘grafts’ van een polycondensaat op HA,
gemaakt d.m.v. een polycondensatiereactie in de aanwezigheid van HA. Door gebruik te
maken van vriesdroogtechnieken of het persen van polymeerpoeder/zout mengsels gevolgd
door het uitwassen van de zoutdeeltjes, kunnen deze HA-composieten in poreuze structuren
veranderd worden.

In Hoofdstuk S staan de vervaardiging en karakterisering van de in vitro BMSC kweek op
poreuze 1000PEOT70PBT30 dragers beschreven. Poreuze structuren zijn vervaardigd d.m.v.
vriesdrogen en een techniek waar het polymeer eerst cryogeen gemalen wordt, vermengd
wordt met zoutdeeltjes, geperst en vervolgens de zoutdeeltjes uitgewassen worden. Deze
laatste techniek resulteert in zeer poreuze structuren met grote en met elkaar verbonden
porién. Met deze techniek is een goede controle over de poriegrootte en porositeit van de
structuur mogelijk. De porositeit wordt bepaald door de zoutvolumefractie en de poriegrootte
wordt gecontroleerd m.b.v. de grootte van de gebruikte zoutkristallen. Stabiele
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1000PEOT70PBT30 poreuze dragers kunnen verkregen worden in een porositeitsbereik van
73 tot 85 %.

Gasplasmabehandeling van poreuze 1000PEOT70PBT30 dragers met CO, resulteert in de
hele structuur in een oppervlak dat geschikt is voor de hechting van BMSC’s. De hoeveelheid
DNA is bepaald als een maat voor de hoeveelheid cellen aanwezig op de poreuze dragers.

Er zijn geen significante effecten van de poriegrootte op de aanwezige hoeveelheid DNA
waargenomen in dragers vervaardigd met zoutkristallen met groottes tussen de 250 en 1000
pm. Lichtmicroscopiefoto’s tonen cellen in het midden van de dragers en meer cellen in het
midden van de dragers gemaakt met zoutkristallen van 425-500 en 500-710 pm in
vergelijking met dragers gemaakt met zoutkristallen van 250-425 en 710-1000 pm. De hier
beschreven studies tonen aan dat gasplasmabehandelingen zelfs in staat zijn het porie-
oppervlak in het midden van 4x4x4 mm dragers te modificeren.

De ectopische botvorming in BMSC bezaaide en daarna gekweekte poreuze
1000PEOT70PBT30 structuren na subcutane implantatie in naakte muizen is onderzocht in
Hoofdstuk 6 en 7. In Hoofdstuk 6 is de vervaardiging van dragers beschreven met
verschillende poriegroottes en een porositeit van ongeveer 80 %. Poreuze
1000PEOT70PBT30 en PDLLA structuren zijn vervaardigd d.m.v. persen en het uitwassen
van zoutdeeltjes, waarbij gebruik gemaakt is van zoutdeeltjes met respectievelijk een grootte
van 250-425, 425-500, 500-710 en 710-1000 pm. Een gedetailleerde analyse van de
poriestructuur van de verschillende poreuze dragers m.b.v. micro computed tomography (U-
CT) toonde verschillen in poriegroottedistributie, gemiddelde poriegrootte, toegankelijk
porievolume en toegankelijk oppervlak. De gemiddelde poriegroottes van deze poreuze
dragers zoals bepaald m.b.v. u-CT zijn kleiner dan verwacht (260, 342, 305 en 477 um) op
basis van de grootte van de zoutdeeltjes (respectievelijk 250-425, 425-500, 500-710 en 710-
1000 um) gebruikt voor de vervaardiging van de poreuze structuren. In de literatuur zijn
methoden gebruikt voor de berekening van de poriegroottedistributie en gemiddelde
poriegrootte op basis van U-CT data, die de poriegrootte onderschatten. In de hier beschreven
studie is de onderschatting van de gemiddelde poriegrootte minder groot dan in vorige
berichten. Dit komt door het gebruik van een algoritme dat meer geschikt is voor kubische
porién, zoals het geval is in deze studie, waar de poreuze dragers gemaakt zijn door het
uitwassen van zoutkristallen. Hierdoor liggen de gemiddelde waarden ongeveer 100 pm
hoger. Voor de hoeveelheid DNA (en dus het aantal cellen) aanwezig in de poreuze
1000PEOT70PBT30 dragers zijn geen significante verschillen waargenomen, hoewel er
duidelijke verschillen in toegankelijk porievolume en toegankelijk oppervlak zijn, zoals
afgeleid is uit u-CT data.

Gasplasma behandelde poreuze 1000PEOT70PBT30 dragers, bezaaid met BMSC’s van ratten
en gekweekt in vitro gedurende 7 dagen in een osteogeen medium, zijn 4 weken subcutaan
geimplanteerd in naakte muizen. Bezaaid en gekweekt PDLLA (porositeit 83.5 %, gemiddelde
poriegrootte volgens U-CT: 407 pum) en bifasisch calciumfosfaat (BCP, porositeit 29 %,
gemiddelde poriegrootte volgens W-CT: 837 um) dragers zijn in deze studie gebruikt ter
controle. De aanwezigheid van verschillende types weefsel, waaronder bot en beenmerg, zijn
bestudeerd en gekwantificeerd m.b.v. histomorfometrie. Alle poreuze 1000PEOT70PBT30,
PDLLA en BCP dragers vertonen de vorming van bot en beenmerg. Er zijn geen significante
verschillen waargenomen in de hoeveelheden (genormaliseerd voor de porositeit) bot (5-8 %)
en beenmerg (5-13 %) in de middelste dwarsdoorsnedes van poreuze 1000PEOT70PBT30
dragers met verschillende poriegroottes. Hoewel de poreuze PDLLA en BCP dragers minder
BMSC’s bevatten op het moment van implantatie (bepaald m.b.v. een DNA-analyse),
vertoonden ze aanzienlijk meer bot- en beenmergvorming en minder ingroei van fibreus
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weefsel en retentie van wondvocht dan de poreuze 1000PEOT70PBT30 dragers na 4 weken
subcutane implantatie in naakte muizen.

Om de invloed van de porositeit van de poreuze drager op de weefselvorming te onderzoeken,
zijn gasplasma behandelde poreuze 1000PEOT70PBT30 structuren (73.5, 80.6 en 85.0 %
poreus) bezaaid met BMSC’s van ratten, 7 dagen in vitro gekweekt in een osteogeen medium,
subcutaan geimplanteerd in naakte muizen en na 4 weken verwijderd (Hoofdstuk 7). Alle
dragers zijn vervaardigd met zoutkristallen van 425-500 pm om poreuze dragers te krijgen
met porién van gelijke grootte. De gemiddelde poriegroottes van de poreuze
1000PEOT70PBT30 dragers waren tussen de 311 en 342 pum, zoals bepaald m.b.v. pu-CT.
Poreuze PDLLA en BCP dragers zijn wederom gebruikt ter controle. Na implantatie
vertoonden de poreuze 1000PEOT70PBT30, PDLLA en BCP dragers bot- en
beenmergvorming. De poreuze 1000PEOT70PBT30 drager met een porositeit van 85.0 %
bezat niet voldoende stijtheid en kon in vivo zijn vorm niet behouden. Verrassenderwijs
vertoonden de poreuze 1000PEOT70PBT30 dragers met een porositeit van 73.5 % duidelijk
waarneembare kraakbeenvorming. Hoewel effecten van de stijftheid van de poreuze drager niet
uitgesloten kunnen worden, wordt de kraakbeenvorming waarschijnlijk veroorzaakt door de
slecht toegankelijke porién (zoals waargenomen in histologiesecties) resulterend in een
zuurstof-arme omgeving die kraakbeenvorming bevordert. Poreuze dragers van 73.5 %
porositeit, die kraakbeen bevatten, hadden ook een aanzienlijk lager toegankelijk porievolume
(als een functie van het totale volume) dan de poreuze 1000PEOT70PBT30 dragers van 80.6
en 85.0 % porositeit. Gasplasma behandelde poreuze 1000PEOT70PBT30 dragers niet
bezaaid met BMSC’s of poreuze 1000PEOT70PBT30 dragers, bezaaid met BMSC'’s,
gekweekt voor 7 dagen in vitro, maar niet gasplasma behandeld (Hoofdstuk 6 en 7)
vertoonden geen enkele bot- of beenmergvorming. Overeenkomstig met de studies beschreven
in Hoofdstuk 6, vertonen BMSC bezaaide en gekweekte poreuze PDLLA en BCP dragers
altijd aanzienlijk meer bot- en beenmergvorming dan de poreuze 1000PEOT70PBT30 dragers.
Eerdere implantatiestudies met BMSC bezaaide en gekweekte poreuze 1000PEOT70PBT30
dragers uitgevoerd door Mendes et al. resulteerden in aanzienlijk meer in vivo botvorming (de
hoeveelheid bot die de porién vulde was 36 %). De gerapporteerde afmetingen van de poreuze
dragers waren 3x3x2 mm, in vergelijking met 4x4x4 mm in de hier beschreven studie. In
beide gevallen zijn dezelfde hoeveelheid BMSC’s gezaaid (2x10° per poreuze drager). Dit
suggereert dat de afmetingen van de poreuze drager en/of de zaaidichtheid van de cellen een
sterke invloed hebben op botvorming. De effecten van de afmetingen van de drager en de
zaaidichtheid van cellen op de in vitro celkweek en in vivo botvorming dienen verder
onderzocht te worden.

Om de tissue engineering constructen verder te optimaliseren, is een gedetailleerde studie
nodig naar de effecten van kweekcondities (mogelijk dynamisch) en kweektijden (tot
meerdere weken). De fysische en mechanische eigenschappen van deze constructen
veranderen hoogstwaarschijnlijk tijdens de weefselkweek, wanneer nieuw weefsel gevormd
wordt en de polymere matrix (langzaam) afbreekt. Om het effect op in vivo bot (re)generatie
te bestuderen, moeten deze in vitro gekweekte weefselconstructen, gekweekt onder
verschillende kweekcondities en gedurende verschillende kweektijden, geimplanteerd worden
in botdefecten van een kritische grootte, bij voorkeur in grote proefdieren zoals geiten.

De BMSC bezaaide en gekweekte poreuze 1000PEOT70PBT30 dragers zouden altijd
vergeleken moeten worden met andere geschikte benaderingen voor de tissue engineering van
bot en met andere dragermaterialen. De in vitro en in vivo resultaten beschreven in dit
proefschrift (Hoofdstuk 6 en 7) tonen dat BCP en PDLLA mogelijke voordelen kunnen
hebben t.o.v. 1000PEOT70PBT30. BCP en PDLLA dienen dan ook in overweging genomen
te worden als dragermaterialen in toekomstige benaderingen in de tissue engineering van bot.
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Life is what happens to you while you are busy making other plans.

John Lennon (1940-1980)

De auteur van dit proefschrift werd op 17 januari 1973 geboren te Nijmegen. Na het behalen
van zijn gymnasium 3 diploma in 1991 aan het Geert Groote College te Deventer, begon hij
zijn studie Scheikunde aan de Katholieke Universiteit Nijmegen. Tijdens deze studie is een
uitgebreide hoofdrichting in de Organische Chemie gevolgd onder begeleiding van prof. dr.
R.J.M. Nolte. Het onderzoek was getiteld: ‘Porphyrin functionalized clip molecules: synthesis,
structure and binding properties’. Daarna is een uitgebreide nevenrichting gevolgd in de
vakgroep Polymeerchemie en Biomaterialen aan de Universiteit Twente onder begeleiding van
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Color figures

Color micrographs of relevant figures in
Chapters 3,4, 5, 6, 7 and appendix A
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Color figures

Figure 3.4 - 1 Kg scale synthesis unit. Left: overview. Top right: helical shaped stirrer. Bottom right: Cover plate

of the reaction vessel, showing inlet valves and various sensors and the stirrer equipped with a 800 Ncm magnetic

coupling fitted with a sensor for registering the torque. Next to the manometer is the connection for the condensor
and cold trap (not shown). [Black and white figure on p. 41].
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Color figures

Figure 4.1 - Stereomicroscopic image of a I000PEOT70PBT30 copolymer film of which the surface is partially
covered with hydroxyapatite after 3 d of goat BMSC culturing. The methylene blue stained (dark blue) cells are
only present on the white hydroxyapatite. [Black and white figure on p. 59]
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Color figures

Figure 5.9 - Alkaline phosphatase stained 1000PEOT70PBT30 scaffold of 710-1000 um after 10 d of rat BMSC
culturing. Cells containing alkaline phosphatase (differentiated) color purple. [Black and white figure on p. 77]
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Color figures

Scaffold A: Scaffold B:
1000PEOT70PBT30 1000PEOT70PBT30

Scaffold D:
1000PEOT70PBT30

Scaffold E: Scaffold F:
BCP

Figure 6.1 - 3D generated computer images of scaffolds constructed from pu-CT scans. Dry, unseeded scaffolds
before gas plasma treatment, corresponding to scaffolds A, B, C, D, E, F and G (identical to B) as listed in Table
6.1 are shown. [Black and white figure on p. 89]




Color figures

Scaffold C:
1000PEOT70PBT30

N

Figure 6.6 - Light micrographs of the surface of rat BMSC seeded scaffolds stained for ALP activity after 7 d of
culture. Top: 1000PEOT70PBT30 (scaffold C), middle: PDLLA (D), bottom: BCP (E).
[Black and white figure on p. 93]
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Color figures

-~

1000PEOT70PBT30'

Figure 6.8 - Representative cross sections of scaffolds after 4 wks of subcutaneous implantation. The sections
shown were taken from the middle of the scaffolds and stained using methylene blue and basic fuchsin.
1000PEOT70PBT30 stains pink, whereas PDLLA appears transparent. All scaffolds (except G) show bone (dark
red) and bone marrow (blue/gray) formation. Fibrous tissue and wound exudate stain bright blue.

[Black and white figure on p. 96]
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Color figures

Figure 6.9 - Bone formation in the various scaffolds. Top left and right: 1000PEOT70PBT30 (scaffold C).
Bottom left: PDLLA (E), bottom right: BCP (F). B: bone, BM: bone marrow, S: scaffold material and F: fibrous
tissue. [Black and white figure on p. 97]
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Color figures

Figure 6.10 - Fragmentation of 1000PEOT70PBT30 scaffolds (scaffold B) after 4 wks of subcutaneous
implantation in nude mice. Polymer fragments are indicated with arrows. [Black and white figure on p. 99]
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Color figures

Scaffold A/F: Scaffold B:
1000PEOT70PBT30 1000PEOT70PBT30

Scaffold C: Scaffold D:
1000PEOT70PBT30 PDLLA

Scaffold E:
BCP

Figure 7.1 - 3D generated computer images constructed from U-CT scans of dry scaffolds, prior to gas plasma
treatment and cell seeding. The images corresponding to scaffolds A, B, C, D, E and F (identical to A) as listed in
Table 7.1 are shown. [Black and white figure on p. 110]
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Color figures

Scaffold A:
1000PEOT70PBT30Q

Scaffold E:
BCP

Figure 7.7 - Representative cross sections of scaffolds, seeded with rat BMSCs and cultured for 7d, after 4 wks of
subcutaneous implantation. Sections shown were taken from the middle of the scaffolds and stained using
methylene blue and basic fuchsin. 1000PEOT70PBT30 stains pink, whereas PDLLA appears transparent. All
scaffolds (except F) show bone (dark red) and bone marrow (blue/gray) formation. Fibrous tissue and wound
exudate stain pink. All scaffolds (except F) show bone and bone marrow formation. In addition scaffold A
(1000PEOT70PBT30, porosity 73.5 %) shows the formation of cartilage (purple).

[Black and white figure on p. 115]
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Color figures

Figure 7.8 - Magnification of the cross-section shown in Figure 7.5 of scaffold A. Cartilage (C), bone (B), bone
marrow (BM), wound exudate containing red blood cells (W) and scaffold material (S) are indicated.
[Black and white figure on p. 118]
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Color figures

Figure 7.9 - Poorly interconnected pore containing cartilage. Interconnections to other pores are indicated with
arrows. [Black and white figure on p. 118]
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Color figures

Figure A.2 - Microscopic images of 1000PEOT70PBT30 copolymer films with goat BMSCs after 3 d of
culturing. The samples were stained with methylene blue: copolymer (light blue) and goat BMSCs (dark blue
spots). Left: 1000PEOT70PBT30. Right: 1000PEOT70PBT30 blended with 10 wt % PEG-RGD conjugate based
on PEG with a molecular weight of 8000. [Black and white figure on p. 135]
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