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ABSTRACT

Wouldn’t it be good to be able to make a bone implant, even one with complex
individual geometry, only a few hours after a computer tomography of the injured site
has been made? Rapid Prototyping techniques and in particular Stereolithography, a
computerized  fabrication  technique  that works  with  layer-by-layer
photopolymerization, offer great possibilities for the fabrication of medical devices in
any conceivable shape to copy nature’s designs and architecture. Although efforts have
been made in the development of biodegradable polymers that serve as temporary
tissue replacement until healing is completed, only few of the existing materials are
processable by Stereolithography. Furthermore, many of these polymers are based on
polyesters (e.g. poly(lactic acid)) that follow an autocatalytic hydrolytic degradation
mechanism which is disadvantageous for larger implantation sites as they can appear
in orthopedic surgery.

The purpose of this research project was the development of a new liquid acrylate-
based monomer formulation for the fabrication of cellular bone replacement materials
using Stereolithography. Potential components were systematically tested regarding
their reactivity, biocompatibility and mechanical properties. To introduce
biodegradability, an enzymatic gelatin hydrolysate was modified with methacrylic
groups to obtain a photopolymerizable crosslinker with an enzymatically cleavable
backbone. Further modifications had to be carried out in order to improve the
compatibility with the remaining monomer formulation. Finally different test objects
were constructed.



KURZFASSUNG

Wire es nicht wiinschenswert, wenige Stunden nach der Computer Tomographie
Aufnahme eines verletzten Knochengewebeteils ein Patienten-individuelles Implantat
bereitstellen zu konnen, egal wie komplex die Geometrie auch sein mag? Rapid
Prototyping Techniken und im speziellen Stereolithographie, ein computerisiertes
Fertigungsverfahren das auf schichtweiser Photopolymerisation beruht, bietet
groBartige Moglichkeiten medizinische Implantate in jeder denkbaren Form
herzustellen und natiirliche Strukturen nachzubauen. Obwohl groBer Aufwand in der
Entwicklung bioabbaubarer Polymere betrieben wurde und wird, die als zeitweiliges
Stiitzmaterial wihrend der Heilung beschidigten Gewebes dienen, sind doch nur
wenige dieser neuen Materialien mittels Stereolithographie verarbeitbar. Des Weiteren
basieren viele dieser Polymere auf Polyester Strukturen (z.B. Polymilchsdure) und
folgen einem autokatalytischen, hydrolytischen Abbaumechanismus, der sich bei
groBeren Defekten, wie sie in der orthopadischen Chirurgie auftreten konnen,
nachteilig auswirkt.

Ziel und Zweck dieser Arbeit war die Entwicklung einer neuen Acrlyat-basierten
Monomer Formulierung fiir die stereolithographische Herstellung zellularer
Knochenersatzmaterialien. Potentielle Komponenten wurden systematisch beziiglich
threr Photoreaktivitdt, Biokompatibilitit und mechanischen Eigenschaften getestet.
Um Bioabbaubarkeit zu induzieren wurde ein enzymatisches Gelatinehydrolysat
herangezogen und mit methacrylischen Gruppen versehen. Auf diese Weise wurde ein
enzymatisch spaltbarer Vernetzer gewonnen. Weitere Modifikationen waren
notwendig um die Kompatibilitit dieses Vernetzers mit der {ibrigen Monomer
Formulierung zu gewihrleisten. Schlussendlich konnten zellulare Test-Strukturen
mittels Stereolithographie hergestellt werden.
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Introduction 3

Introduction

1 Bone

Bone is a dynamic tissue with a unique capacity to heal and remodel without leaving a
scar. It performs several integral functions in the maintenance of body systems, such
as protection of vital organs, providing support and site for muscle attachment for
locomotion, generation of red and white blood cells for immunoprotection and
oxygenation of other tissues, retaining reserve stores of calcium, phosphate, and other
important ions, and providing housing to hematopoietic stem cells in the bone
marrow."” Therefore pathologies of bone can be very serious, affecting a wide range
of body functions. Bone deficiencies can result from abnormal development, tumors or
general trauma.

Tissues in general are not purely made up of cells, the smallest individual unit of every
living matter, but rather are a combination of specific cells and extracellular matrix.
Tissues can roughly be categorized as epithelial, muscle, nervous, and connective
tissues. Together with cartilage, ligament, and tendon, bone belongs to the group of
connective tissues, which have relatively small numbers of cells and much more
extracellular matrix than other tissues.' Most of the outstanding properties of bone are
related to its extracellular matrix constitution and its hierarchical organization. It is
composed of an organic phase, an inorganic biomineral phase occupying
approximately half of the extracellular space by volume, and water. The organic part
of bone consists of 90% type 1 collagen, a fibrillar (structural) protein providing the
framework for the skeletal structure and being concerned with the matrix calcification.
The remaining 10% are made up of other proteins, polysaccharides, and glycoproteins.
The bone mineral is a highly substituted biological analogue of the mineral hydroxyl
apatite (HA) with the base composition Cas(PO4);OH and a hexagonal crystal
structure. These crystals appear as nanometer-scale plates (20-80 nm long and 4-5 nm
thick) and fuse in both directions, laterally and longitudinally, forming long and broad
sword-blade structures. Together with collagen fibrils these crystals organize first into
parallel ordered layers (lamellae) and then into higher-order cylindrical structures

called osteons, through which a central neurovascular canal is running (Haversian
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canal). Due to the local orientation variations of the collagen fibrils and mineral plates,
the elastic response of bone is anisotropic. The tubular structure at larger length scales
reinforces this anisotropy, resulting in an elastic modulus along the long axis of
femoral cortical bone that is 1.5 times the transverse value.'

At a structural level, bone is arranged in two architectural forms: trabecular, also
called cancelous or spongy bone (20% of the total skeleton) and cortical or compact
bone (80% of the total skeleton).” Both have approximately the same material density,
but trabecular bone is macroscopically porous with a relative density of less than 0.7,
making its modulus and ultimate compressive strength around 20 times inferior to that
of cortical bone. In a whole bone, such as the femur, both types of bone are present,

with cortical bone forming a protective shell around the porous trabecular bone (Figure

).

Famur {lang bone)

Bone marrow

spongy bone

: ,—*ﬁl:nmpactbune
E R :

Pariosteum

= Blood vessels

Figure 1: Architecture of bone

The elaboration, maintenance, and resorption of this remarkable tissue result from the

interaction of three types of cells: osteoblasts, osteoclasts and osteocytes. Osteoblasts
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and osteocytes are involved in bone formation and maintenance, including deposition
and mineralization, while osteoclasts are the major resorptive cells of bone. Bone is, in
general, dynamic and systematically remodeling (2-5% of cortical bone per year)' via

the action of these cells.

Figure 2: Osteoclast adhering to the surface

They respond to a variety of signals including chemical, mechanical, and electrical
signals. Cracks — due to single fracture events or due to accumulated fatigue damage —
can and do heal. There are lingering questions about how bone cells can determine
which areas of tissue to remodel. One factor that has been identified as potentially
important in bone regulation, remodeling, and biomineralization is that the bony
material itself is piezoelectric: extrinsic mechanical loading results in the generation of
an electrical charge.' Research is ongoing in this exciting area.

In the United States there are more than one million cases of skeletal defects each year
(as for 2004) that require bone-graft procedures to achieve union.>* Current clinical
practice for bone replacement usually involves an autologous or allogenic bone
transplant, or as an alternative, metals or ceramics. Autologous bone graft, that is, bone
taken from another part of the patient’s own body, has been the gold standard of bone
replacement for many years because it provides osteogenic cells as well as essential
osteoinductive factors (promoting the differentiation of immature progenitor cells
down an osteoblastic lineage)* needed for bone healing and regeneration. Usually it is
taken from the patient’s iliac crest. However, applications are restricted, mainly due to
the limited amount of autograft material that is available as well as to possible donor

site morbidity (reported recently to be as high as 44%).* Also the bone might not be of
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sufficient quality, especially if a systemic condition affects bone quality. As an
alternative, allografts, bone taken from another body, can be used. But in this case
there is always exists the risk of disease transmission and immune response to the
foreign matter. Other materials used as bone grafts are metals and ceramics, both of
which have other disadvantages. Metals, for instance, although providing immediate
mechanical support at the site of the defect, exhibit poor overall integration with the
tissue at the implantation site, and can fail because of infection or fatigue loading. On
the other hand ceramics have very low tensile strength and are brittle, and therefore
they cannot be used in locations of significant torsion, bending, or shear stress.

This situation has led to substantial interest in creating artificial bone-like materials for
use 1n the body. As a result of such increasing interest, the field of tissue engineering
has emerged, “an interdisciplinary field of research that applies the principles of
engineering and the life sciences towards the development of biological substitutes
that restore, maintain, or improve tissue function.” In contrast to classic approaches, it
is based on an understanding of tissue formation and regeneration, and aims to induce
new functional tissues, rather than just implant new spare parts. In basic tissue
engineering approaches, cells are seeded onto a porous scaffold material optimized for
cellular attachment, proliferation, and synthetic activity. Additionally, factors intended
to encourage the synthesis of extracellular matrix are applied, such as growth factors

or signaling molecules (Figure 3).

degradation

cellular structure
mechacnical stability
origin : natural
synthetic

tissue engineering

growth factors
surface properties

in vivo
in vitro
source : stem cells

tissue specific cells

Figure 3: Principle of tissue engineering
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Most tissue engineering scaffolds are designed to be resorbable, such that the newly
synthesized extracellular matrix gradually replaces the artificial scaffold. In this way,
the scaffold provides initial mechanical support as well as a three-dimensional
structure for promotion of cell-activity. The most promising results are obtained with
biomaterials that best imitate the normal physiological environment of the cells. To
mimic a living system a multi-scale approach is beneficial, since nature often derives
properties from hierarchical structures.” On the macro-scale (107 to 10™ m) the size
and shape of the scaffold must fit to the anatomical defect, allowing for integration
with adjacent tissue and generating properly sized new tissue. Mechanical stability is
necessary to afford sufficient hold. Controllability on the micro-scale (10~ to 10 m)
1s valuable to mimic microscopic cellular tissue structure. The inclusion of sufficiently
sized open pores with good interconnectivity is essential for diffusion of nutrients and
metabolic wastes throughout the scaffold. Ingrowth of bone material is found for pore
sizes around 100 pm.° Nano-scale (10° to 10° m) structural features (surface
topography) provide the most significant influence on cell functions.” Surface
properties include stiffness, charge, polarity and chemistry, among others. Cells that
adhere to a surface investigate the surface stiffness by application of contractile
forces.® Controversial results have been published regarding the influence of the
surface charge. Lee et al.’ found that positively charged surfaces support better
osteoblast adhesion, while Mikos et al.* stated that anionic surface groups result in
adsorption of fibronectin (a protein of the extracellular matrix in bone tissue),
furthermore inducing integrin-binding by osteoblast-like cells and subsequently
mineral deposition by these cells. Finally the biomaterial must degrade along with the
reconstruction of the newly built tissue. The degradation products must not affect the
tissue regeneration and remodeling process.

Scaffolds for bone tissue engineering are often constructed to release bone
morphogenic proteins. Those are biologically active molecules capable of inducing
new bone formation. Surface modifications with immobilized adhesion supporting
peptides are also widely used. For instance the RGD sequence (Arg-Gly-Asp) is a
peptide that is responsible for the cell adhesive integrin-ligand interaction between
many cells and multiple extracellular matrix proteins, including fibronectin and

fibrinogen, also present in bone tissue.
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The objective of the present project is the development of a new scaffold material for
bone tissue engineering. Therefore a short overview of existing biomaterials shall first

be presented.
2  Biomaterials

Dealing with a complex and sensitive biological system such as the human body, the
development of a material for tissue engineering is extremely challenging and the
requirements are manifold. Biocompatibility is a prerequisite. The material should not
evoke a sustained inflammatory or toxic response upon implantation in the body.
Degradation times must match the healing and regeneration process of the replaced
tissue, and lead to non-toxic degradation products, which are able to be metabolized
and cleared from the body. In addition, the mechanical properties must be viable, both
initially and during degradation.

Among biomaterials currently under investigation one can find ceramics as well as
polymers. Composite systems combining the advantages of both seem to be a
promising choice, in particular for hard tissue replacements. A good overview is
provided by Laurencin et al.'* and other research groups.”®*"’

A common characteristic of ceramics and bioactive glasses is the time-dependent

modification of the surface that occurs upon implantation. The surface forms a
biologically active hydroxy carbonate apatite layer which provides a bonding interface
with tissues. This phase is chemically and structurally equivalent to the mineral phase
in bone, providing interfacial bonding there.” Bioactive glasses usually contain SiO,,
Na,O, CaO, and P,0s and in addition to their bone-bonding capability, they have been
found to support enzyme activity, vascularization, foster osteoblast adhesion, growth
and differentiation, and induce the differentiation of mesenchymal cells into
osteoblasts.*’ Their serious drawback is their low fracture toughness and mechanical
strength, especially in a porous form (Table 1). Nevertheless a bioactive glass (45S5
Bioglass®) has found medical application as bone filler material (Novabone™™).
Around 60 wt% of bone consists of a biological equivalent to HA and therefore it is

evident why HA and related calcium phosphates, e.g. B-tricalcium phosphate (B -

TCP), have been intensively investigated as the major component of scaffold materials
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for bone tissue engineering. As expected, calcium phosphates exhibit excellent
biocompatibility due to their close resemblance to bone mineral. Although
osteoinductivity could not be demonstrated, they are at least osterconductive,
encouraging the ingrowth of surrounding bone. Furthermore, calcium phosphates, no
matter of which form, always support the attachment, differentiation and proliferation
of osteoblasts and mesenchymal cells.” But their relatively slow biodegradation and in
particular their inferior mechanical properties limit their application in engineering of
new bone tissue, especially at load-bearing sites. Development of composite scaffold
materials is attractive since advantageous properties of ceramics and polymers can be
combined in order to suit the mechanical and physiological demands of the host tissue

more closely.

Table 1: Mechanical properties of bone and selected ceramic biomaterials

Material Compressive strength Tensile strength Elastic modulus Fracture toughness
[MPa] [MPa] |GPa] [Mpa \/m]

Cortical bone 130 - 180 50 -151 12-18 6-8
Cancellous bone 4-12 - 0.1-0.5 -
Hydroxyapatite > 400 ~ 40 ~ 100 ~0.1

porous Hydroxyapatite (82-86%) 0.21-0.41 - 0.83-1.6x 10"

4585 Bioglass® ~ 500 42 35 05-1
Porous Bioglass® (>90%) 02-04 - - -

Among biodegradable polymers one can distinguish between two different types.
Natural-based materials are one category, including polysaccharides and proteins as
well as chemically modified natural polymers. Synthetic biodegradable polymers make
up the second category.

Natural polymers were the first biodegradable materials to be used clinically.
However, their rate of degradation is strongly dependent on the site of implantation
and the availability of enzymes, and it can also significantly change if chemical
modifications have been performed on the polymer. Nevertheless natural polymers
possess several inherent advantages such as bioactivity, the ability to present receptor-
binding ligands to cells, susceptibility to cell-triggered proteolytic degradation, and
natural remodeling. But the inherent bioactivity has its own downsides, including
strong immunogenic responses associated with most of the natural polymers,

possibility of disease transmission, and complexities concerning their purification.
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Synthetic biomaterials on the other hand are generally biological inert; they have more
predictable properties and the unique advantage of being able to be designed with
property profiles tailored for specific applications. Depending on the mode of
degradation, polymeric biomaterials can be further classified into hydrolytically and
enzymatically degradable polymers. Most of the natural-based polymers undergo
enzymatic degradation.

Natural polymers can be divided into proteins and polysaccharides. Being a major

component of the natural tissues, proteins and other amino acid derived polymers are a
preferred biomaterial for sutures, haemostatic agents, scaffolds for tissue engineering,
and drug delivery vehicles. Collagen is the most abundant protein present in the
human body, being the major component of skin and other musculoskeletal tissues.
Due to its enzymatic degradability (by collagenases and metalloproteinases), unique
physico-chemical, mechanical, and biological properties, collagen has been

1011 geveral collagen-based

extensively investigated for biomedical applications.
materials are currently on the market. Thus haemostatic agents (Sulzer-Spine®,
CoStasis®, Floseal®), wound-dressings (Biobrane®, Alloderm®), drug delivery for
antibiotics (Sulmycin®, Septocoll®) and biodegradable synthetic bone grafts
(Collagraft®) have been approved by the United States Food and Drug Administration
(FDA)."? Also its degradation product gelatin is widely used in biomedical
applications. It has been employed for coatings and microencapsulating various

13" The major sources of collagen

drugs'" and for preparing biodegradable hydrogels.
currently used for biomedical applications are bovine or porcine skin or bovine or
equine Achilles tendons. One disadvantage of these collagen-based biomaterials,
which is a limiting factor for the wide-spread clinical application, is their mild
immunogenicity.'> The use of recombinant gelatin as reported by Sutter et al.'* can
circumvent this problem, but the treatment is remarkably more cost-intensive.

Elastin is another important structural protein in the human body, namely in vascular
and lung tissue. It is responsible for the unusual elastic properties of these tissues.
Elastin and artificial polypeptides with the amino acid sequence VPGXG, which recurs

quite often in natural elastin, have been considered as drug delivery devices and as

potential biomaterials for cartilage tissue engineering.'?
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A highly preferred biodegradable material is albumin, a protein present in the blood
plasma. Studies have shown that almost every tissue in the human body is able to
degrade albumin. Up to now investigations include applications as drug and gene
delivery system and as surgical adhesives.'

Fibrin is one of the earliest biopolymers used as biomaterial. This is due to the
excellent biocompatibility, biodegradability, injectability and the presence of several
extracellular matrix proteins, such as fibronectin, which favorably affects cell adhesion
and proliferation. Various fibrin sealant products are being used clinically worldwide
for hemostasis and tissue sealing applications.'

Homopolymers of natural and synthetic poly(amino acids) such as poly(y-glutamic
acid), poly(L-glutamic acid) and poly(aspartic acid) have been the subject of several
investigations in the past years, but to the author’s knowledge no biomaterial based on

such a polymer has reached the market up to now.

A polysaccharide of human origin that has extensively been studied for biomaterials
applications is hyaluronic acid."”'® It is a member of the glycosaminoglycon family
and can be found in virtually every tissue in vertebrates. Since hyaluronic acid is
produced by cells during early wound healing, this polymer has been investigated for
wound dressing applications and entered the market as HYAFF®. A viscous
formulation of this protein (OSSIGEL®) is undergoing late stage clinical trial as a
synthetic bone graft to accelerate bone fracture healing. '*

In addition to the glycosaminoglycans present in the human body, other types of
polysaccharides have also raised interest as biodegradable polymeric materials. The
most prominent along them are the cationic polymer chitosan, which originates from
crutacian skeletons, and the anionic polymer alginic acid, derived from brown algae.
Both have been used as drug delivery devices.'” Applications as wound dressing are

also under investigation.'?

a)
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Figure 4: a) FloSeal®, b) Septocoll®, c¢) Collagraft®, d) Bioderm® e)
Hyaff®, f) and g) cells on Hyaff®

In contrast to natural polymers, synthetic polymers can be produced under controlled

conditions and therefore exhibit in general predictable and reproducible mechanical
and physical properties. Another advantage is their lower risk of immunogenicity and
infections. Most of the synthetic biodegradable polymers degrade by hydrolytic
cleavage of labile bonds in the backbone, e.g. esters, anhydrides, carbonates, etc.

Poly(o-esters) comprise the earliest and most extensively investigated class of
biodegradable polymers. They can be synthesized from a variety of monomers via ring
opening and condensation polymerization routes. Among these, poly(a-hydroxy acids)
including poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and copolymers thereof
(Figure 6), are well-established and can be found in many different medical products.
The first biodegradable synthetic suture called DEXON® that was approved by the
FDA in 1969 was based on PGA."”? PLA is a chiral molecule and therefore three
possible polymers exist: poly(L-lacitc acid), poly(D-lactic acid) and racemic poly(D,L-
lactic acid). Poly(L-lacitde) is a partially crystalline polymer with a relatively high
elastic modulus (4.8 GPa) and hence has been considered for load-bearing
applications, such as orthopedic fixation devices (BioScrew®, Bio-Anchor®). With its
amorphous character, the racemic polymer has less mechanical strength and higher
degradation rates. Hence its use as a drug delivery vehicle is preferred. Copolymers of
glycolic and lactic acid mark the second generation of surgical sutures with optimized

mechanical properties and degradation rates (Vicryl®, PANACRYL®)."
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Figure 5: PLA screw a) before implantation and b) in vivo; ¢) DEXON®
suture and d) Bio-Anchor®

Poly(&-caprolactone) (PCL) is a semicrystalline polyester that is of great interest as it
can be obtained by ring opening polymerization of a relatively cheap monomer. Due to
its slow degradation, high permeability to many drugs, and non-toxicity, PCL has been

investigated as a long-term drug delivery vehicle (Capronor®).

| I
*—[—CH2—|-|70 o *—[—CH || (0] ]n* * [ ( CH2)5|| /{/ﬁ/ \H/\/U\ /\JF‘/OH
(0] (0]
poly(glycolic acid) poly(lactic acid) poly(e-caprolactone) poly(propylene fumarate)

Figure 6: Chemical structures of biodegradable polyesters

A high-strength biodegradable polymer is the co-polyester poly(propylene fumarate)
(PPF). Its unique feature is the presence of unsaturated double bonds along the
backbone that can be used for crosslinking and hence improving mechanical
properties. Injectable formulations that solidify in vivo are promising candidates for

bone tissue engineering.”
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All of these polyester materials undergo a bulk erosion process which can cause
scaffolds to fail prematurely. Thick samples can lead to heterogeneous degradation,
faster inside than at the exterior. This is due to easier diffusion of soluble oligomers
from the surface into the external medium and therefore reduced acidity at the surface,
compared to autocatalytic degradation in the bulk due to acidic end groups. In
addition, abrupt release of these acidic degradation products can cause a strong

inflammatory response.””*!

These problems concerned with hydrolytic bulk
degradation are to a certain extent diminished with surface eroding polymers. Among
these, poly(trimethylene carbonate) (Figure 7) is an elastomeric biomaterial that seems
to be a promising candidate for soft tissue engineering. A flexible suture material
(Maxon®) has already entered the market. Also poly(hydroxy alkanoates) produced by
certain microorganisms evince a surface erosion mechanism. Poly(3-hydroxy butyrate)
and copolymers with 3-hydroxyvalerate are being investigated for orthopedic
applications and drug delivery systems.”” However, the drawbacks of these materials
are their limited availability and time-consuming extraction procedures from bacterial
cultures. Polymers also known to show surface erosion are poly(anhydrides),

poly(ortho-esters) and poly(phosphazenes). These polymers have been intensively

investigated as drug delivery vehicles.’
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Figure 7: Chemical structures of biodegradable polyesters

Another class of biodegradable polymers having only carbon-backbones are poly(alkyl
cyanoacrylates). Their uniqueness consists in the instability of the carbon-carbon
sigma bond on the polymer backbone causing hydrolytic sensitivity that can be

attributed to the high inductive activation of methylene hydrogen atoms by electron
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withdrawing neighbouring groups. Poly(alkyl cyanoacrylates) are among the fastest
degrading polymers, having degradations times ranging from few hours to few days.
Dermabond® (2-octyl cyanoacrylate) has been approved by the FDA as tissue
adhesive."”
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Figure 8: Chemical structure of a biodegradable polymer with C-backbone

3 Rapid Prototyping of tissue engineering scaffolds

Conventional methods for manufacturing scaffolds, such as solvent casting and
particulate leaching, gas foaming or fiber bonding, all possess some inherent
limitations. They offer little capability to precisely control pore size, pore geometry,
pore interconnectivity, spatial distribution of pores, and construction of internal
channels within the scaffold. One of the milestones in tissue engineering has been the
development of 3D scaffolds that guide cells to form functional tissue. Recently,
mouldless manufacturing techniques, known as Solid Free-Form Fabrication (SFF), or
Rapid Prototyping (RP), have been successfully used to fabricate complex scaffolds.
Leong et al.” provided a good overview of existing methodologies. Unlike
conventional machining, which involves constant removal of materials, SFF builds
objects by selectively adding materials, layer by layer, as specified by a computer

program.
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Over the past 25 years more than 20 RP systems have been developed and
commercialized with a focus on the rapid manufacturing of prototypes for non-
biomedical applications. Although the application of SFF for scaffold fabrication is not
yet widespread, its immense potential for producing scaffolds with highly complex
macro- and microstructures is widely recognized and is receiving vast interest and
attention from many researchers. Direct utilization of computer-aided design (CAD)
models as inputs allows one to incorporate patient-specific data and to realize complex
geometries. In contrast to conventional methods for scaffold fabrication, high
throughput, high resolution, and high repeatability can be achieved.

To give an overview of existing methodologies and possible usage for tissue

engineering, different SFF techniques will now be discussed. According to their
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manufacturing principles, RP methods can be divided into three different categories,
melt and dissolution deposition techniques, particle bonding techniques, and methods
based on photopolymerization.

In a typical melt-dissolution deposition system, each layer is created by extrusion of a

strand material through an orifice while it moves across the plane of the layer cross-
section. The material cools, solidifying itself and fixing to the previous layer.
Successive layer formation, one atop another, forms a complex 3D object. Porosity in
the horizontal XY plane is created by controlling the spacing between adjacent
filaments. The vertical Z gap is formed by depositing the subsequent layer of filaments
at an angle with respect to the previous layer. In that way porous structures can be
built. A representative system using the concept of melt extrusion is fused deposition
modeling (FDM). In a typical FDM unit the material is fed and melted in a heated
liquefier head and extruded through a nozzle directly onto the building platform
following a programmed path. The layer thickness is varying in proportion to the
nozzle diameter. FDM is restricted to the use of thermoplastic materials with good
melt viscosity. The operating temperature of the system is too high to incorporate
biomolecules into the scaffold, hence limiting the possibilities for tissue engineering.
Other drawbacks of FDM are the poor interconnectivity of pores in Z direction, due to
the fabrication process, and the need of support materials for overhanging and
complex structures, which carries the risk of material contamination.” Some variations
of the FDM process are precision extruding deposition (PED), 3D fiber-deposition
technique, and precise extrusion manufacturing (PEM). Some biodegradable
thermoplasts like PCL have successfully been fabricated into scaffolds using FDM or a

related method.”>**

Nevertheless, the melt process is generally undesirable from the
perspective of scaffold bioactivity because of the elevated temperatures involved. This
limitation motivates researchers to replace the melting process with one of dissolution.
Such systems developed include low-temperature deposition manufacturing (LDM),
multinozzle deposition manufacturing (MDM), pressure-assisted microsyringes (PAM)
and robocasting. The processing temperature can be lowered to 0°C with LDM, and
MDM, which is an improved version of LDM using more jetting nozzles and therefore

enhances the range of materials that can be used. Biomolecules have been successfully

incorporated, as shown by the work of Yana et al.”> who integrated bone morphogenic
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protein. A remarkable capacity of PAM is the high resolution of this method, being on
a cellular scale (20pm).”® Robocasting is able to lay down a highly concentrated
colloidal suspension to fabricate 3D scaffolds. In general, scaffolds prepared by the
methodologies described so far are meant to serve as hard tissue replacements.
Landers and Miihlhaupt”’ have developed an aqueous system, the 3D bioplotter, to
meet the demand for fabrication of hydrogels useful in soft tissue engineering. The key
feature of this method is the 3D dispensing of liquids and pastes into a liquid medium
with matched density. The material solidifies in the medium after bonding to the
previous layer. No support structures are needed since the liquid medium compensates

for gravity.

PCL=-SCRS 1SkV S98um

Figure 10: Cellular scaffolds prepared by a) FDM*' b) SLS*® and ¢) 3DP*
compared to d) cancellous bone’
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In particle bonding techniques, particles are selectively bonded in thin layers of

powder material by ink-jet printing of a binder compound. During fabrication, the
object is supported by and embedded in the unprocessed powder, which allows for
shaping complex and overhanging features. After completion of all layers the structure
is removed from the bed of unbound powder. In the case of cellular structures the
removal of internal unbound powder might be difficult. In principle, every powder
material can be used, no matter if it’s a single compound powder, or a blend of
materials. Also surface-coated particles can be applied. Resolution is defined by the
diameter of the nozzle and the particle size. The latter also limits the size of
macropores that can be built. A rough surface and microporosity arise from the space
between the granules of powder and are features that favor cell adhesion and
viability.*® Three-dimensional printing (3DP) employs ink jet printing technology for
processing a wide range of powder materials, including polymers, ceramics and
metals. The versatility and simplicity of 3DP made it one of the most investigated SFF
techniques in tissue engineering and drug delivery applications.”* Since this system
operates at room temperature, processing of temperature sensitive materials such as
biological or pharmaceutical agents can be conducted. However, when polymer
powders are intended to be used, 3DP relies heavily on the use of organic solvents as
binders. Although the work of Hutmacher™ et al. demonstrated the feasibility of water
as a binder, when used for biopolymers such as starch, dextran and gelatin, the
constructed scaffold is water-soluble in the first place and necessitates post-processing
to make it waterproof, again requiring organic solvents. Selective laser sintering (SLS
1s another well-established particle bonding technique that uses a deflected CO, laser
beam to scan over the powder surface and selectively sinter polymer or composite
materials. The interaction with the laser beam causes an elevation of the powder
temperature just beyond the glass transition temperature, which causes particle
surfaces in contact to deform and fuse together. Ceramic scaffolds for tissue
engineering were successfully built by Porter et al.”” who used calcium polyphosphate
and a photocurable epoxyresin for fabricating bioresorbable skeletal implants. After
SLS processing, the green part was sintered and the binder burned out. High
temperatures during this post-processing step again prohibit incorporation of

biomolecules. Typical pore sizes (micropores) encountered by SLS are rather small
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(<50pm)*> and vary over a wide range due to the dependence on the particle size of the
powder and the compaction pressure exerted onto the powder bed during deposition of
powder layers. Resolution is also limited by the diameter of the laser beam that is
typically 400pum.*® Due to the Gaussian distribution of the laser energy and the nature
of powder bonding, sharp corners and clear boundaries are difficult to achieve. The
diffusion of the laser heat causes unwanted bonding of neighboring powder.

The third group of SFF systems is based on the photopolymerization®?' of

photocurable resins that is initiated by radiation energy. Three different principles have
been realized in RP machines up to now. Stereolithography (L) is based on the use of
a UV laser that is vector scanned over the top of a bath containing a photosensitive
resin. Layer-by-layer photopolymerization forms the 3D structure. Resolution is
determined by the laser spot size (that can be as small as 10 um, as was measured with
REM at the Institute of Materials Science, Vienna University of Technology) and by
the layer thickness which is itself dependent on the penetration depth and can be
influenced by additives with appropriate absorption characteristics (20 um could be
achieved). The second technique using photopolymerization is digital light processing
(DLP)), where in contrast to SL, illumination of a whole layer is performed at once.
Through a micro-mirror array the light is transmitted into the bottom of a resin tank
where the photopolymerization takes place on the lower surface of a movable z-stage.
Although it’s a relatively simple and cheap technique, no biomaterials have been
prepared by this method so far due to the lack of photopolymerizable biodegradable
materials. Two photon absorption (TPA) polymerization employing femto-second laser
pulses is the third and only real 3D technique. The resin is transparent for the used
laser wavelength and only at the focal point, where the photon intensity is high
enough, can solidification occur. Feature resolutions below the diffraction limit of the
used light are therefore possible. This method has recently been used to fabricate
structures of an organic-inorganic hybrid material (ORMOCER®) that were
investigated as potential scaffolds for different kinds of cells, including osteoblasts and
endothelial cells (cells in blood vessels).”

Photocuring in biomedical industry is currently used to a greater extent for the creation
of anatomical models for surgical planning or teaching, and sparse for the fabrication

of implants. That is because photopolymerizable biomaterials are rather new in tissue
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engineering and comparably little has been published about them. Materials that have
the required biodegradability and biocompatibility, mechanical stability and other
prerequisite properties for scaffold applications are under investigation, but to the

author’s knowledge none of them has reached the medical market up to now.
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Objective

Increasing life expectancy, resulting in larger numbers of injuries and diseases, creates
a need for tissue replacement materials that can serve as temporary substitutes until
healing is completed. This is especially true for bone tissue engineering, where
mechanical support is needed while an injured site - after fracture or removal of a bone
tumor - rebuilds itself.

Rapid Prototyping (RP) has become increasingly interesting as a manufacturing
method for the fabrication of cellular scaffolds for tissue engineering applications.
Special emphasis has been put on methods based on fused deposition modelling and
3D printing. Due to a lack of available resins, stereolithography (SL) has been used
only to a small extent up to now, even though RP methods based on
photopolymerization offer several advantages. In contrast to other RP-techniques, all
processing steps take place at room temperature. This enables the incorporation of
temperature sensitive materials (e.g. growth factors) into the material. Furthermore,
lithographic methods are capable of producing parts with excellent feature resolution
and small layer thicknesses. Furthermore, photosensitive resins can be tailored fairly
easily with regard to their biological and mechanical properties. By choosing various
monomers the biocompatibility and biodegradability can be tuned, and by changing
the degree of crosslinking the elastic modulus and the strength of the final product can
be varied over several orders of magnitude.

Although the development of new biomaterials has been an ongoing process since the
late 1960s and numerous useful materials have been found, relatively few
achievements can be observed within the group of biodegradable photopolymers.
Therefore the intention of the present project has been the development of a new resin
for the SL fabrication of cellular structures that can be used as bone replacement
materials. The figure below shows the planned overall pathway from the detection of a

diseased site to the fabrication of an adequate implant.
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Rather than being one single substance, such a resin will reasonably consist of several
compounds fulfilling different purposes. Biocompatibility and biodegradability of the
material as a whole is a prerequisite. Therefore every single component must meet the
requirements. The suggested composition of a monomer formulation for the desired

application would be:

1) An enzymatically cleavable basis monomer (based on gelatin), providing more
than one photoreactive moiety to act as crosslinker

2) Reactive diluents to adjust network density and mechanical properties

3) A non-toxic photoinitiator with adequate absorption characteristics

4) Several additives, required either by the fabrication process (such as absorbers)
or by the desired application (such as additional fillers for further improvement

of the mechanical stability)

The project includes the synthesis and evaluation of an adequate basis monomer and
the systematic testing of commercially available photocurable monomers regarding
their applicability as reactive diluents. This involves cell culture tests, as well as
investigations of mechanical properties and photoreactivity. Furthermore, an
appropriate photoinitiator has to be found. And finally a monomer formulation must be

designed and optimized to be able to build some test structures using SL.
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State of the art

Photopolymerization is a widely explored technology that has recently been
recognized to have great potentialities in the biomedical field. Contact lenses are one
example for successful medical photopolymer applications. Numerous clinical
applications benefit from the ability to form biomaterials in situ. Poly(methyl
methacrylate) (PMMA) bone cements are commonly used to secure various implant
prostheses in orthopedics. PMMA is dissolved in liquid methyl methacrylate monomer
to form a viscous solution that can be injected in vivo and polymerized via redox or
thermal initiation. In dentistry, a formulation of dimethacrylate monomers with
ceramic fillers is cured in vivo by photoinitiated polymerization to form composite
restorative materials. These materials have excellent properties with respect to

mechanics but are non—de,qradable.33

With advances in synthetic chemistry, novel multifunctional monomers and

macromers have been synthesized that form degradable polymers via radical

polymerization. An overview is given by Burdick et al.** These materials can
potentially be used as injectable biomaterials, although certain challenges have to be
met. Unreacted monomer can have significant effects on mechanical properties and
biocompatibility. But in general, complete double bond conversion is almost never
attained due to severe restrictions on the mobility of the reacting molecules. An
additional concern with radical polymerizations in vivo is the temperature increase
during the exothermic reaction. However, some materials have been reported to be
successfully cured in vivo without severe damage to the surrounding tissue.*” Besides
the possibility of in vivo curing, the use of photopolymerizable materials also opens
the gates to the custom-designed fabrication of implants, copying nature’s design and
architecture, by means of Stereolithography (SL).** Feature resolutions from the mm
to the nm range are not a major challenge nowadays. One of the main goals of tissue
engineering 1s the delivery of living cells to the damaged tissue. Water-soluble
macromers, which form highly hydrated polymers upon curing, have been used for

photoencapsulation of living cells.*®



State of the art 25

Some general statements can be made about biodegradable networks that are formed

upon the photopolymerization of different monomers and macromers. In Figure 11

four typical networks and their degradation mechanisms are shown.

degradation e
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Figure 11: Schematic network formation and degradation of different
biodegradable photopolymers

The first example shows an oligomer that is first endcapped with degradable groups
and further modified with photopolymerizable moieties. Upon hydrolytic or enzymatic
degradation three different products are formed: the original core oligomer, the
degradable units and the kinetic chains formed upon photopolymerization (e.g.
poly(acrylic acid) (PAA)). As another possibility (Figure 11 b) the photoreactive
groups can be found along the oligomer backbone linked through degradable units.
Degradation products similar to those in example 1 occur. Additionally, the
photoreactive groups may be located along the oligomer backbone as shown in Figure

11 c. Kinetic chains and segments of the starting oligomer occur as degradation
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products. Finally (Figure 11 d) the oligomer itself can be degradable and possess
photoreactvie moieties as side chains. In this situation, the network cleaves along the
backbone releasing kinetic chains that probably incorporate segments of the starting
oligomer. All degradation products must be non-toxic and water soluble in order to be
metabolized or eliminated through the liver or the kidneys. The unproblematic
excretion of water soluble polymers like PEG, poly(vinyl alcohol) (PVA) or PAA has
been reported.’”®

Biodegradable photopolymers can be roughly divided into purely synthetic and
modified natural materials. Further classifications concern their mode of degradation,

whether hydrolytically or enzymatically.
Within the class of purely synthetic polymers, PEG has a long history of use in

biomaterials. Due to its extreme hydrophilicity, which decreases the adsorption of
proteins, it can be used to alter the interaction of materials with tissues and cells.
Specific cell attachment can be achieved by incorporation of specific signaling
molecules, while avoiding attachment of other cells at the same time. Additionally, the
end groups on PEG chains are easily modified through a variety of reactions, e.g.
modification with (meth)acryloyl chloride leads to photopolymerizable products.
(Meth)acrylated PEG chains of various length have been used for many applications
including the encapsulation of chondrocytes for cartilage regeneration,”® osteoblasts
for bone tissue engineering,”” vacular smooth muscle cells*” and mesenchymal stem
cells.' For example the group around R. B. Wicker*” have successfully prepared three
dimensional poly(ethylene glycol) dimethacrylate (PEGDM) hydrogel constructs with
encapsulated cells. PEG hydrogels like these are non-degradable, but degradable units
can easily be introduced between the PEG chain and the photoreactive moiety.
Oligomers of a-hydroxy acids have been used to synthesize biodegradable macromers.
Anseth et al.* were among the first to synthesize methacrylate endcapped oligo-
esters, which made processing by light-induced curing possible and opened the door to
stereolithographic tissue engineering. Typically the synthesis of such macromers
employs a PEG chain of desired length that serves as initiator for the ring opening
polymerization of d,l-lactide, glycolide or e-caprolactone. Subsequently the hydroxyl
end groups are modified with (meth)acryloyl chloride to form a photopolymerizable

macromer. Alterations in the oligomer chemistry lead to changes in mechanical
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properties and degradation behavior.***

To summarize it can be said that longer PEG
chains lead to more flexible materials, and the rate of mass loss decreases as
hydrophobicity increases. Instead of difunctional PEG chains, tri- or multifunctional
alcohols were also used as cores for such macromers.**® Depending on the chemical
composition and the water content these hydrogels typically show elastic moduli

between 1 and 8 kPa,*” which is in the range of natural soft tissues.
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Figure 12: General structures of synthetic photocrosslinkable polymers

Also anhydrides, such as sebacic acid or carboxyphenoxy propane, have been
modified with methacrylic groups to obtain injectable materials for bone
regeneration.”® In general, the densely crosslinked networks formed from
multifunctional anhydride monomers degrade via a surface erosion mechanism, with
mass loss only at the exposed zones at the surface. Therefore structural integrity is
maintained for longer degradation periods than in polymers that degrade throughout
their bulk.

Anderson et al.* synthesized and characterized a large library of poly(-amino ester)s
with acrylate end groups using various amines and diacrylates via a simple synthetic
process with no byproducts. The general structure of these macromers is shown in
Figure 12. Hydrolytic degradation of these cured materials results in bis(3-amino
acid)s, diols and PAA kinetic chains. The polymers exhibit a wide range of
degradation times (from days to months) and mechanical properties (elastic moduli
ranging from 3 MPa to 500 MPa) depending on their chemical structure.

Another three dimensional macromer photopolymerization was done by T. Matsuda et
al.”® with acrylate endcapped poly(e-caprolactone-co-trimethylene carbonates),
resulting in scaffolds that showed surface-eroding properties both in vitro and in vivo.
To improve the mechanical stability of a bone replacement material, HA can be used.
V. K. Popov et al.’! were able to fabricate cellular structures using a monomer
formulation containing oligocarbonate dimethacrylate and up to 30 wt% HA. In vivo

experiments showed the formation of new bone around the implant.
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Figure 13: General structures of synthetic photocrosslinkable polymers

Poly(propylene fumarate)s (PPFs) are linear polyesters consisting of repeat units with
multiple ester groups and unsaturated carbon-carbon double bonds. Networks are
formed via photoinitiated crosslinking of these double bonds. Compressive moduli of
up to 150 MPa can be achieved.”” Hydrolytic degradation leads to fumaric acid and
propylene glycol, which are cleared from the body via methabolic pathways.” M. N.
Cooke et al.®* were among the first that have published the stereolithographic
fabrication of a biodegradable scaffold for bone tissue engineering. They used a resin
consisting of diethyl fumarate and PPF. Significantly worse photoreactivity compared
to acrylates and therefore slower building speed is an issue of concern.

However, all of these polyester based materials have one big drawback. Their
hydrolytic and autocatalytic degradation mechanism can result in large amounts of free
acid in the tissue, depending on the size of the implant and on the site in the human
body. That change in pH can cause a strong inflammatory response and lead to

fracture due to implant failure.”'

Therefore a different degradation mechanism is
desirable. From the viewpoint of chemical linkages only amide bonds provide an
alternative. Because of their analogy to natural macromolecules such as peptides they
can be cleaved by certain enzymes, proteases, and lead to pH-neutral degradation
products.

The logical consequence would be the use of polyamides as biomaterials, but
unfortunately they cannot be degraded by enzymes because of their high cristallinity
due to the relatively small repeating units and strong interchain interactions compared
to peptides.” Hence, peptides themselves or short synthetic amino acid sequences can
be used as building blocks. Both strategies have been followed and documented in

literature.

Short _synthetic amino _acid sequences have been topic of numerous investigations.

Thus, many papers have been published on PEGDA hydrogels containing short
peptide sequences.’®"* Anseth et al.”® report that PEGDA hydrogels with additional
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RGD (Arg-Gly-Asp) and PHSRN (Pro-His-Ser-Arg-Asn) sequences improve
osteoblast adhesion, spreading, and focal contact formation. Although these results
seem somehow promising for bone tissue engineering, one big drawback of these
PEG-based materials is their hydrogel character, leading to poor mechanical
properties.

Other groups follow strategies using relatively small amino acid containing monomers,
like Miihlhaupt et al.®® who prepared lysineurethane dimethacrylate (Figure 14). In
contrast to peptide based macromers, which can only be cured in aqueous solution, this
powder-like monomer can be photo-cured in a molten stage. The mechanical
properties are therefore much better than those of hydrogels and are in a reasonable
range for a bone replacement material (Young’s modulus at 37°C: 3180 MPa). Tests
with osteoblasts showed promising adhesion and growth of the cells. Anyway, such a
monomer cannot be used with conventional SL since this technique works only with

fast curing monomer formulations that are liquid at room temperature.

d

O
O
NJ\O/\/O\H/K
H (0]
HN

(@)

O

Figure 14: Lysineurethane dimethacrylate

A number of different natural proteins such as collagen, gelatin, albumin and fibrin

have been modified either with small polymerizable groups, e.g. methacrylic
anhydride,’' glycidyl methacrylate® or vinyl-functionalized azlactones,” or with high
molecular weight compounds such as PEGDA.** Also enzymatically degradable
polysaccharides such as hyaluronic acid and chitosan have been modified with

(meth)acrylic groups to yield photopolymerizable materials.*®>

In every case,
polymers of the modified proteins and polysaccharides - usually as copolymer with
PEGDA - were formed in the presence of water, resulting in soft and flexible

hydrogels.
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The aim of this project is the development of a monomer formulation that is suitable
for SL and leads to a biocompatible and biodegradable polymer that mimics the
mechanical properties of natural bone. Hydrogel-based materials like those mentioned
above are excluded because of their poor mechanical stability. Moreover, all the
discussed peptide-based materials are not suitable since they can only be cured in an
aqueous solution due to their solid state and insolubility in non-aqueous media. In this
project the synthesis of a new peptide macromer with improved compatibility with

organic media will be presented.
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Results and Discussion

The aim of the present research project is the development of an acrylate-based
formulation for the stereolithographic shaping of a cellular bone implant. To tune the
material properties with regard to processability and biocompatibility, as well as
mechanical and degradation properties, several components such as crosslinkers,
reactive diluents, fillers, and initiators have been investigated. To overcome the
problem of uncontrolled hydrolytic cleavage of polymers containing esters,
biodegradability is introduced by a multi-acrylated crosslinker that can be cleaved
enzymatically in vivo. The use of a modified peptide is planned. Biodegradation
should then lead to scission along the peptide chains leaving small peptides and non-
cytotoxic®” oligo-(meth)acrylates that can be excreted by body fluids.®® Processing
properties of the formulation and the network density of the polymer can be tuned by
reactive diluents. Soluble filler materials are applied to tune the viscosity for an
optimum resolution of the stereolithographic shaping process. Optimal photoinitiators
and fillers for advanced mechanical properties must also be determined and

implemented.
1 Basis Monomer

The key issue of the present project is the development of a new peptide macromer
with improved compatibility towards organic media. Taking a clue from natural bone,
the decision for the right starting material fell on a commercial gelatin hydrolysate
(GH), an enzymatic degradation product of porcine collagen. Although a molecular
mass distribution between 0 and 6000 g/mol led to analytical difficulties later on, it
seemed to be an appropriate material for fundamental investigations and might or
should be replaced in future projects by artificial peptide sequences containing RGD,
which fulfill the same purpose, namely to enhance bone cell adhesion, spreading, and
proliferation and act as enzymatically cleavable crosslinker.

GH provides two different reactive groups for chemical modification. One anchorage
point is the free amino group on lysine units (0.38 mmol/g gelatin)® that provides an

excellent spot to introduce various molecule fragments via typical amine reactions. For
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example the reaction of gelatin with methacrylic anhydride is reported to yield a
photopolymerizable peptide at very mild conditions.”” The other way is the
modification of free acidic groups of glutamic acid and aspartic acid units (1,27

mmol/g gelatin). Koepff et al.”

report the derivatization of gelatin with
glycidylmethacrylate that reacts with both amino and acidic groups, and leads to
polymerizable gelatin as well.

In the following section the synthesis of different gelatin derivatives and their

characterization in terms of organo-compatibility and toxicity is described.
1.1  Synthesis of gelatin derivatives

Free primary amino groups on lysine units and free acidic groups on glutamic acid and
aspartic acid units were used for the introduction of photopolymerizable groups and
moieties that enhance the compatibility with organic media. In these investigations a
commercial enzymatic GH was used because lower molecular weights are favored due
to better solubility. Dialysis was always performed prior to use, so that only peptide
fragments with molecular weights between 3500 and 6000 were used for
derivatization. In a first attempt GH was modified with an isocyanate bearing a
methacrylate group (Figure 15), supposing that the amino groups of lysine should
easily react with this compound. After 4 hours of reaction time at 40°C in DMSO

unexpectedly no product could be isolated.
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Figure 15: The reaction of GH with an isocyanate
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As an alternative GH was modified with glycidylmethacrylate according to Koepft et
al.” (Figure 16). The basic aqueous reaction mixture containing GH and 5 eq of

glycidylmethacrylate was stirred at 40°C overnight.
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Figure 16: Reaction with glycidylmethacrylate

To determine the degree of conversion acidimetric titration of free acidic and amino
groups with 0.0IM KOH or 0.01M HCl was used. The values of unreacted GH
differed from those found for gelatin in literature, which indicates a changed amino
acid composition after enzymatic degradation and dialysis and/or that not all
functional groups are available for titration and reaction due to aggregation effects. An
amount of 0.360 mmol acidic groups per gram GH was found (phenolphthalein as
indicator). Titration with methyl red as indicator, having an indicator range from 4.4 to
6.2, resulted in 0.105 mmol/g primary amino groups of lysine. A quantitative
conversion of the amino groups could be observed, while acidic groups reacted only to
35%.

Alternatively, the signals of the methacrylic protons in NMR spectra were used to
calculate the degree of conversion. That was done assuming that the NMR signal at 0.9

ppm belongs to all CH; moieties present in the GH (Figure 17).
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Figure 17: NMR spectrum of GH

Porcine gelatin has a content of 0.465 mmol/g CH; groups originating from valine,
leucine, and isoleucine. The amount of these amino acids will presumably change
during enzymatic degradation and dialysis. To roughly determine the final
concentration of CHj groups in dialyzed GH, NMR spectra with phenol as internal

standard were measured (Figure 18).
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Figure 18: NMR spectrum of GH with phenol as internal standard
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The calculation resulted in 0.288 mmol/g CH; groups. With that value the amount of
methacrylic groups for GM (Figure 19) was calculated to be 0.245 mmol/g.
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Figure 19: NMR spectrum of GM

GM prepared in that way was isolated as a yellow, water-soluble solid. Therefore it
can only be used in water-borne monomer formulations. Solutions of pure GM in
water form brittle hydrogels when exposed to light. Hence, the use of reactive diluents
1s necessary to lower network density and increase the mechanical stability. The use of
water in monomer formulations is somehow problematic, since shrinkage and
evaporation will very likely occur and the mechanical properties decrease
significantly. Further modifications of GH to increase the monomer tolerance and
lower the amount of water or even avoid it entirely were attempted.

One strategy that was followed was the temporary modification of the peptide
backbone. Since hydrogen bonds formed by the amide backbone hinder the solubility
in organic solvents, modification was intended in such a way that it can easily be
cleaved in vivo. It is expected that due to sterical hindrance only those spots on the
peptide backbone can react where two relatively small amino acids like glycine are
next to each other. It is known that the primary structure of collagen is composed of
repeating triplets of (glycine-X-Y),, where X and Y are often proline and
hydroxyproline. Modifications might be possible next to those glycine units. As a

model reaction GM was reacted with methyl iodide. This small molecule could react
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with the backbone of the protein and yielded a product that was readily soluble in
ethanol. Unfortunately also the methacrylic double bonds were modified under these
conditions to the Michael addition products. The same kind of reaction was tried with
different acid chlorids, such as acryloyl chloride, benzoyl chloride, fatty acid
chlorides, but no conversion could be observed. The reason for that is most probably
the sterical hindrance.

As an alternative to the backbone modification, the introduction of slightly more
hydrophobic parts should enhance the monomer compatibility. PEG chains were
chosen to cover the free amino and acidic groups, which could subsequently be
endcapped with acrylic groups. Similar to modifications of polyamides (NH)"® and
cellulose (OH)"' GH was reacted with ethylene oxide. The gas was condensed (bp.
10°C) and added to a suspension of GH in DMF. The reaction was conducted in a
“Berghof” autoclave at 50°C for 24h. At least the amino and hydroxyl groups present
in GH should be able to open the epoxide and start the ring opening polymerization.
The resulting terminal OH groups were thought to be further modified, but no product
could be found in the first reaction step.

The introduction of PEG was also tried by another route. The carboxylic groups in
proteins can generally be substituted by activation with dicylcohexylcarbodiimide and
reaction with amines. Wong et al.”* reported the successful derivatization of ferritin
with long-chain aliphatic amines, while Libera et al.” used PEG-chains with a primary
amino group on one end. Both groups report an enhanced solubility in organic
solvents. Analog reactions with GH were less successful. The reaction with
dodecylamin didn’t work at all, while the yields of the modification with PEG-NH,
were too low to be useful (10%).

Another approach was the use of a prefabricated reagent, having both a PEG chain and

a methacrylic group (Figure 20).
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Here PEG-mono-methacrylate was reacted with maleic anhydride and further activated
with N-hydroxysuccinimide (NHS). Finally GH was modified with those activated
esters. NMR spectroscopy showed a relatively low value of 0.028 mmol/g methacrylic
groups. In contrast to the reaction with glycidylmethacrylate, only lysine amino groups
were able to react and therefore less methacrylic groups per gram gelatin can be found
in GPMM. In addition, lower conversion of the free amino groups was observed.
Furthermore, free acidic groups decreased the miscibility with organic media. Hence,
derivatization of both, free amino and acidic groups, was undertaken.

Because of the two different reactive sites on GH — amino and acidic groups —
introduction of two different moieties is possible with selective reagents. Higher
reactivity of amino groups compared to carboxy groups suggests a first reaction step,
where the amines are modified. Several examples of NHS activated esters can be

found in literature’"”’

that can easily react with lysine NH, without modification of the
acidic sites. In that way hydrophobic moieties might be introduced that enhance the
tolerance towards organic media. In a second step the carboxylic groups can be
modified with glycidylmethacrylate to introduce the polymerizable moiety.

A promising approach for the introduction of PEG chains was the reaction with NHS
activated esters thereof. For that PEGs with molecular weights of 1000 and 4000 were
primarily modified with maleic anhydride and subsequently activated with NHS
(Figure 21). GH could be converted with these products under mild conditions in very

good yields (>90%). The reaction of the remaining carboxylic groups with

glycidylmethacrylate resulted in polymerizable gelatin derivatives (GPM and GP4M).
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Figure 21: Additional modification with PEG

The use of polypropylene glycol (PPG) instead of PEG led to a yellow solid that
formed a white milk-like dispersion in water. Solubility was only given in DMSO and
the product was therefore not useful.

Another possible kind of hydrophobic moiety that is also a natural substance would be
a fatty acid. Linolic acid and caprylic acid were activated with NHS and stirred with
GH in water-free DMSO for 24h. Conversion of amino groups was again determined
by titration with 0.01M HCI, which showed complete conversion. In a second step
methacrylate groups were introduced as described above (Figure 22). During this
reaction fatty acids seemed to fall off again, because titration of the amino groups
afterwards indicated a conversion of less than 10%. In the NMR spectra no fatty acid
could be observed as well. Nevertheless, at least a small amount of fatty acid must
have been in the product, perhaps only as physical mixture, since the aqueous solution

of GLM tended to intensive foaming, in contrast to all other GH derivatives.
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Figure 22: Additional modification with linolic acid

As a summary of this chapter the tables below show all synthesized GH derivatives.

Table 2: GH derivatives (substituents in mmol/g)

modification according to NMR [mmol/g] modification according to titration [mmol/g|

product methacrylic groups other groups modified COOH modified NH,
GM 0.245 - 0.136 0.105
GPMM 0.028 - -9 -
GPM 0.009 0.206 0.212 0.105
GP4M 0.065 0.132 0.328 0.105
GLM 0.068 0 0.258 0.008

 no data available

Table 3: GH derivatives (conversion in %)

conversion according to NMR"™ [%] conversion according to titration [%]
product COOH NH, COOH NH,
GM 53 35 >90
GPMM - 27 = -
GLM 18 0 70 7
GPM <10 200 56 >90
GP4M 18 125 89 >90

 no data available

" relating to the amount of free amino and acidic groups determined by titration

Both NMR spectroscopy and titration have their faults and imperfections.
Nevertheless, the results can be used to compare the different derivatives and estimate

the real degree of conversion. In general, amino groups seemed to be modified more or



Results and Discussion 40

less completely. One exception is the GH derivative with the fatty acid (GLM), where
amino groups are almost unmodified, maybe due to decomposition of the product
during the second reaction step or during storage. Acidic groups were less reactive, as
expected. High amounts of PEG in the NMR spectra may indicate an incomplete
isolation of the products from the reagents. But some additional physically bound PEG
chains are no problem in terms of biocompatibility. Only reproducibility and analysis

of these substances become rather complicated.

1.2 Testing

Besides the NMR and acidimetry described above, also MALDI-TOF and GPC served
to identify and confirm the synthesized GH derivatives. Further investigations

included compatibility tests with acrylic monomers and cytotxicity measurements.
1.21 GPC and MALDI-TOF

No appropriate standard materials were available for the GPC measurements.
Therefore PEGs were used to calibrate the system, well-aware that the results have to
be interpreted with care. Measurements indicated that the molecular weights (MW) of
modified GHs, namely GLM (280000), GPM (104000), GP4M (120000) were higher
than that of GH itself (78000), indicating that the desired modification had taken place.
In the spectra of GPM and GP4M a second peak was observed, probably resulting
from unbound PEG chains that could not be completely removed. But in both cases the
retention time was significantly different to GH, so that PEG chains must be
covalently bound to the protein.

Also MALDI-TOF measurements were performed to verify the modification of GH.
Fortunately the dialysis for the purification of the products was incomplete, so that
peptide fragments below 3500 g/mol were available that could be observed with
MALDI-TOF. Comparing the spectra of GH and GM it could be seen, that
glycidylmethacrylate has been bound between one and three times on peptide
fragments below 3500 g/mol. In Figure 23 a detail of the GH and GM spectra is
shown. The GH spectrum has been shifted to higher values that correspond to an

addition of two molecules glycidylmethacrylate per peptide molecule (+284.13 Da).
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Numerous matching peaks indicate the successful modification of GH with

glycidylmethacrylate. Additional spectra cafh be found in the appendix.
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Figure 23: MALDI-TOF spectra: a) GH spectrum shifted +284,13Da
(corresponding to two-fold addition of glycidylmethacrylate; b) GM in
DHB and c) GM in o-cyanocinnamic acid (red arrows indicate matching
peaks)

In GLM no linolic acid could be found, which matches the results from NMR
spectroscopy. GPM and GP4M could not be measured, because unbound PEG chains
can much more easily be ionized than the products so that only PEG could be

observed.
1.2.2 Compatibility with acrylic monomers

To investigate the suitability of the gelatin derivatives in an acrylate-based monomer
formulation a water-containing test system was established. One part of each modified
GH was mixed with two parts of water. Unmodified GH was used as reference. Now a
mixture of two water-miscible and biocompatible monomers was added drop-wise

until precipitation of the peptide could be observed. The monomers used for that were
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hydroxyethyl methacrylate (80%) and poly(ethylene glycol 400) dimethacrylate
(PEGDM)(20%). The table below (Table 4) shows the obtained values.

Table 4: Monomer miscibility of gelatin derivatives

amount of monomer at

Gelatin Derivative coagulation of gelatin [%]

GH 10
GM 110

GPMM 45

GLM 90
GPM 110
GP4M 150

" only turbidity

If only one part of the two different reactive groups on GH is modified, namely the
lysine NH, groups in GPMM, compatibility with organic media increased by a factor
of 4.5. In the case of GM, where both amino and acidic groups have been reacted with
glycidylmethacrylate, 10 fold better miscibility could be observed. The difference can
be explained by the free carboxylic groups in GPMM that are able to form salts and
hydrogen bonds, resulting in less monomer tolerance. Further derivatization with
PEG1000 didn’t enhance the miscibility compared to GM. Less monomer tolerance of
GLM compared to GM results from the marginal conversion with the fatty acid. Only
the PEG4000 chain linked to gelatin could further improve the miscibility with organic
media. In this last sample no precipitation at all was observed, only turbidity. That
indicates that the usage of even higher molecular weight PEG chains might lead to
completely organo-soluble gelatin derivatives.”” But for these investigations a total
water content of 20% can be tolerated, since stereolithography is still possible without

losing the desired resolution.
1.2.3 Cytotoxicity

To determine possible cytotoxic effects of free, non-polymerized monomeric residues
that might be released from the grafts after implantation, the influence of increasing
doses of monomeric compounds was tested in two different cell cultures, osteoblasts
and endothelial cells. Osteoblasts were cultured in conventional culture dishes and

aqueous solutions of the GH derivatives in different concentrations (10 to 10 mol/L
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methacrylic double bonds; 102 mol/L = 10-20 mg/mL) were added. After five days
culture time DNA content and viability were determined (Figure 24). Some reactive
diluents that will be discussed in detail in the next chapter have also been measured for
comparision, namely hydroxethyl methacrylate (HEMA), trimethylolpropane
triacrylate (TTA) and ethoxylated trimethylolpropane triacrylate (ETA).
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Figure 24: Cytotoxicity tests with osteoblasts

It is evident that the newly synthesized GH crosslinkers are less cytotoxic than the
reactive diluents. It should be noted that a concentration of 10? mol/L is quite high and
will presumably not arise in vivo due to diffusion of unreacted molecules. GPM and
GP4M perform a bit worse than GH and GM with regard to the DNA content of the
cells. That might be attributed to the insufficient purification of the products.
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Additional in vitro LD50 measurements were done with endothelilal cells. Here
measurements were done with monomer concentrations of 107-10" mol/L methacrylic

double bonds. All GH derivatives showed no toxicity up to that concentration.
2 Reactive Diluents

To be able to use SL as fabrication technique a liquid monomer formulation with
certain features is required. Some of these properties can be tuned by the appropriate
choice of reactive diluents. The viscosity is an important criterion, since the resolution
of each SL machine is best in a certain Pas range (the Envisiontec machine used within
this project worked best with formulations that had a viscosity between 0.3 and 0.5
Pas). Fast-curing materials are preferred since building speed is another important
issue. Additionally the requirements from the medical application point of view must
be considered, namely biocompatibility and biodegradability, as well as the
mechanical properties of the cured material. Biodegradability is achieved by the use of
a GH based crosslinker that leads to oligo(acrylate) fragments during degradation,
which can be excreted by the body.®”®® Ideally the hardness and stiffness of natural
bone should be achieved for an optimum healing process. Since the mechanical
properties are strongly dependent on the network density of the whole system, an eye
should be kept on the size of the reactive diluent and the number of reactive double
bonds per molecule. The selection of several monomers on the basis of the required

properties is described and discussed in this chapter.
2.1  Selection of monomers

A number of commercially available (meth)acrylic compounds having one or more
reactive double bonds and other functional groups were chosen. Testing of these
substances included cell adhesion experiments (biocompatibility), differential scanning
photocalorimetry (Photo-DSC, photoreactivity) and the measurement of certain values
describing the mechanical properties.

Firstly, specimens were prepared as homopolymers of every single substance for the

biocompatibility and mechanical tests. Some of the chosen monomers were eliminated
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already at that point, since photopolymerization under nitrogen sometimes didn’t result
in suitable test specimens due to bad reactivity (e.g. aminoethyl methacrylate,
(dimethylamino)ethylacrylate). In the following figures (Figure 25, Figure 26, Figure

27) all monomers are shown that were suitable.
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Figure 25: Monofunctional monomers

Among monofunctional reactive diluents, acrylates and methacrylates were considered
as well as acrylamide derivatives. Very different properties can be expected when
different functional groups such as hydroxyl, ether or urethane and also more or less
bulky residues are incorporated. Hydroxyethyl methacrylate (HEMA) has often been
described as a biocompatible photopolymer and is applied for contact and intraocular
lenses.” Acrylic (AA) and methacrylic acid (MA) were selected because polymers
thereof can be considered as degradation products of most esters (e.g. from acrylic
acid 2-(2-ethoxy-ethoxy)-ethyl ester (EEA), methacrylic acid 2-(2-ethoxy-ethoxy)-
ethyl ester (EEM), acrylic acid 2-butylcarbamoyloxy-ethyl ester (BEA), and HEMA).
Generally, less is known about acrylamides and therefore N,N-diisopropyl-acrylamide
(DPA), N,N-diisobutyl-acrylamide (DBA) and N,N-dimethyl-acrylamide (DMA) were

investigated.
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Figure 26: Difunctional monomers

Difunctional monomers N,N’-diethyl-1,3-propylenbisacrylamide (EPA), 2-methyl-
acrylic acid 2-{2,2,4-trimethyl-6-[2-(2-methyl-acryloyloxy)-ethoxycarbonylamino]-
hexylcarbamoyloxy}-ethyl ester (UDMA), dodecy dimethacrylate (D3MA) and
bisphenol A diglycidylmethacrylate (BisGMA) are well-known from dental
applications and yield polymers with outstanding mechanical properties. Because of its
attribute to withstand unspecific cell attachment tetraethyleneglycol diacrylate (E4-A)
is one of many PEG derivatives that have found application in biomaterials, especially

in combination with peptides enhancing specific cell adhesion.
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Figure 27: Multifunctional monomers

Multifunctional acrylates are better known from coatings and adhesives chemistry than
biomaterials. Nevertheless they have great potential to serve as a network controlling
crosslinker and reactive diluent in a monomer formulation aiming at bone replacement

materials, since reactivity and mechanical stability are in general rather high.
2.2 Testing

Fabrication by SL requires high photoreactivity of the whole monomer formulation.
Therefore photo-DSC measurements were performed to characterize the selected
substances with regard to their curing characteristics. Since tissue engineering works
best when the replacement material behaves like natural tissue, mechanical properties
in the range of those of natural bone are desired. For the evaluation of the stiffness and
E-moduli of the homopolymers differential mechanical analysis (DMA) and bending-
strength-tests were used. Although biocompatibility seems to be the most important
selection criterion, photoreactivity and mechanical properties will be discussed first,
because biocompatibility is influenced by these factors. Cell adhesion tests with

osteoblast-like cells served to provide information about the biocompatibility.
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2.2.1 Photoreactivity

Since SL requires short building times and adequate double bond conversion, the
selected monomers were analyzed with regard to their curing characteristics. Photo-
DSC is a unique method for the fast and accurate evaluation of the reactivity of
monomers. Various important parameters are obtained with one single measurement.
The time to reach the maximum heat of polymerization (ty.x) is a parameter which
depends on photoreactivity and inhibition period. Total double bond conversion
(DBC) was calculated from the overall heat evolved (AH,), where AHgp is the
theoretical heat obtained for 100% conversion’’ (Eq. 1).

AH, xM
AH,,

DBC = (1)

Initial rates of polymerization (R, [mol L' s']) were calculated from the height of the

maximum of the plots h [mW/mg] and the density of the monomer p following Eq. 2.

hx p
=— 2
Re AH, 2)

In the present study, the Photo-DSC measurements were carried out at room
temperature with filtered light (1500 mW/cm?; 400-500 nm) applied by a light guide
(Efos-Novacure) using 1 wt% of an equimolar mixture of camphorquinone (CQ) and
4-dimethylaminobenzoic acid ethyl ester (DMAB) as photoinitiator (PI). This
combination is well-known from dental applications and has been described as

excellently biocompatible.”
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Figure 28: Photoreactivity of monofunctional monomers

Due to its high wvolatility, t-butyl acrylate (TBA) could not be examined.
Monoacrylates (Figure 28) are known to cure slowly due to linear chain formation and
the delayed gel effect compared to crosslinked systems. Because of that, higher DBC
was mostly achieved. This applies especially to HEMA and DMA. As expected,
acrylates and acrylamides gave significantly higher R, and lower t,,, than methacrylic
compounds. Small monomers like AA and DMA showed higher values for the Rp than
monomers with higher molecular weights. The exceptionally low reactivity of
acrylamide DPA and isobornyl acrylate (IBA) can be attributed to sterically
demanding substituents. Within the acrylates, sterical effects and functional groups
also play an important role on the polymerization rate. High R, and DBC of BEA and
HEMA in the group of acrylates and methacrylates, respectively, might be attributed to
pre-organization by hydrogen bonding.”” The extremely low DBC of AA and MA
could be explained by precipitation of the formed polymer, thus terminating

propagation reaction.
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Figure 29: Photoreactivity of difunctional monomers

In Figure 29 photoreactivity data of difunctional monomers are shown. As expected,
DBC is in general lower than with mono-acrylates due to network formation. In most
cases sufficient Rp and good t,,,, were observed, thus making most of them suitable for
SL. Only dimethacrylates with aliphatic spacers (butandiol dimethacrylate (BDM) and
D3MA) showed poor performance and are therefore not qualified from the standpoint
of reactivity. The presence of methacrylic groups is responsible for that fact. Other
methacrylates like BisGMA, UDMA and propoxylated (2) neopentyl diacrylate (PNA)
perform significantly better, which might be attributed to some kind of preorganization
(of the cyclic structures for example) similar to B-hydroxyacrylates.” This effect is
also responsible for the good performance of glycerol 1,3-diglycerolate diacrylate
(GGA) among the acrylates. Due to the flexible spacers in E4-A and ethoxylated (10)
bisphenol A diacrylate (EBA), excellent photopolymerization behavior and in the case
of EBA a nearly complete DBC of 92% was observed. Comparably slow
photoreactivity of the bisacrylamide EPA can be explained by the low molecular

weight and less flexibility of the monomer, thus giving rigid and tight networks.
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Figure 30: Reactivity of multifunctional monomers

In the case of acrylates having 3 reactive groups (Figure 30) higher DBC of
propoxylated (3) glycerol diacrylate (GPA) compared to pentaerythritol triacrylate
(PTA) can be explained by the flexible core of GPA. In the case of PTA tight and less
flexible networks are formed. Low R, of ethoxylated (20) trimethylolpropane
triacrylate (ETA) compared to trimethylolpropane triacrylate (TTA) can be assigned to
the high molecular weight of the monomer.

Acrylates with more than three reactive groups gave a DBC below 50%, which can be
well explained by the highly cross-linked network and therefore poor mobility of the
remaining unreacted double bonds. T,,,, does not depend on the number of reactive

groups.
2.2.2 Mechanical Properties

To investigate the mechanical properties of the selected polymers, DMA and bending
strength tests were carried out. DMA provides information about the storage modulus

of the tested material in the temperature range of interest by application of a defined
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force with a defined frequency. Stress amplitude and deformation amplitude are being
measured and used for the calculation of the storage modulus. Measurements were
done between 10°C and 50°C. Three-point bending tests were used to determine the
stiffness. Test specimens were prepared as small rods (20*3*3 mm) by
photopolymerization in silicon molds. Polymers from mono-acrylated monomers were
tested with 20 wt% TTA or EPA as crosslinker — that was necessary to enable
extraction of residual monomer and biocompatibility tests in aqueous culture medium.

In comparison to traditional biopolymers some of the polymers described in this work
exhibit excellent strength and stiffness values. Some materials in contrast were
immeasurable due to their rubber-like texture (in spite of being crosslinked) e.g.
polymers from BEA, EEA, EEM, DPA and ETA. This can be attributed to the soft and
flexible side chains based on poly(ethylene glycol). Polyurethanes also belong to the

class of soft and flexible polymers. MA was too brittle to be analyzed.
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Figure 31: Storage modulus of all monomers at 37°C (MPa)
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Several parameters that influence the mechanical properties can be derived from the
summarized data in Figure 31 and Figure 32. As expected, polymers from di- or multi-
acrylated monomers, which form dense networks, performed better than polymers
from mono-acrylated monomers that were only slightly crosslinked with an additional
crosslinker. An exception is AA, which forms hard and stiff polymers due to its small
size and ability to form hydrogen bonds. Other monomers with the possibility for
hydrogen bonding like HEMA, GGA, tricyclodecan dimethanol diacrylate (CMA),
BisGMA, UDMA and dipentaerythritol pentaacrylate (PPA) were also among the
better materials. The exceptionally low values of ethoxylated (4) nonylphenol acrylate
(ENPA) regarding strength and stiffness can be explained by the long and flexible side
chain. Also the monomers containing aliphatic spacers, BDM and D3MA, belong to
the softer polymers under investigation. D3MA 1is known as a flexibilizing component
in dental restorative resins, which is well-demonstrated by the values obtained in our
studies. In the group of diacrylates the cyclic rings of CMA, BisGMA, and EBA are
responsible for the excellent strength values. The triacrylates GPA and PTA differ in
their spacer length, which is also reflected in the values for strength and storage

modulus. PTA gives tight networks resulting in a more brittle material, while GPA
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with its long flexible chains has a softer texture. The comparably low strength of
ditrimethylolpropane tetraacrylate (DTA), PPA, and dipentaerythritol penta/hexa-
acrylate (DPHA, 10-15% / 85-90%) might again be assigned to the high crosslinking
density and therefore brittle materials. Promising materials from a mechanical point of
view include polymers from BisGMA and UDMA, well-known from dental materials,
but also tripropylene glycol diacrylate (P3-A), GPA, and CMA. All these materials
exhibit strength and stiffness values comparable to or beyond commonly used
biopolymers (Table 5).
Table 5: Mechanical properties of common polymers and biomaterials. The

values for PE, PA and POM were obtained from the Cambridge
Engineering selector (Granta Design)

Material Strength [MPa] Storage modulus [MPa]
Polyamide (PA) 90 2800
Polyethylene (PE) 25 500
Polylactic acid (PLA)® 50 3500
Polycaprolactone (PCL)®! 17 318
Polyoxymethylene (POM) 90 2900
Compact bone* 50-150 11000

In order to determine the expected influence of additional fillers on the mechanical
behavior, a 1:1 mixture of BEA and TTA was chosen as exemplary resin. Different
contents of various fillers were added as shown in Table 6. HA and TCP have been
reported to be osteoconductive fillers used in bone replacement materials.”’ PEG and
poly(vinyl alcohol) PVA are possible fillers to tune the viscosity of the formulation in
order to optimize the resolution during the SL process.

Strength and stiffness were measured by DMA and 3-point-bending as described

above.
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Table 6: Mechanical properties of BEA/TTA (1:1) with different fillers

content  stiffness at 25°C strength at 20°C
filler

[w/w %] [MPa] [Mpa]

- - 1843 28
HA 25 1830 45
HA 50 1750 28
TCP 25 1490 35
TCP 50 2200 33
PEG 5 1025 24
PEG 20 590 17
PVA 5 1900 31
PVA 20 1900 17

Surprisingly only in the case of 50 w/w % TCP as filler can a significant increase in
stiffness be observed. The addition of HA didn’t have much influence on the storage
modulus, while the mixture with 25 w/w % TCP even caused a lowered value. These
findings are not only contrary to our expectations, but also in contrast to investigations
done by Marc Geiss in his diploma thesis.* He found increasing stiffness values for
mixtures of TTA and HEMA (4:1) up to a content of 60 wt% of HA. More than 3-fold
enhancement of the storage modulus could be achieved.

The use of PEG led to a distinct decrease in stiffness as expected and is therefore not
the best filler to tune the viscosity. PVA performed better in this aspect since values
slightly increased.

The expected increasing effect on the mechanical properties caused by the addition of
HA or TCP could only be observed for the values of the strength. Here the use of 25%

seemed to be better than 50%, maybe due to increasing brittleness.
2.2.3 Biocompatibility

All monofunctional reactive diluents were copolymerized with 20 wt% of EPA to
obtain crosslinked test specimens, since swelling in the aqueous test medium should be
reduced. In the case of PEA, IBA, ENPA, and TBA, 20 wt% of TTA were used
instead of EPA. PCL, a well-known material from medical applications (such as
sutures and drug delivery devices) was used as reference polymer. To these samples,

MG-63 osteosarcoma cells were seeded and cultured for three days.



Results and Discussion 56

non adherent adherent cells
cells

Figure 33: SEM images of adherent and non-adherent cells

These are adherent cells, meaning they must be able to adhere to a surface in order to
survive. Emission of toxic substances or unsuitable surface properties (functional

groups, too much or too less surface roughness, wettability, etc) lead to cell death

within a few hours.

*crosslinked with 20% EPA
**crosslinked with 20% TTA
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Figure 34: Cell number

Generally, all polymers investigated showed similar or better performance in cell
viability compared to the reference. The comparably low values for D3MA and ENPA
could be assigned to the soft and more flexible material - cell viability and

proliferation are influenced by the mechanical properties of the material, as has
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84,85
recently been shown™™

- and to the presence of aliphatic and polyethylene glycol-like
structures which is well-known to withstand cell adhesion. The lower value for
strength of D3MA compared to BDM, but more reasonable the long hydrophobic
spacer between the ester groups, led to a significant decrease in cell viability, although
the chemical structure is very similar.

Among acrylamides DBA provides a superior support for bone cell adhesion and
proliferation than DPA and DMA, which can be attributed to the better mechanical
properties on the one hand and suggests better adsorption of the serum proteins of the
culture medium on the other hand. This may be due to a better accessibility of the
amino-group of DBA, which is known for better cell adhesion and osteoblastic
differentiation.*®®” The low cell number found on the polymer made from HEMA was
expected. Although the material is known to be compatible with cell cultures, it does
not support attachment of mammalian cells and is usually used to cover culture dishes

to prevent cell adhesion.®

The hydroxyl-group of the ethylene glycol may be
responsible for this behavior. The relatively poor cell adhesion of BisGMA might also
be assigned to the presence of hydroxyl-groups. The good values for stiffness and
strength seem to be overruled by the chemical structure. From a structural point of
view, excellent results of IBA can be assigned to the camphor-like structure which is
well-known for good biocompatibility.

In the case of the monomers with three or more acrylate groups, good results were
observed except in the case of DPHA and ETA. Since mechanical properties could not
explain this behavior, the high value of residual acrylate groups in the DPHA polymer,
as can be seen from the DBC, seems to be responsible. For ETA again the
oligo(ethylene glycol) chains reduce the cell adhesion.

In addition to the cell proliferation and viability studies, the morphological appearance
of the cells on the two polymers, TTA and UDMA, were examined by staining the
stress fibers with phalloidin and investigation by confocal microscopy. On glass, the
osteoblastic MG-63 cells showed the typical cubical appearance with well-established
stress fibers and distinct adhesions points to the substratum (Figure 35-A). Cells
cultured on UDMA displayed a rhomboid appearance with strong stress fibers and
distinct adhesion structures as well (Figure 35-B). The morphology of the cells
cultured on TTA (Figure 35-C) was slightly longer compared to the cells on the other
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materials, and their appearance showed a fibroblastic character. However, stress fibers
and contacts to the substratum were well-established. The different morphology of the
cells could indicate that during the culture period the cells did not reach the same

differentiation status. This could mean that the substratum influences the development

of the cells indicated by different morphological appearance.

Figure 35: Morphology and stress fibers of MG-63 osteosarcoma cells
cultured on glass (A) UDMA (B) and TTA (C)

From these sets of experiments it can be concluded that the presence of a single
functional group does not control the cell adhesion and cell multiplication behavior,
but rather the whole structure of the monomer is responsible. Nevertheless, it seemed
that ether groups, as well-known from poor adhesion behavior from PEGs, but also
hydroxy groups (BisGMA, HEMA) have no cell multiplication promoting influence.
Carboxylic acids and ester groups, and especially amide linkage (DBA) as in proteins
and urethane groups (UDMA) seemed to be preferred. Also the mechanical properties

and the DBC seem to play important roles in cell adhesion.

3 Additives

Besides Pls, which are of great importance in any light curable formulation, absorbers

and fillers also contribute to good performance and high resolution with SL.

3.1 Photoinitiators

It is well-recognized that the PI plays a key role in any light curable formulation.

Indeed the initiator is responsible for the absorption of the incident light radiation
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producing the primary radical species that initiate the conversion of monomers.
Special attention should be drawn to the choice of the appropriate PI for a polymer
with desired biomedical applications. Beside the biocompatibility and non-toxicity of
degradation products, high performance and of course appropriate absorption
characteristics are important issues due to the intended stereolithographic shaping

process.
3.1.1 Low molecular weight photoinitiators

Several Type I and Type II PIs are known to be biocompatible and have found
application in the medical field. The Type II system CQ and DMAB is widely used in
dental formulations. These two substances were used within this work to prepare the
test specimens for the investigations concerning biocompatibility and cell behavior,
not least because of its photobleaching capability.*” But due to its quite slow Type II
mechanism this system is not appropriate for stereolithography. Therefore, two
a-cleavable Type I photoinitiators and the new 1,5-diphenylpenta-1,4-diin-3-on
(DPD)” (Figure 36) were tested for their applicability in a biodegradable tissue
scaffold.

A, o O % o/\o

DMAB Irgacure 2959

Irgacure 819

Figure 36: Structure of photoinitiators, CQ / DMAB, Irgacure 2959,
Irgacure 819 and DPD

The bisacylphosphine oxide Irgacure 819 is a very promising candidate for rapid
prototyping due to its high reactivity and its absorption tailing out in the visible region.
This photoinitiator is ideally suitable for the rapid prototyping process using the digital
light processing (DLP) principle with light emission only in the visible region. The
initiator has already found widespread application in dental materials as well as

biodegradable materials for tissue engineering.”’ The hydroxyalkylphenone Irgacure
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2959 has often been used for photocuring of biopolymers’® and the recently described
DPD was also of interest because of the low toxicity (LD50 >1g/kg’). Because of the
absorption below 400 nm, the application of these two initiators is limited to rapid
prototyping machines with appropriate UV-lasers. Photo DSC was used to compare
the efficiency of the photoinitiators. For that, 0.5 wt% of Irgacure 819 and Irgacure
2959, respectively, and 1 wt% of an equimolar mixture of CQ and DMAB were
dissolved in EPA and measured with filtered light (320-500 nm, 1500 mW/cm?). Due
to the high extinction coefficient of DPD only 0.3 wt% were necessary. Results from

the photo-DSC experiments are given in Table 7.

Table 7: Photoreactivity of photoinitiators in EPA

Photoinitiator tmax DBC Rp *1 0’
[s] [%] [mol L' s™]
Irgacure 819 7,8 87 227
Irgacure 2959 12,6 74 141
CQ/DMAB 13,2 63 102
DPD 13,2 62 93

Using this method of analysis, the advantages of curing with Irgacure 819 as
photoinitiator are evident. Exceptionally high DBC is of significant importance for low
migration systems. Generally, the time for complete curing is very similar for all
photoinitiators as the values for t;,, show. Under practical conditions the available

light source wavelength is responsible for the selection of the photoinitiator.
3.1.2 Development of migration stable photoinitiators

However, one important drawback of commercially available PIs is the migration of
unreacted molecules to the surface of the material and eventually into the surrounding
medium. Especially in medical applications, or when the material is in contact with
food, negative consequences like inflammatory reactions or toxication might occur.
Different approaches to overcome this problem include the incorporation of the PI into
the growing polymer chain, e.g. by modification with acrylate groups and

copolymerization, and raising the molecular weight. Possibilities range from dimeric
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PIs to polymers with the photoreactive moiety either in the backbone or on a side
chain of the polymer. *****°7 Also the preparation of copolymers of PI and coinitiator
(Col) have been reported.”’

For this project, ring opening metathesis polymerization (ROMP) was chosen as
preparation method for macromolecular photoreactive compounds, because the
development of ruthenium complexes, which initiate the polymerization of strained
cycloolefines and which show exceptionally high tolerance versus functional groups,
made ROMP a powerful tool for the synthesis of well-defined highly functionalized

materials of various architectures.’>”1%%10!

Macromolecules can be synthesized with
almost any desired molecular weight with exceptionally narrow dispersity.

In this chapter the synthesis of macroinitiators with eosin (EO) as the photoreactive
moiety by ROMP will be described. Eosin has been used successfully as PI'?%!0%104103
and photosensitizer.'*'?1%1% Amongst other things, the use of eosin for cell
encapsulation in polyethylene glycol diacrylate gels, showing promising
biocompatibility was reported.'”''" The photopolymerization using eosin as PI
follows a Type II mechanism and involves a reductive electron transfer from a donor,
usually a tertiary amine, followed by a transfer of hydrogen.'>'"> Also here DMAB
was used as Col. In the following section the synthesis and characterization of statistic
ROM-polymers with covalently immobilized eosin and/or DMAB units is presented.
The performance of these macroinitiators was evaluated by photo-DSC and compared
with the performance of low molecular weight PIs. Moreover, the migration stability
was determined via extraction of test specimens followed by UV/Vis-absorption
spectroscopy. All newly synthesized compounds were furthermore subjected to
viability studies using MC3T3-E1 osteoblast-like cells to evaluate their suitability in
bone replacement applications. The acrylate resin used for these experiments was

trimethylolpropane triacrylate (TTA). Part of the work, especially the synthesis, was
done by Martina Sandholzer at the Graz University of Technology.

3.1.2.1 General Investigations on the photoreactivity of eosin

Two forms of eosin — deprotonated as salt (eosin Y) and neutral (eosin Y spirit

103,113

soluble) (Figure 37) — are reported as PIs in literature. Therefore, some

preliminary investigations on the spectroscopic properties and photoinitiation activity
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of these two species were done, using the alkyl modified EO derivative 1 (Figure 37).
The alkyl-modification was aimed at providing improved solubility in an acrylate-

based resin.

R
‘ o+,

(0] Br
Br O O Br °

HO Br
1H: R= CH, 1TEA: R=CH;,
2H: R= OCOCH=CH, 2TEA: R=0COCH=CH,

Figure 37: Low molecular weight eosin derivatives (neutral and
deprotonated forms)

To convert 1 completely either to the neutral (1H) or deprotonated (1ITEA) form,
extraction with HCI (10%) in the first case, and addition of triethylamine (TEA, 1.2
mol equiv.) in the other case was used. This procedure was necessary because eosin
and its derivatives are readily, at least partially, deprotonated by traces of alkaline
species, e€.g. amines present in the laboratory atmosphere. In Figure 38 the UV/VIS
absorption and the fluorescence spectra of 1H and 1TEA in THF are shown. The
neutral species shows an absorption maximum at 476 nm (g: 21000 L mol” cm™).
Deprotonation leads to a bathochromic shift of the absorption maximum (Ap.: 539
nm) and an increased extinction coefficient (e: 85000 L mol” cm™). These effects are
also reflected in the fluorescence spectra, where the difference in intensity is even
more pronounced. Fluorescence maxima were observed at 556 nm (1H) and at 561 nm
(1ITEA) using an excitation wavelength of 528 nm. Due to the higher fluorescence

activity of 1'TEA, one might expect a reduced photoinitiator activity.
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Figure 38: UV-VIS and fluorescence spectra of 1H and 1TEA in THF

Since DMAB is intended to be used as Col for EO, it was of interest if any interaction
between these two molecules occurs similar to EO/TEA. Fortunately UV-VIS
measurements showed that DMAB is not able to deprotonate EO and is therefore
useful as Col.

To study the capability of EO as PI, photo DSC is a useful method. The principle and
the calculation of important terms are described in chapter 2.2.1.

To investigate the influence of the irradiation, wavelength experiments were done with
the common 320-500nm filter, a 250-450nm filter, and with the high pressure mercury

lamp without any filter. Its emission spectrum is shown in Figure 39.

Powsr $pectra of OmnvCure- Sors 2000 Standard Lamps

Figure 39: Emission spectrum of a high pressure mercury lamp
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Figure 40 shows the photo-DSC plots of the two species of alkyl-EO (1H and 1TEA,
0.3 wt%) in TTA with 1 eq of DMAB as Col.
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Figure 40: Photo DSC plots of 1H and 1TEA a) with filtered light (320-
500nm) b) (250-450nm) and c) without filter

Compared to 1TEA, the neutral form (1H) showed better photoreactivity in all
experiments (Table 8). In the case of the 320-500 nm filter the deprotonated form
ITEA was almost unreactive. By changing to a 250-450nm filter the
photopolymerization activity significantly increased, especially for 1TEA. Similar
activity was observed without the use of any filter. These findings suggest that the
absorption below 320 nm and not the strong absorption above 400 nm, as it could be
expected from the UV/VIS spectra, is responsible for the initiation reaction. However,

the initiation step has not yet been completely discovered and different mechanisms

112,113

are described in literature. The comparatively low performance of 1TEA can be

attributed to an extensive radiative relaxation of the excited state.
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Table 8: Photo-DSC data of 1H and 1TEA with DMAB as Col

tnax DBC Rp*10°
Filter Initiator -
[s] [%] [mol L™ s7]
1H 37 34 15.8
320-500 nm
1TEA 147 9 2.1
1H 17 47 41.8
250-450 nm
ITEA 46 38 15.1
1H 16 50 50.3
ITEA 39 43 16.3

In order to get deeper insight into the initiation mechanism and to learn more about the
role of the Col, additional experiments without DMAB were performed. In case of the
system 1TEA/TTA low photoreactivity was observed, whereas, 1H showed no

reactivity under the same conditions.

3.1.2.2 Preparation of macromolecular photoinitiators

ROMP was used to prepare different macromolecular EO based Pls. Polymers were
synthesized as statistic copolymers of endo,exo-[2.2.1]bicyclo-2-ene-5,6-dicarboxyclic
acid dimethyl-ester (6) and the corresponding PI (4) or Col monomer (5) (Figure 41)

114 with a modified second

(that were previously synthesized according to the literature)
generation Grubbs initiator (H,IMes)(CsHsN),(C1),Ru=CHPh (3)'"” in dry CH,Cl, at

room temperature. The polymers were isolated by repeated precipitation in n-pentane.
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Figure 41: Synthesis of EO macroinitiators

All polymers were obtained in good yield (68%-86%) and were characterized by
NMR- and IR-spectroscopy as well as gel permeation chromatography (GPC) and
differential scanning calorimetry (DSC). GPC chromatograms showed monomodal
size distributions with narrow polydispersity index (PDI) values ranging from 1.07 to

1.31 (Table 9).

Table 9: ROMP polymers

polymer composition GPC (in CHCly) DSC
4 5 6 M, PDI Mcalcd T,

(parts)  (parts)  (parts) (gM) (gM) °Cy'
poly 4-6, 2 0 88 19100 1.09 20400 68
poly 5-6, 0 2 88 18600 1.05 19400 74
poly 4-5-6, 2 2 88 19200 1.13 21300 51
poly 4-6;5 15 0 75 17300 1.16 29800 77
poly 5-61s 0 15 75 23000 1.07 22600 40
poly 4-5-6;5 15 15 75 26800 1.31 36700 64

“determined from the 2" heating run; heating rate: 10°C/min

To investigate if any aggregation effects occur, EO and DMAB were used in two

different molar concentrations. In order to improve the solubility of the macromer in
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the resin, the matrix monomer (6) was modified with oligo(ethylene glycol) moieties
(7 see Figure 41). Poly 4-7 has the highest calculated molecular weight with M.,
66500, which may lead to differences in diffusion compared to the other
macroinitiators. GPC showed a M,, of 34000 and PDI of 1.25.

Another approach to get improved migration stability is to modify the initiator in a
way that it gets incorporated into the growing polymer chain. That could be achieved

by introduction of an acrylic moiety (2).

3.1.2.3 Characterization of macromolecular photoinitiators

The newly synthesized macroinitiators were compared to the copolymerizable EO and
to the PI and Col with low molecular weight with regard to their photoreactivity,

migration stability, and toxicity.

3.1.2.3.1 Photoreactivity

For the following experiments EO-PlIs were extracted with HCI prior to use, in order to
obtain the neutral form of the dye. Although higher reactivity was observed with a
250-450 nm filter or without filter, irradiation with filtered light (320-500 nm) was
chosen, since higher sensitivity of the photo DSC unit and higher sample weights
allow a higher level of accuracy. The light intensity was kept constant at 20 mW/cm?2.
Preliminary  experiments indicated optimum  performance, similar to
camphorquinone/DMAB, with the use of 5 eq of amine. Nevertheless, all photo-DSC
experiments were carried out with equimolar mixtures of eosin-dye and Col in order to
investigate the subtle interplay of these two components. The concentration of the
active EO-moiety was kept constant at 3.3 pmol/g, which is the maximum amount that

1s soluble in the desired TTA resin.



Results and Discussion 68

Table 10: Photo-DSC data of EO initiators

tmax DBC Rp - *10°

Initiator Coinitiator 0o

[s] [%o] [mol L™ s
1H DMAB 37 34 15,7
1H poly5-6,s 40 35 11,7
1H poly5-6, 72 5 1,1
2H DMAB 28 38 21,4
2H poly6-717 34 33 8,5
poly4-6,s DMAB 50 31 10
poly4-6;5  poly5-6s 98 28 5,2
poly4-6; DMAB 37 35 13,7
poly4-6,  polyS-6;s 70 31 13,1
poly4-7;s DMAB 120 28 6,9
poly4-7,5  poly5-65 236 20 4
poly4-5-6s 73 23 5,7
poly4-5-6, 111 23 4.4

Results of the photo-DSC measurements are given in Table 10. The values for Rp and
DBC are in general quite low, which can be attributed to the tri-functional monomer
TTA. Even with the commercial initiator system camphorquinone/DMAB, DBC
values of 50 cannot be exceeded in the polymerization of TTA. As can be seen from
Table 10, low molecular weight initiators exhibited a higher reactivity compared to
high molecular weight initiators. These findings can be attributed to a higher mobility
of low molecular weight compounds and therefore a higher probability for the
electron/proton exchange reaction necessary for a Type II mechanism.

The difference in Rp between the 2H/DMAB mixture and the 2H/poly 5-6,5 mixture is
much higher than the corresponding difference between the mixtures with 1H, which
relies on the incorporation of 2H during the polymerization. That reduces its mobility
and causes fewer possibilities for the exchange of electrons and protons between the
two initiating components, especially in the case of poly 5-6,5 which has a quite low
mobility by itself. The much lower content of the Col in poly 5-6, seems to be

responsible for the very poor reactivity (almost non-reactive) of its mixture with 1H.
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Looking at the polymeric EO derivatives one can find a factor of two between the Rp
of the mixtures with DMAB and the mixtures with polymeric DMAB. The slightly
higher reactivity of poly 4-6, compared to poly 4-6,5 might be caused by aggregation
of EO moieties in poly 4-6,5 resulting in hindered accessibility of the reactive sites.
However, the results described above give a strong indication for a bimolecular
mechanism of the initiation step. Moreover, it can be concluded that the amine radical
acts as the initiating species,” as tms significantly increases when the high molecular
weight amine is used.

In order to improve the solubility of the macro-PI in the TTA matrix a glycol-modified
norbornene derivative (7) was used for the preparation of poly4-7,5. Unfortunately,
poly4-7,5 showed rather poor performance in the photo-DSC experiments. The use of
7 as bulk-monomer for the polymeric initiator resulted in a much higher molecular
weight compared to the polymeric Pls described above. A higher molecular weight,
however, presumably led to a decreased mobility of the PI.

Statistic co-polymers having both the PI and the Col incorporated within one and the
same polymer chain (poly 4-5-6,5, poly 4-5-6,) showed significantly lower
polymerization activity than the blend systems. Although the two reacting species are
in close proximity, the mobility of the whole system is too low to enable good
interactions and high reactivity. Another limiting factor might be the in-cage

recombination of radicals, thus lowering the amount of initiating radicals.®

3.1.2.3.2 Migration Stability

In order to investigate whether the newly synthesized materials show improved
migration stability compared to low molecular weight systems, polymer plates were
prepared and extracted. UV/Vis-absorption measurements of the extracts were

performed to quantify the amount of leaked dye.
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Figure 42: Extraction of polymer plates

Test specimens were made of TTA using the same amounts of initiator and Col as
already described for the photo-DSC measurements (3.3 umol/g). The mixtures were
cured in silicon molds for 5 min under nitrogen using a high pressure mercury lamp.
Afterwards the specimens were extracted in an ultrasonic bath with different organic
and aqueous solvents to remove any unreacted monomer, a procedure that is obligatory
for a biomedical application. The test specimens were then placed in glass tubes,
covered with 5 mL EtOH, sealed and extracted for 1 week at room temperature. One
part of the obtained solutions was used to determine the amount of dye by UV

spectroscopy. With the other part toxicological measurements were performed.
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Figure 43: of extracted initiators (in %, compared to the amount used)

In Figure 43 the amount of extracted initiator (% of the amount used in the
formulation), obtained from the EtOH extraction step is shown. The amount of
initiator leaked during the extraction ranged from 0.08 % to 1.77 %, which can be seen
as good migration stability since absolute values range from 0.9 pg to 55ug. A factor
of 10 could be observed between the leaking of high molecular initiators (poly4-7 with
polyS5-6,5, 0.03%) and monomolecular initiators (1H, 0.44%).

The relativly high value of leaked initiator of the system 1H/poly 5-6, corresponds to
the poor results of the photo DSC measurements. Low conversion and therefore low
network density results in a high amount of unreacted substances prone to migrate out
of the material.

As expected, the migration stability could be improved by using high molecular
weight EO as PI. The amount of leaked initiator ranged from 0.23 % for poly4-6, to
0.31 % for poly4-6,5 both used with low molecular weight DMAB as Col. When
poly5-6,5 was used instead of DMAB as Col the amount of initiator determined in the
EtOH extracts was even reduced to 0.23 %-0.03 %. The improved migration stability
of EO-polymers in combination with poly5-6,5 compared to the mixtures of EO-
polymers with low molecular weight DMAB can presumably be attributed to an

interaction between the polymer chains. Addition of the reactive DMAB radical to the
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double bonds of the ROM-polymer can lead to the formation of networks if both, PI
and Col are used in their polymeric forms.""

Although relatively poor reactivity in the photo-DSC measurements was observed for
poly4-5-6, and poly4-5-6,5 these compounds show fairly high migration stability. The
amount of leaked initiator was 0.08 % for poly4-5-6, and 0.12 % for poly4-5-6,s.
These results can be attributed to the high molecular weight of these macro-initiators
resulting in a reduced mobility. The same trend was observed in case of poly4-7
(leakage: 0.09-0.14 %) which has the highest molecular weight of all substances under

investigation.

3.1.2.3.3 1In vitro LD50

Since the substances presented herein have a potential application in the synthesis of
bone replacement materials, all newly synthesized compounds were examined with
regard to toxicology. For the viability study and the determination of the in-vitro
LD50, MC3T3-El osteoblast-like cells were used. The cells were continuously
exposed to increasing concentrations (10°-10 mol/L) of monomers and polymers and
to the ethanol extracts gained from the migration study. Monomers as well as ROM-
polymers proved to be non-toxic up to a concentration of 10° M. Above this
concentration the substances precipitated in the aqueous test medium. The EtOH

extracts did not show a toxic reaction either.
3.2  Further Additives

3.21 Fillers

Soluble organic fillers are necessary to adjust the viscosity of the monomer
formulation to achieve the highest possible resolution of the SL machines. Between
0.3 and 0.5 Pas fabrication is easiest. Poly(vinyl pyrrolidone) (PVP), PVA and
cellulose-acetate-butyrate (CAB) have previously been tested regarding
biocompatibility''” and found to be acceptable in a bone replacement material.

Insoluble inorganic fillers such as HA and TCP are osteoconductive® and serve to

enhance the mechanical stability of the material.
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3.2.2 Absorbers

Depending on the RP machine and the corresponding light source two different
absorbers were used.

The Prefactory DLP machine from Envisiontec, described in the next chapter, works
with visible light and therefore a colored absorber was necessary. A substance
containing chrome was kindly provided by Envisiontec. The exact structure of the
molecule could not be determined. Tests with endothelial cells showed no cytotoxicity
up to 10” mol/L in spite of the containing chrome (no measurements were performed
above this concentration). For optimum layer thickness, an amount of 0.1 wt% was
added to each formulation. The obtained objects were orange, which might be
disadvantageous for certain applications.

The laser of the pu-SL machine demanded a substance with an absorption maximum
around 350 nm. 2,2’-Dihydroxy-4,4’-dimethoxybenzophenone (HMBP) was found to
be a cheap and good possibility to control the penetration depth.

The third RP method used within this project was the two photon polymerization.
Because of its principle, which will be explained in the next section, no absorber is

needed 1n this case.
4  3D-Structuring

When it comes to the fabrication of a bone implant for a specific patient, with
interconnected pores of defined size, RP techniques offer great possibilities because of
their layer-by-layer processing. Compared to classic melt- and solution-techniques
such as Injection molding and Electrospinning, or SFF techniques such as FDM or
SLS, RP methods based on light-induced curing of a photosensitive resin have
exceptional potentialities since higher resolutions are achievable and processing at
room temperature enables the incorporation of temperature sensitive materials, e.g.
growth factors.

During this project three different kinds of SL were applied, which differ in the light
source and the achievable resolutions. They will be discussed in detail in the following

section. Since monomer formulations had to be adjusted individually for each
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technique, their composition and design is described in the corresponding sub-

chapters.
4.1 Digital light processing

DLP is the RP method with the lowest resolution used in the framework of this study,
but it is by far good enough to replicate human bone with its inner structure. The
utilized Perfactory Mini DLP machine from Envisiontec GmbH allows shaping parts
with a xy-resolution of 45 um and a minimum layer thickness of 25 um. This
computerized fabrication technique works like all SL methods with layer-by-layer
photopolymerization. A CAD model of the designed object is sliced, and the image of
the first slice projected into the bottom of a resin tank, where photopolymerization
takes place according to this image. The polymer adheres to the z-stage which is then
moved upwards (30um). Since each individual layer is exposed in one shot, the build

speed (approximately 5-15 vertical mm/hr) is fairly high.

3D datamodel sliced model phvsical model

|

movable z-stage

resin

optics

light source

«

micro-mirror array

Figure 44: Digital light processing
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The vat is only coated with a thin layer of resin, thus the required amount of initial
resin is quite low (50-100 mL). Drawbacks of the method are mostly related to the
attachment of the polymerized resin to the transparent silicone layer. Especially
monomers with low molecular weight tend to migrate into the silicone. In this case the
silicone layer can be destroyed after a couple of exposures, requiring a replacement of
the vat.

Four different monomer formulations have been designed especially for this machine.
Two of them are biocompatible, and the other two are both biocompatible and

biodegradable. Table 11 shows the detailed composition of the four resins.

Table 11: Composition of resins for DLP

component resin 1 resin 2 resin 3 resin 4
biodegradable basis monomer - - 11.4% GM 8.0% GP4M
reactive diluent 1 72% DBA  48.8% DBA 11.4% PEGDM 11.9% PEGDM
reactive diluent 2 11% MSA 7.4% MSA  45.7% HEMA 10.0% E4-A
reactive diluent 3 9.9% UDMA 6.7% UDMA - 47.8% HEMA
photoinitiator 3% Irg 819 3% Irg 819 3% Irg 819 2.4% Irg 819
solvent - - 22.9% H,0 15.9% H,O
soluble filler 4% CAB 4% CAB 5.5% PVP 3.9% PVP
insoluble filler - 30% HA - -
absorber 0.1% OR1 0.1% OR1 0.1% OR1 0.1% OR1

Resins 1 and 2 are biocompatible but non-degradable polymers that differ only in the
addition of HA as osteoconductive filler, which additionally enhances the mechanical
properties of the polymer. These resins were mainly developed as model resins to
adjust the settings of the DLP machine such as time (12 s) and intensity (66 mW) of
exposure, to find the optimal dynamic viscosity (0.3 Pa s) for highest resolution and
also the optimum concentrations of photoinitiator (3%) and light absorber (ORI;
0.1%). The successful fabrication of a spongiosa like structure (Figure 45¢) with resin
2 showed that building is also possible with finely powdered solid particles. Although
light scattering occurred, feature resolution did not decrease due to the addition of 30
wt% of HA. Beside their function as model systems for the following biodegradable
resins, they could possibly also find application in the medical field, where hard and

stiff materials are required that do not degrade.
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a) b)

Figure 45: Structures prepared by DLP with resin 1 (a) and 2 (b and ¢)

After the preliminary results from resin 1 and 2 it was quite easy and resin-saving to
find the optimum settings of the DLP machine for the two biodegradable resins 3 and
4. Nevertheless some shrinkage of the objects could be observed a few days after
fabrication due to evaporation of the water. This factor has to be considered when
implants of exact size should be built. Storage in humid atmosphere might be helpful.

Figure 46 shows the obtained cellular structures.
- — i TR 2 S |

Figure 46: Objects prepared by DLP using resin 3 (a) and 4 (b)

Figure 46(a) shows that the use of water diminishes the resolution and geometry
because of shrinkage. Further optimization of the formulation in resin 4 led to clearer
structures without artifacts.

Resin 4 was characterized exemplarily regarding its photoreactivity. FT-IR
spectroscopy was used for the determination of the DBC, because for a resin, which is
a complex mixture of monomers the calculation via Photo-DSC is not possible. So,
first a photo-DSC measurement was done, from which t;., was obtained. Then the
cured polymer specimen and a drop of the uncured monomer formulation were

analyzed using an ATR-IR unit. The comparison of the peak areas for the C=C bonds
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in the polymer and the monomer spectra using peak deconvolution gave the DBC. The

C=0 bond at 1725 cm™! served as the reference bond.

Table 12: Photoreactivity data of resin 4

tmax [S]  DBC [%]
20 74

The obtained values were surprisingly good, since only 10% of the mixture was made
up by an acrylate, E4-A. The other components were methacrylates, which are known
to react slower. Resin 4 exhibited a t;,,, quite close to the value of E4-A, which was 11
s. The influence of HEMA, which represents 48% of the mixture, seemed to be rather

small. Its initial t,,, was 107 s.
4.2  Micro-Stereolithography

Alternatively, a micro-SL system based on a UV-laser was utilized. Here a laser is
traced over the surface of the resin. After lowering of the object and coating, the next

layer is cured. The details of the setup are described by Neumeister et al.''®

<

Laser Mirror scanning system

\
%
Yoo,
¢
)
=1
7,

O Resin

Coating system
Figure 47: Micro-Stereolithography
The xy-resolution for this system is around 5 pm and the minimum layer thickness is

10 wm. In contrast to the DLP-systems there are no issues with swelling of the silicone

vat since the micro-SL uses a traditional approach where the resin is solidified at its
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upper surface. Care has to be taken to use resins with low viscosity, otherwise
consistently thin layers are hard to achieve. Since the resin surface is in contact with
air, oxygen inhibition might play a role with some monomers.

The use of water is not possible with this kind of SL because curing happens on the
surface and the layer thickness is only 10um. Evaporation would occur and drastically
reduce the resolution. Therefore no resins containing water could be used and only
biocompatible but no biodegradable polymers were fabricated. Table 13 shows the

composition of the used monomer formulations.

Table 13: Composition of resins for p-SL

component resin 5 resin 6
reactive diluent 1 49.1% ETA 78.7% UDMA
reactive diluent 2 49.1% TTA 19.6% PEG700DA
photoinitiator 1.5% Irg 2959 1.5% Irg 819
absorber 0.3% HMBP 0.2% HMBP

HMBP with its absorption maximum at 350nm was used as absorber. Due to the
different irradiation wavelength and the use of highly reactive monomers, lower
contents of inititator could be used compared to DLP. Hard and stiff polymers as

shown in Figure 48 and Figure 49 were obtained.
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Figure 49: SEM images of cellular structures prepared with resin 5

Clear structures with high resolution and without artifacts could be obtained.
4.3 Two Photon Absorption Polymerization

A third method is the fabrication with two photon polymerization that enables a
theoretical spatial fabrication resolution down to 120 nm'" and surface roughness well

below 50 nm. Although such a high resolution is not necessary for the preparation of a
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cellular bone implant, this method might be useful for other medical applications and
the fabrication of a biocompatible structure was therefore tested. The Two Photon
Polymerization process employs femtosecond laser pulses (Ti:Sapphire laser, 130 fs,
1kHz, 750-850 nm) which are focused into the volume of a photopolymer, being

transparent at the laser wavelength.

- Microscope lens

Figure 50: Principle of a two photon absorption machine

Solidification is performed in a highly localized volume due to the quadratic
dependence of the two-photon absorption rate on the laser intensity. When two
photons of 800 nm are absorbed simultaneously by a suitable photoinitiator’ they act
as one 400 nm photon and start the polymerization. By this method feature resolutions

below the diffraction limit of the used light are possible (Figure 51).

Figure 51: Structures prepared by two photon polymerization

The resin used for these experiments was a 1:1 mixture of ETA and TTA with 0.08%

of NDPD™ as photoinitiator.
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Experimental

1 Basis Monomer

1.1  Synthesis of gelatin derivatives

Preliminaries: The enzymatic gelatin hydrolysate (GH, obtained by Aldrich G0262)
with a molecular weight of up to 6000 g/mol was dialyzed prior to use, using a
membrane with a MWCO (molecular weight cut off) of 3500 g/mol. A 20% solution
of GH in distilled water was dialyzed against a 20 fold excess of distilled water for 24

h with several changes of water. Approximately 75% of the used material was cut off.

111 Gelatin hydrolysate — methacrylate (GM)

A\
COOH NH O:<) o
H,N coon )H(ONO H O/A
gelatin 0 A7 .
NH gelatin H
hydrolysate : - hydrolysate N
HZN A\N A
H
COOH o H
/
A O
s */\(\ OJH(
OH
MW density
Reagents (g/mol)  (g/mL) mmol g mL eq
dialyzed gelatin hydrolysate (GH) - - 1657 10 - 1
glycidylmethacrylate 142 1.075 8.25 1.2 1.1 5
hydroginone monomethylester 124 - 0.02 0.002 - 0.01
diluted NaOH (pH 8.5) 50

Ytotal amount of free amino and acidic groups of gelatin according to literature

Procedure:
GH was dissolved in distilled water and adjusted to pH 8.5 with diluted NaOH. The
mixture was heated up to 40°C, then 5 eq of glycidylmethacrylate were added together

with the inhibitor, and stirred overnight. The solution was then extracted with EE and
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dialyzed against distilled water for 24 h with several changes of water. Afterwards the
remaining water was evaporated and the product dried in vacuum.

Yield: 0.77g yellow solid (63% of theory)

Analysis:

For the determination of the conversion of amino groups titration with 0.01M HCI was performed

against methyl red. Acidic groups were titrated with 0.01lM NaOH against phenolphthalein. GH

before maodification showed following val ues:

amino groups 0.105 mmol/g
acidic groups 0.360 mmol/g
Titration of GM modified amino groups 0.105 mmol/g
modified acidic groups 0.136 mmol/g

corresponding to 0.241 mmol/g methacrylic groups

"H-NMR of GH with phenol as internal standard showed that peak at 0.9 ppm correspond to 0.288

mmol/g CH3 groups.

H-NMR (D,0) & (ppm): 6.2 (HCH=C) Int = 0.287
5.7 (HCH=C) Int = 0.283
0.9 (CH3) Int=1

corresponding to 0.245 mmol/g methacrylic groups
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1.1.2 Gelatine hydrolysate — PEG-methacrylate (GPMM)

1.1.2.1  Preparation of monomehtacrylate-PEG-acid'®

(0]
(0]
) 0 0o ¢} OH
)HTP\/#OHJFW . )kﬂ/k\/ﬂ?ow
(0] 0 (0]
1

Reagents (gl\//[n:)(‘)]l) mmol g mL eq
PEG monomethacrylate 360 2.8 1.0 - 1
maleic anhydride 98 42 041 - 1.5
4-dimethylamino pyridine 122 0.08 001 - 0.03
hydroqginone 110 0.02 0.002 - 0.01
CHCls 25

Procedure:

PEG-monomethacrylate was preliminarily dried over CaCl, over night. Maleic
anhydride and 4-dimethylaminopyridine were dissolved in chloroform (5 mL) at 60°C
and the solution obtained was added to a solution of PEG monomethacrylate and
hydroquinone in chloroform (20 mL) at 60°C. The solution was stirred at 60°C for 24
h, cooled to room temperature and washed with water (5 x 10 mL). The CHCIl; phase
was dried over Na,SQO,, filtered and the solvent evaporated in vacuum. The product
was dried in vacuum.

Yield: 0.85g slightly yellow oil (67% of theory)

Analysis:
DC (CHCI3/MeOH 5:1, + AcOH): R=034
'H-NMR (CDCls) & (ppm): 9.29 (s, 1H, COOH)

6.28 (dd, 2H, CH=CH)

6.09 (s, 1H, HCH=C)

5.54 (s, 1H, HCH=C)
4.26-4.39 (M, 4H, CH,-O-CO)
3.64 (d, 16.7H, CH,-O)

1.91 (s, 3H, CHy)
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1.1.2.2  Preparation of monomethacrylate-PEG-NHS"

o OH 0 0
o} _ OH N o
(0] (0] 0 o)
1 2 (o)

Reagents (gl\//ln‘l):)/l) ?ge/l:lslllt?)’ mmol g mL eq
monomethacrylate - PEG —acid (1) 458 - 77 354 -
NaHCO; 84 - 39.6 333 - 5
N-Hydroxysuccinimid (NHS) 117 - 10.8 126 - 14
diphenylchlorophosphate (DPCP) 269 1.296 11.8 3.17 24 15
CHCI; abs. - - - - 250 -

Procedure:

The synthesis was done according to literature. To a solution of the acid (1) in water-
free CHCl;, 5 eq of NaHCO;, 1.4 eq of NHS and finally 1.5 eq of diphenyl
chlorophosphate were added. The mixture was heated to 40°C and stirred under
nitrogen for 24 h. Afterwards it was extracted with a saturated solution of NaHCO;
and brine. The organic phase was dried over Na,SO,, filtered, the solvent evaporated
and the product dried in a vacuum oven at 40°C.

Yield: 3.24g colorless oil (72% of theory)

Analysis:
DC (CHCly/MeOH 5:1, + AcOH): R = 0.74
'H-NMR (CDCl5) & (ppm): 6.48 (dd, 2H, CH=CH)

6.09 (s, 1H, HCH=C)

554 (s, 1H, HCH=C)

4.29 (d, 4H, CH,-O-CO)

3.65 (d, 15.5H, CH,-O)

2.82 (s, 4H, CO-CH,-CH,-CO)
1.91 (s, 3H, CH,)
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1.1.2.3  Preparation of GPMM*#

0}
COOH iy Ol
COOH C—O0O—N
H,N : i ot
gelatin c” .
hydrolysate NH, (0] gelatin H
hydrolysate N,
HZN C\N C
H
CooH oy HC
i i @MW
o
MW
Reagents (g/mol) mmol ¢ mL eq
GH 092 242 - 1
monomethacrylate - PEG — NHS (2) 557 1.63 091 1.8
phosphate buffered saline (PBS) 50
DMF 5
Procedure:

GH was dissolved in PBS. The PEG reagent (2) in DMF was added dropwise within
30 min. The mixture was stirred at room temperature for 24 h. The product was
isolated by dialysis against distilled water for 24 h with several changes of water.
Finally the solvent was evaporated in vacuum and the solid product dried in vacuum.

Yield: 1.51 g yellow solid (52% of theory)

Analysis:

Titration data are not available in this case.

'H-NMR (D,0) & (ppm): 6.2 (HCH=C) Int = 0.032
5.7 (HCH=C) Int = 0.033
0.9 (CH3) Int=1

corresponding to 0.028 mmol/g methacrylic groups
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1.1.3 Gelatin hydrolysate — PEG, methacrylate (GPM and GP4M)

1.1.3.1 Preparation of monomethyl-PEG-acid
o 0
0 0
FoTron OO0 - o
0
5,6

MW

Reagents (g/mol) mmol g mL eq
monomethyl-PEG 1000/4000 10/2.5 10 - 1
maleic anhydride 98 50/12.5 4.90/1.22 - 5
4-dimethylamino pyridine 122 0.8/0.2 0.098/0.025 -  0.08
CHCl; abs 150
Procedure:

The synthesis was done as described above (chapter 1.1.2.1).
Yield: PEG1000 (5): 7.8 g colorless waxlike solid (71% of theory)
PEG4000 (6): 9.5 g yellow waxlike solid (87% of theory)

Analysis:

'H-NMR (CDCl3) & (ppm): 6.24 (q, 2H, CH=CH)
4.29 (t, 2H, CH,-COOR)

3.42-3.65 (M, 90H, [360H] CH,)
3.31 (s, 3H, CHy)
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1.1.3.2  Preparation of monomethyl-PEG-NHS"
(e} CI)H (0] O
e I L e,
5,6 0 7,8 0 o

MW

Reagents (g/mol) mmol g mL eq
monomethyl-PEG-acid (5,6)  1098/4098  9.1/2.4 10 - 1
NHS 117 10.1/2.6 1.17/0.31 - 1.1
dicyclohexyl carbodiimide 206 10.9/2.9  2.25/0.59 - 1.2
4-dimethylamino pyridine 122 0.18/0.05 0.022/0.006 - 0.02
EE abs. 250
Procedure:

The reagents were dissolved in dry EE and stirred for 24 h at room temperature under
nitrogen atmosphere. Afterwards, solid byproducts were filtered off and the solvent
was evaporated in vacuum. For further purification the product was redissolved in dry
EE and once again filtered. After evaporation of the solvent the product was dried in
vacuum.
Yield: PEG1000 (7): 9.9 g brown waxlike solid (98% of theory)
PEG4000 (8): 8.2 g brown waxlike solid (82% of theory)

Analysis:
'H-NMR (CDCl3) & (ppm): 7.06 (dd, 2H, CH=CH)

4.37 (t, 2H, CH,-COOR)

3.50-3.75 (m, 90H, [360H] CH,)

3,51 (s, 3H, CHy)
2.86 (s, 4H, CO-CH,-CH,-CO)
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1.1.3.3 Modification of GH with monomethyl-PEG-NHS'**

COOH (0] OH g
i COOH O NTE
H
H2N\ E—O—N E/ OH
gelatin gelatin H
hydrolysate NH, 7,8 hydrolysate N,
H,N 0 - EN E
) >
H
2 o E
COOH H OH H
0]
E = */N AN O+V ﬁn\ 9,10
0)
MW
Reagents (g/mol) mmol g mL eq
GH 0.38 1 - 1
monomethyl-PEG-NHS (7,8)  1197/4197  0.57  0.68/2.39 1.5
DMSO abs. 15

Procedure:
The reagents were dissolved in dry DMSO under nitrogen atmosphere and stirred at
room temperature for 24 h. The aqueous solution was then washed with EE and the
remaining reaction mixture was dialyzed for 24 h against distilled water. The solvent
was finally evaporated in vacuum and the product dried in vacuum.
Yield: PEG1000 (9): 0.89 g yellow solid (63% of theory)

PEG4000 (10): 1.84 g yellow solid (72% of theory)

Analysis:
PEG 1000 (9) Titration modified amino groups 0.105 mmol/g
'H-NMR (D,0) & (ppm): 3.7 (CH-0) Int = 21.455
0.9 (CHy) Int=1
modified amino groups 0.230 mmol/g
PEG 4000 (10) Titration modified amino groups 0.105mmol/g
'H-NMR (D,0) & (ppm): 3.7 (CH-O) Int = 54.93
0.9 (CHy) Int=1

modified amino groups 0.167 mmol/g
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1.1.3.4 Preparation of GPM and GP4M

COOH E \
NH 0

H 0o
H COOH (0] N—E
BN OV<? H /\ A
gelatin H o) E” .
hydrolysate N, - gelatin H
E. E hydrolysate N,
N E. E
H N
HN~p H N
COOH 07>y HE
/ GPM
9,10 0 A O GP4M
|
E _*/NMO/%\/Oﬂn\ A = */\(\O)H(
0 OH
MW  density
Reagents (g/mol) (g/mL) mmol g mL eq
9,10 - 1.27 1.0 - 1
glycidylmethacrylate 142 1.075 254 036 03 2
hydroginone monomethylester 0.02
diluted NaOH (pH 8.5) 20
Procedure:

The modification with glycidylmethacrylate was done as described above (chapter
11.1).
Yield: PEG1000 (GPM): 0.63 g yellow solid (53% of theory)

PEG4000 (GP4M): 0.67 g yellow solid (57% of theory)

Analysis:
PEG 1000 (GPM) Titration modified amino groups 0.105 mmol/g
modified acidic groups 0.212 mmol/g
'H-NMR (D,0) & (ppm): 6.2 (HCH=C) Int = 0.011
5.7 (HCH=C) Int = 0.010
3.7(CH,-O) Int = 21.455
0.9 (CHy) Int=1
modified amino groups 0.206 mmol/g
modified acidic groups 0.009 mmol/g
PEG 4000 (GP4M) Titration modified amino groups 0.105 mmol/g
modified acidic groups 0.328 mmol/g
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'H-NMR (D,0) & (ppm): 6.2 (HCH=C)
5.7 (HCH=C)
3.7 (CH2-0)
0.9 (CHy)
modified amino groups

modified acidic groups

Int = 0.081
Int = 0.069
Int = 54.93
Int=1
0.132 mmol/g
0.068 mmol/g
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1.14 Gelatin hydrolysate — linolic amide, methacrylate (GLM)

1.14.1 Preparation of linolic acid NHS ester

MW density

Reagents (g/mol)  (g/mL) mmol g mL eq
linolic acid 280 18 5 - 1
NaHCO; 84 - 72 6 - 4
NHS 117 - 23 198 - 1.1
DPCP 269 1.296 21.6 58 45 1.2
CHCl; abs. 200
Procedure:

The synthesis was done as described above (chapter 1.1.2.2).
Yield: 6.30g yellow oil (87% of theory)

Analysis:
DC (CHCIs/MeOH 5:1, + AcOH): R =091
H-NMR (CDCls) & (ppm): 5.26-5.47 (M, 4H, CH=CH)

2.82 (s, 4H, CO-CH,-CH,-CO)
2.79 (t, 2H, =CH-CH,-CH=)
2.60 (t, 2H, CH,-COOR)

2.04 (t, 4H, CH,-CH=CH)
1.75 (t, 2H, CH,-CH,-COOR)
1.22-1.45 (m, 14H, CH,)

0.89 (t, 3H, CH3)
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1.1.4.2 Modification of GH with linolic acid'*®

gelatin

gelatin
hydrolysate

hydrolysate

2
COOH o 4

Reagents (gl\//lnfz)/l) mmol g mL eq
GH - 0.38 1.0 - 1
linolic acid NHS ester (3) 380 0.76 0.3 2
DMSO abs 0.02 15

Procedure:

Two eq of the linolic acid NHS ester (3) was reacted with GH in water-free DMSO at
room temperature for 24 h. The product was obtained by precipitation in cold EtOH.
After washing with warm EE the white solid product was dried in vacuum.

Yield: 0.84g yellow-white solid (77% of theory)

Analysis:

Titration of GM modified amino groups 0.105 mmol/g

NMR could not be used to determine the conversion in this case, because signals resulting from linolic

acid were overlapping with those of GH.
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1.1.4.3 Preparation of GLM

A\
H
QooH H ) o) 0o
H COOH 0 :< - A
H
DTN )H(OW N
gelatin H .
O gelatin H

b hydrolysate N\D > hydrolysate N,

N Dy D

H H

N~
COOH 0 o H A
1) A GLM ¢
D = WW\/\/\
* A = */\(\ O)H(
OH
MW density

Reagents (g/mol)  (g/mL) mmol g mL eq
4 - 1.27 1.0 - 1
glycidylmethacrylate 142 1.075 6.35 09 0.8 5
hydroqinone monomethylester 0.02
diluted NaOH (pH 8.5) 50
Procedure:

The modification with glycidylmethacrylate was done as described above (chapter
11.1).
Yield: 0.62 g yellow solid (52% of theory)

Analysis:
Titration modified amino groups 0.008 mmol/g
modified acidic groups 0.258 mmol/g
'H-NMR (D,0) & (ppm): 6.2 (HCH=C) Int = 0.075
5.7 (HCH=C) Int = 0.083
0.9 (CHa) Int=1

corresponding to 0.068 mmol/g methacrylic groups

No signals of linolic acid could be observed in the *H-NMR spectrum.
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1.2 Testing

121 GPC and MALDI-TOF

GPC measurements were performed on a Viscotk GPCmax VE 2001, equipped with
Waters Ultrahydrogel 120, 250 columns and a Viscotek RI Detector VE3580. Samples
were dissolved in H;O (10 mg in 1 mL) and filtered with a syringe filter (Millipore
Millex-FG Hydrophobic PTFE 0.2 um). The injection volume was 100 pl, the flow
rate was set to 1 mL/min and the temperature was 40°C. Poly(ethylene oxide) was
used for calibration.

MALDI-TOF Mass Spectrometry was performed on a Micromass TofSpec 2E Time-
of-Flight Mass Spectrometer. The instrument is equipped with a nitrogen laser (337
nm wavelength, operated at a frequency of 5 Hz), and a time lag focusing unit. Ions
were generated by irradiation just above the threshold laser power. Positive ion spectra
were recorded in reflectron mode applying an accelerating voltage of 20 kV and
externally calibrated with a suitable mixture of poly(ethyleneglycol)s (PEG). The
spectra of 100-150 shots were averaged. Analysis of data was done with MassLynx-
Software V3.5 (Micromass/Waters, Manchester, UK).

Samples were dissolved in 1% TFA (¢ = 0.1 and 0.01 mg/mL, respectively), 2,5-
dihydroxybenzoic acid (2,5-DHB) and o-cyano-4-hydroxycinnamic acid (CHCA)
were used as matrix (¢ = 10 mg/mL in acetonitrile : 1% TFA = 70 : 30 (v / v)).
Generally, solutions were mixed in the cap of a microtube in the ratio of 1 uL : 10 pL.

0.5 uL of the resulting mixture were spotted onto the target and allowed to air dry.
1.2.2 Compatibility with acrylic monomers

For the determination of the miscibility of the gelatin derivatives with organic media,
all the synthesized substances were diluted in the 2-fold excess of destilled water. A
4:1 mixture of HEMA and PEGDM was added dropwise to the aequous solutions until

turbidity and precipitation was observed.
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1.2.3 Cytotoxicity

For the viability study and the determination of the in-vitro LD50 MC3T3-El
osteoblast-like cells were used. As culture medium Dulbecco’s Modified Eagle’s
Medium (a-MEM) supplemented with 10% fetal calf serum (FCS), glucose (5 g/L),
gentamicin (30 pg/L), L-glutamin and ascorbic acid was used. Cells were kept in a
humidified air under 5 % CO, at 37 °C for 5 days. The cells were continuously
exposed to increasing concentrations (10°-10> mol/L) of the monomers and GH
derivatives. Then, the cells were washed with phosphate buffered saline. The DNA,
was coloured using the Hoechst 22855 dye and the fluorescence was measured at 460
nm (Ay: 360 nm). From these results the in-vitro LD50 was determined via
interpolation of a calibration function.

Additionally experiments were done with endothelial cell cultures. Human umbilical
vein endothelial cells (HUVEC) were seeded into cell culture plates at a density of
40000 cells/cm® and incubated for 24 h with increasing concentrations (107-107
mol/L) of the substances at 37°C. Cells grown in M199 medium containing 10% fetal
calf serum alone served as proliferation control. Inhibition of cell proliferation was

assessed using the EZ4U assay.
2 Reactive Diluents
2.1 Selection of monomers

All reagents, unless otherwise noted, were purchased from Sigma-Aldrich and were
used without further purification. The monomers MA, EEA, EEM, BEA, HEMA, IBA,
TBA, PTA and GGA were also obtained from Sigma Aldrich. DMA and AA were
received from Fluka, BDM and MA were received from Merck. EPA, D3MA,
BisGMA and UDMA were obtained from Ivoclar Vivadent as a gift. Further
monomers — obtained as a gifts - are: P3-A (Miramer M220, Rahn AG), GPA
(Miramer M320, Rahn AG), PPA (Sartomer 399, Cray Valley), PNA (Sartomer 9003,
Cray Valley), DTA (Sartomer 355, Cray Valley), PEA (Sartomer 339C, Cray Valley),
ENPA (Sartomer 504, Cray Valley), CMA (Sartomer 833S, Cray Valley), EBA
(Ebecryl 150, Cytec), DPHA (85-90% hexa-acrylate, Cytec), E4-A (Sartomer), ETA
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(Cray Valley, Sartomer 415, with 20 mol ethoxylated, MW 1176g/mol), TTA (Rahn,
Genomer 1330) and DPA (Chemie Linz). DBA was prepared as described.'*

Photoinitiators Irgacure 819 and Irgacure 2959 were received from Ciba SC as a gift.
2.2 Testing

2.2.1 Photoreactivity

Differential scanning photocalorimetry (Photo-DSC) was conducted with a modified
Shimadzu DSC 50 equipped with a home-made aluminum cylinder (height 6.8 cm).
Filtered light (320-500 nm) was applied by a light guide (EXFO Omnicure 2000)
attached to the top of the aluminum cylinder. The light intensity at the level of the
surface of the cured samples was measured by an EIT Uvicure® high energy UV
integrating radiometer. Irradiation was carried out for at least 5 min. A light intensity
of 20 mW/cm® which corresponded to 1000 mW/cm® at the tip of the light guide, was
used. The measurements were carried out with 1 wt% of an equimolar mixture of
camphorquinone (CQ) and N,N-dimethylaminobenzoic acid ethyl ester (DMAB) as
initiator in an isothermal mode at room temperature under air atmosphere. The mass of
the samples was 5-10 mg. The time to reach the maximum polymerization heat (t;a.x),
the double bond conversion (DBC) and the maximum rate of polymerization (R;) were
determined.

The DBC was calculated from the overall heat evolved (AH,), where AH,p is the

theoretical heat obtained for 100% conversion (Eq. 1).

DBC=—""
()

Initial rates of polymerization Rp (mol L™ s™) were calculated from the height of the

maximum of the plots h (mW/mg) and the density of the monomer p following Eq. 2.

R, = hp
MMy ()

In Table 14 the values used for the calculations are listed. The values for the density
were obtained from the company that provided the monomers. The theoretical heat

was calculated based on experimental data for similar substances.”’
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Table 14: Values necessary for the photo-DSC calculations

abbreveation MW [g/mol] 5]  AHop[J/mol]

AA 72.06 1051 67000
EEA 188.23 1016 81000
BEA 215.25 1064 80500
PEA 192.21 1100 78000

ENPA 506.00 1030 78000

IBA 208.30 1000 78000
MA 86.09 1015 42500
EEM 202.25 1018 50000

HEMA 130.14 1070 50000
DMA 99.13 962 80600
DPA 155.24 887 111000
DBA 183.30 888 80500
P3-A 300.35 1040 156000
GGA 348.45 1076 156000

EBA 776 1140 156000
CMA 332.00 1080 156000
E4-A 310.11 1115 156000
EPA 238.33 1025 120600
BDM 226.27 1010 120000
PNA 328.4 1187 156000

UDMA 470.57 1087 120000

D3MA 338.48 950 120000

BisGMA 512.59 1160 120000

TTA 296.32 1103 234000
PTA 298.29 1180 234000
PPA 525 1190 390000
GPA 428.20 1090 234000
ETA 1176 1115 234000
DTA 466.52 1100 312000

DPHA 571.55" 1170 507000

") determined for 87% hexa-acrylate

2.2.2 Mechanical properties

To investigate the mechanical properties of the selected polymers, dynamical
mechanical analysis and bending strength tests were carried out. Therefore, test
specimens (rods, 20 mm length, 3 mm width, 3 mm height) were made from the
monomers with 1 wt% of an equimolar mixture of CQ and DMAB as initiator.

Photocuring was performed with a high pressure mercury lamp (1000 W, distance 15
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cm) under nitrogen atmosphere within 3 -10 min depending on the type of monomer.
Afterwards, the test specimens were extracted with different organic solvents (CHCI;,
MeOH, EtOH), phosphate buffered saline (PBS), and H,O in an ultrasonic bath to
remove residual monomer similar to the tests of biocompatibility. Polymers from
mono-acrylates were prepared as copolymers with 20 wt% of a crosslinker, either EPA
or TTA, because the linear homopolymers would be destroyed in the extraction step.
These copolymers were also used for biocompatibility tests to avoid swelling and
dissolution in the cell culture.

To determine the stiffness, the beams were placed in a dynamic mechanical analysis
machine (TA Instruments DMA 2980) with a span-width of 20 mm. An extra initial
load was applied in order to assure the direct contact between the sample and the
clamp. The beams were tested with a frequency of 1.0 Hz and an amplitude of 40 pum
in the temperature range between 10°C and 50°C. Typical curves obtained by this

method are displayed in Figure 52.
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Figure 52: Dynamic mechanical analysis of BEA (top) and DBA (bottom)
crosslinked with 20 wt% EPA

The bending strength and the failure strain were measured with a universal tensile
testing machine (Zwick Z050, Zwick/Roell). The maximal strain applicable in the
middle of the beam was determined. A preload of 0.5 N was used and the velocity of

the crosshead was 5 mm/min and 10 mm/min after 0.25% strain, respectively.

2.2.3 Biocompatibility

Test specimens were made from all monomers to verify their biocompatibility. In the

case of monofunctional components 20 wt% crosslinker, EPA or TTA, was added. In
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all cases 1 wt% of an equimolar mixture of CQ and DMAB was used as initiating
system. The mixture was filled into a silicon mold (0.9 cm diameter, 0.15 cm height)
and photocured with a high-pressure mercury lamp (1000 W, distance 15 cm) under
nitrogen atmosphere. Depending on the type of monomer, the curing time was between
3 and 10 min. Afterwards the test specimens were extracted with different organic
solvents (CHCl;, MeOH, EtOH), phosphate buffered saline (PBS) and water in an
ultrasonic bath to remove residual monomer.

To estimate whether osteoblasts accept the new polymers as growth support
(biocompatibility) measurements of cell viability and multiplication of cells of the
osteosarcoma cell line MG63 with the cell proliferation assay EZ4U (Biomedica,
Austria) were used. This assay is based on the conversion of an uncoloured tetrazolium
salt into a formazan dye by the mitochondria of living cells.

Cells were kept in a humidified air under 5% CO, at 37°C. Culture medium was
oMEM (minimum essential medium) supplemented with 5% FBS (fetal bovine
serum), 4.5 g/l glucose and 30 pg/mL gentamicin. For propagation cells were sub-
cultured twice a week using 0.001% pronase E (Roche) and 0.02% EDTA in Ca®>" and
Mg®" free phosphate-buffered saline (PBS) before reaching confluence.

The test specimens were placed into a multiwell plate and sterilized for 30 min in a
distance of 14 cm with a 15 W UV lamp (Sylvana) on both sides. Thereafter, the space
between the test specimen and the wall of the well were closed with agarose, cells
were seeded at a density of 50000 cells/cm” and cultured for three days. Then, a
change to fresh culture medium was performed and after one hour the assay mixture
was added. After a further 3 hours culture period the colour of the medium was
measured in a microplate reader at 492 nm against 620 nm. The measured extinction
was converted to cell number by a calibration curve performed in seperate
experiments. Statistical analyzes were performed by ANOVA with Scheffe’s post hoc
test using StatView 4.5 (Abacus Concepts, Inc. CA) and P < 0.05 was considered to be

significant.
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3 Additives

3.1 Photoinitiators

3.1.1 Low molecular weight photoinitiators

Photo-DSC measurements were again used to compare the photoreactivity of different
photoinitiators. The setup was used as described above. Irgacure 819 and Irgacure
2959 were measured at a concentration of 0.5 wt% and DPD at 0.3 wt%. For the Type
IT system 1 wt% of an equimolar mixture of CQ and DMAB was used. EPA was used

as resin for the experiments.
3.1.2 Development of migration stable photoinitiators

3.1.2.1 General Investigations on the photoreactivity of eosin

The neutral form of eosin 1H was obtained by extraction with diluted HCI, and the
deprotonated form 1TEA was achieved by addition of an excess of triethylamine and
subsequent evaporation.

UV-Visible absorption spectra were recorded on a Cary 50 Bio UV-Visible
Spectrophotometer, fluorescence spectra on a Hitachi F-7000 Fluorescence
Spectrophotometer. For UV/Vis absorption and fluorescence measurements a cell
made of quarz glass (Hellma, d: 1cm, spectral range: 200 nm-2500 nm) was used.
Photo-DSC measurements were performed as described above. An amount of 0.3 wt%
of 1H and 1TEA, respectively, was dissolved in TTA and mixed with 1 eq of DMAB.
Beside the usual setup having a 320-500 nm filter additional experiments were done

with a 250-450 nm filter and without any filter.

3.1.2.2 Preparation of macromolecular photoinitiators

The synthesis of the macromolecular PIs was done by Martina Sandholzer at the Graz

University of Technology and is published elsewhere.">”'**
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3.1.2.3 Characterization of macromolecular photoinitiators

3.1.2.3.1 Photoreactivity

Photo-DSC measurements were performed as described previously. All PIs were used
at a concentration of the dye of 3.3 umol/g in TTA. Again filtered light (320-500 nm)
with an intensity of 20 mW/cm” was applied.

In this case AH(p was not taken from the literature, but calculated using equation (1).
AH M

AH,, 0

AH, was taken from a photo-DSC measurement, while DBC was obtained by ATR-IR

DBC =

spectroscopy of the cured and the uncured sample using peak deconvolution software

(PeakFit V4.12, SSI). AH,p was determined to be 185000 J/mol.

3.1.2.3.2 Migration stability

For the determination of the migration stability, test specimens (round platelets, 1.3 cm
diameter, 0.2 cm height) were prepared by photopolymerization in silicon molds under
nitrogen for at least 5 min. The polymers were extracted with CHCl;, MeOH, EtOH
and water in an ultrasonic bath for 2 h to remove any unreacted monomer. The
specimens were then placed in glass tubes, covered with 5 mL ethanol and extracted
for one week. The solutions were used to determine the amount of leaked dye by UV
spectroscopy. In order to guarantee complete deprotonation of the eosin, dye samples
were spiked with excess triethylamine. The concentration of leaked eosin was
determined according to the Lambert-Beer law (Eq. 3):
A=¢e-c-d (3)

According to literature, € in alkaline EtOH was set as 112000 L mol™ cm™."**"*% All
measurements were carried out in a cell made of quartz glass (d: 1 cm, spectral range:

200 nm-2500 nm).

3.1.2.3.3 Invitro LD 50
For the viability study and the determination of the in-vitro LD50 MC3T3-El

osteoblast-like cells were used. As culture medium Dulbecco’s Modified Eagle’s

Medium (a-MEM) supplemented with 10% fetal calf serum (FCS), glucose (5 g/L),
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gentamicin (30 pg/L), L-glutamin and ascorbic acid was used. Cells were kept in a
humidified air under 5 % CO, at 37 °C for 5 days. The cells were continuously
exposed to increasing concentrations (10°-10~ mol/L) of monomers and polymers as
well as the extraction medium. Then, the cells were washed with phosphate buffered
saline. The DNA, was coloured using the Hoechst 22855 dye and the fluorescence was
measured at 460 nm (A.: 360 nm). From these results the in-vitro LD50 was
determined via interpolation of a calibration function. A typical curve is shown in
Figure 53. Above a concentration of 10” mol/L most of the substances precipitated, so

that no values could be obtained for higher concentrations.
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Figure 53: Cell viability on eosin macroinitiator and TTA

4  3D-Structuring

4.1 Digital light processing

Fabrication according to the DLP principle was conducted with a commercial unit
based on digital light processing (Prefactory Mini, Envisiontec GmbH). Scaffolds were
built with a layer thickness of 50um, at a lamp power of 650 mW/dm?, and 15 sec of

irradiation time per layer.
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4.2  Micro-Stereolithography

The p-SL works with a neodymium doped yttrium aluminum garnet (Y;Als0,,) laser
(Nd:YAG). Monochromatic light of 355nm is generated. Structures were built on glass
plates using a layer thickness of 50um. The scanning velocity was usually 20 mm/s

and the laser power set to 2.5 mW.

4.3 Two Photon Absorption Polymerization

The equipment comprised an amplified ultrafast Ti:S laser system (Spectra Physics
Maitai and Spitfire combination; 130 fs, 1 kHz) working in the wavelength range 750—

850 nm. Good structures were obtained with 12,5uW at a feedrate of 1 mm/min.
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Materials and Methods

Reagents and solvents were — unless otherwise noted — all applied in a quality that is
common for organic synthesis and — if necessary — purified as Perrin et al. described.
All solvents were distilled before use. Anhydrous solvents were dried with common

procedures.

For thin layer chromatography (TLC) aluminum foils, coated with silicagel 60 F254

from the company Merck were applied.

FTIR spectra were measured with an ATR-arrangement using a Biorad FTS-135 IR-

device.

Photo-DSC measurements were performed with a DSC-50 device from the company
Shimadzu. The filtered UV radiation (320 - 500 nm, EXFO Omnicure 2000) was
applied to the measurement by the aid of a light guide and a self-made aluminum

block.

"H- NMR- and “C-NMR-spektra were measured with a BRUKER AC-E-200 FT-
NMR- spectrometer. The chemical shift is displayed in ppm (s = sigulett, d = duplet, t
= triplett, g4 = quartett, q5 = quintet, m = multiplett). Deutero-chloroform (CDCl;),
deuterated water (D,0) and deuterated dimethyl sulfoxid (dg-DMSO) were used as

solvents.

For the dialysis of the products a dialysis membrane (Spectrum Laboratories Inc.)

with a MWCO of 3500 g/mol was used.

The preparation and analysis of photosensitive compounds or mixtures took place at a
red light lab. Therefore adhesive filter foils from the company Aslan (C 118 — Art.

Nr. 11816) were used to cover the windows and the fluorescent lamps.
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The curing of the photo resins was performed with a UV plant from the company UV-
Technik Meyer with a special dysprosium UV lamp (UVH 2022 DY-0, 380V, 2.2kW,
irradiation power 1kW)

The extraction of residual monomer was performed in an ultrasonic bath from

Fungilab.

Stereolithography was performed on three different machines: the Prefactory from
Envisiontec works with the DLP principle. The p-Stereolithography unit consists of a
laser (Lightwave Electronics 355nm Quasi-CW Laser System XCYTE) and a scanner
(SCANLAB hurrySCAN 14). TPA was performed with an amplified ultrafast Ti:S
laser system (Spectra Physics Maitai and Spitfire combination; 130 fs, 1 kHz) working

in the wavelength range 750-850 nm at Joanneum Research Weiz.

For the measurements of the viscosity a Modular Compact Rheometer (Physica,
Anton Paar) equipped with a cone plate CP25-1 was used. Shear rates were modulated

from 0.1 s to 100 s,

Mechanical properties were determined using a dynamic mechanical analysis
machine (TA Instruments DMA 2980) for the stiffness tests and a universal tensile

testing machine (Zwick Z050, Zwick/Roell) for the bending strength tests.

GPC measurements were performed on a system consisting of a Viscotk GPCmax
VE 2001, Waters Ultrahydrogel 120, 250 columns and a Viscotek RI Detector
VE3580.

MALDI-TOF Mass Spectrometry was performed on a Micromass TofSpec 2E
Time-of-Flight Mass Spectrometer. Analysis of data was done with MassLynx-
Software V3.5 (Micromass/Waters, Manchester, UK).
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Conclusion

“This is Mr. Butler and he’ll be your bone donor today.”

The manifold disadvantages of existing bone replacement materials explain the
intensive research and numerous investigations in the field of bone tissue engineering.
Many different approaches are continuously reported in literature. Recently Solid
Freeform Fabrication (SFF) techniques have gained interest for their possibility to
design scaffolds with well-defined pore structures. Among these techniques
Stereolithography (SL) — working with layer-by-layer photopolymerization - enables
very high feature resolutions while processing takes place at ambient temperature,
offering the possibility to incorporate temperature-sensitive materials like growth
factors. Compared to other SFF techniques relatively few materials have been
developed so far that can be used with SL. Therefore the objective of the present study
was the development of a biocompatible monomer formulation that can be used with
SL delivering a biodegradable scaffold for bone tissue engineering.

The designed monomer formulation consists of several components: a biodegradable
basis monomer that acts as a crosslinker, reactive diluents to control the viscosity of
the monomer formulation as well as the mechanical properties of the resulting
polymer, an appropriate photoinitiator, and several additives.

One part of the present study comprehended the synthesis and development of a new
biodegradable acrylate-based crosslinker. As basis material an enzymatic gelatin

hydrolysate (GH) was chosen, because of its natural origin, enzymatic degradability,
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and its positive effect on bone cell adhesion. Modifications of this GH had to be done
to obtain the desired properties, namely the ability to be photopolymerized and
compatibility with organic materials that should make up the rest of the monomer
formulation. Photopolymerizable groups could be introduced fairly easy by reaction
with glycidylmethacrylate, which reacts with both free amino and acidic groups.
Different approaches were followed to enhance miscibility with organic compounds,
but the most successful was the modification with poly(ethylene glycol) (PEG) 4000
chains by reaction of GH amino groups with an activated ester of PEG. Thereby
formulations containing up to 70% reactive diluents beside the GH-crosslinker and
water could be achieved.

Furthermore a set of commercially available reactive diluents of different chemical
structure, hydrophobicity, and molecular weight have been tested concerning
reactivity, biocompatibility, and mechanical properties. Best results were obtained for
multi-acrylated monomers resulting in stiff materials like UDMA, TTA and GGA. For
the final monomer formulation containing GH it was necessary to use water-miscible

monomers like HEMA and E4-A.

© UDMA © Ed-A ©
0
0 0 0
\/MO/\/\O/\/\O/\/\O)V /\”/0 O\H/\ O/\/OH
OH o
GGA TTA HEMA

Figure 54: Best reactive diluents

In addition to testing low molecular weight photoinitiators for their applicability,
photoinitiating macromers were also synthesized and tested. These were based on
eosin as light-sensitive moiety and DMAB as co-initiator. Investigations into reactivity
and migration stability revealed a high potential of these macromers for medical
applications where migration stability and toxicity are of concern.

By applying several additives such as organic and inorganic fillers and light absorbers,

the monomer formulation was completed. In fact, more than one monomer formulation
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was developed, because three different SL machines were available for the fabrication
of tissue scaffolds, and each machine needed a special optimization with regard to
photoinitiator, light absorber, and viscosity. Finally it was possible to construct

scaffolds with all three methods.

Digital light processing

p-Stereolithography

Two Photon Absorption Polymerization
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Abbreviations
3DP three-dimensional printing
AA acrylic acid
BDM butandiol dimethacrylate
BEA acrylic acid 2-butylcarbamoyloxy-ethyl ester
BisGMA bisphenol A diglycidylmethacrylate
CAB cellulose-acetate-butyrate
CAD computer-aided design
Col coinitiator
CQ camphorquinone
D3MA  dodecy dimethacrylate
DBA N,N-Diisobutyl-acrylamide
DBC double bond conversion
AHgp theoretical heat of polymerization
AH, heat of polymerization
DMA N,N-dimethyl-acrylamide
DMA differential mechanical analysis
DMAB 4-dimethylaminobenzoic acid ethyl ester
DPA N,N-diisopropyl-acrylamide
DPD 1,5-diphenylpenta-1,4-diin-3-on
DPHA  dipentaerythritol penta/hexa-acrylate
DTA ditrimethylolpropane tetraacrylate
E4-A tetraethyleneglycol diacrylate
EBA ethoxylated (10) bisphenol A diacrylate
EEA acrylic acid 2-(2-ethoxy-ethoxy)-ethyl ester
EEM methacrylic acid 2-(2-ethoxy-ethoxy)-ethyl ester
ENPA  ethoxylated (4) nonylphenol acrylate
EO eosin
EPA N,N’-diethyl-1,3-propylenbisacrylamide
ETA ethoxylated (20) trimethylolpropane triacrylate
FDA United States Food and Drug Administration
FDM fused deposition modeling
GGA glycerol 1,3-diglycerolate diacrylate
GH (enzymatic) gelatin hydrolysate
GPA propoxylated (3) glycerol diacrylate
HA hydroxy apatite
HEMA hydroxyethyl methacrylate
HMBP  2,2°-Dihydroxy-4,4’-dimethoxybenzophenone
IBA 1sobornyl acrylate
LDM low-temperature deposition manufacturing
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MA
MDM
MSA
OR1
P3-A
PA
PAM
PCL
PDI
PE
PED
PEG
PEGDA
PEM
PGA
PI
PLA
PNA
POM
PPA
PPF
PTA
PVA
PVP
RGD
ROMP

RP
SFF
SGC
SL
SLS
TBA
TCP
tmax

TTA
UDMA

methacrylic acid

multinozzle deposition manufacturing
methacrylic anhydride

absorber orange 1

tripropylene glycol diacrylate
polyamide

pressure-assisted microsyringes
poly(e-caprolactone)

polydispersity index

polyethylene

precision extruding deposition
poly(ethylene glycol)

poly(ethylene glycol) diacrylate
precise extrusion manufacturing
poly(glycolic acid)

photoinitiator

poly(lactic acid)

propoxylated (2) neopentyl diacrylate
polyoxymethylene

dipentaerythritol pentaacrylate
poly(propylene fumarate)
pentaerythritol triacrylate
poly(vinyl alcohol)

poly(vinyl pyrrolidone)

arginine — glycine - asparaginic acid
ring opening metathesis polymerization
rate of polymerization

rapid prototyping

Solid Free-Form Fabrication

solid ground curing
Stereolithography

selective laser sintering

t-butyl acrylate
B-tricalciumphosphate

time to reach the maximum polymerization heat

trimethylolpropane triacrylate

2-methyl-acrylic acid 2-{2,2,4-trimethyl-6-[2-(2-methyl-acryloyloxy)-
ethoxycarbonylamino]-hexylcarbamoyloxy} -ethyl ester
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MALDI-TOF Spectra (ad chapter 1.2.1)

spectra at the top:

spectra in the middle:

spectra at the bottom:
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spectra at the top: GH spectra shifted +284,13Da (correspondig to two-fold
addition of gylcidylmethacrylate)
spectra in the middle: GM in DHB

spectra at the bottom: GM 1n a-cyanocinnamic acid
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spectra at the top:

spectra in the middle:

spectra at the bottom:

GH spectra shifted +426,18Da (correspondig to three-fold
addition of gylcidylmethacrylate)
GM in DHB

GM 1n a-cyanocinnamic acid
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Experimental data of reactive diluents (ad chapter 2.2.1)

abbreveation cell Rp*10° DBC tmax Storagemodulus  stiffness
number  [mol I'*s™] [%6] [s] 37°C [MPag] [MPa]
AA 200000 218 34 30 4813 70,0
EEA 280000 62 68 23 - -
TBA 670000 - - - 1080 26,1
BEA 250000 169 74 11 - -
PEA 510000 85 68 25 1220 26,6
ENPA 140000 45 73 45 55 2,4
IBA 1070000 23 42 38 - 47,1
MA 200000 7 24 295 - -
EEM 280000 8 61 97 - -
HEMA 200000 75 94 107 2139 74,1
DMA 150000 175 84 38 - 26,4
DPA 300000 31 59 95 - -
DBA 400000 101 59 20 1125 30,3
P3-A 1000000 80 51 11 1230 44,2
GGA 270000 102 56 10 1713 45,3
EBA 470000 67 92 11 430 52,3
CMA 560000 99 63 19 1000 66,1
E4-A 400000 143 71 11 94 8,7
EPA 300000 60 68 37 2827 42,5
BDM 1220000 6 30 68 - 52,9
PNA 530000 78 56 17 760 29,4
UDMA 650000 53 48 10 1592 86,9
D3MA 190000 6 42 88 550 18,0
BisGMA 240000 34 86 26 2625 82,9
TTA 600000 86 49 10 1655 55,0
PTA 760000 61 42 10 2180 30,0
PPA 810000 30 42 10 2260 28,7
GPA 960000 72 57 9 1340 53,9
ETA 200000 22 50 12 - -
DTA 630000 37 38 11 375 17,7
DPHA 150000 7 19 74 2450 21,4

PCL 200000 - - - 318 17
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