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1 G E N E R A L I N T R O D U C T I O N

In our ageing society, there is a continuously increasing demand for
donor tissues and organs. Furthermore, young people with sport in-
juries for example, need adequate help now to prevent problems in
the future. In the recent decades much work has been done to develop
biomaterials and apply these materials in tissue engineering in order
to replace damaged tissues and organs.

In tissue engineering the principles of engineering and life sciences
are combined to develop new biological tissues for therapeutic restora-
tion, maintenance or improvement of the human body [1, 2]. The main
approach of tissue engineering requires scaffolds. Scaffolds are porous
implants which provide support for cells and formed tissues. Ideally,
these scaffolds are biocompatible, biodegradable at the same rate as the
new tissues are formed and have mechanical properties which match
those of the tissues that are replaced [3, 4]. Furthermore, such scaffolds
should be highly porous and have optimal pore sizes for the intended
application [3, 4]. These pores should be interconnected.

Biodegradable polyesters such as poly(D,L-lactide) (PDLLA)
and poly(ε-caprolactone) (PCL) and polycarbonates such as
poly(trimethylene carbonate) (PTMC) and copolymers of their
monomers have been investigated for tissue engineering purposes
[5-7]. The polymers differ significantly in their mechanical and degra-
dation properties. PDLLA for example, has been used in drug delivery
and bone tissue engineering [7]. PTMC is a flexible material and can
thus be considered for soft tissue engineering [8]. By copolymerizing
different monomers into copolymers, the characteristics of the ma-
terials can be tailored to possess the appropriate properties for the
intended tissue engineering application.

These polyesters and polycarbonates can be prepared by the ring
opening polymerization of their cyclic monomers using (multifunc-
tional) alcohols as initiators. The oligomers that are obtained by these
reactions are hydroxyl terminated. The hydroxyl end-groups can be
reacted with (meth)acrylates to obtain (meth)acrylate functionalized
oligomers (macromers). This allows for photo-crosslinking. Many poly-
meric materials used in tissue engineering are subject to deformation
by creep [9]. Photo-crosslinking creates a polymer network which pre-
vents creep.

One of the challenges in tissue engineering is the preparation of
more complex 3D scaffolds with a specific designed architecture. Con-
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8 general introduction

ventional techniques such as salt leaching, gas foaming or phase sep-
aration have been successfully used to prepare 3D tissue engineering
scaffolds, but these techniques lead to less regular porous structures
[10]. An alternative to these methods is additive manufacturing or 3D
printing. Additive manufacturing is a collective term for techniques
which build 3D structures in a layer-by-layer manner. Stereolithogra-
phy is an additive manufacturing technique which has been shown to
be very versatile and possesses the highest accuracy and precision [11].
Stereolithography is based on the layer-by-layer solidification of a liq-
uid resin by photo-crosslinking. Computer aided design (CAD) allows
for the preparation of complex, porous 3D structures. When CAD is
combined with MRI or computed tomography, these structures can be
made patient specific [12].

scope of the studies
In this thesis five main topics have been addressed. First the degrada-
tion characteristics of photo-crosslinked polymer networks were inves-
tigated. Networks were prepared from three-armed PTMC macromers
(PTMC-tMA) with different molecular weights and co-polymeric
macromers of TMC with either ε-Cl or DLLA of the highest molecu-
lar weight. The networks were compared on their degradation in vitro
and in vivo.

Then, the applicability of resins based on macromers with a rel-
atively high molecular weight in stereolithography was explored.
Macromers with molecular weights higher than 20 kg/mol were used
to prepare processable resins. Designed structures were then built and
characterized.

The toughness of PTMC networks prepared from mixtures of high
and low molecular weight macromer mixtures was investigated.

Hydrogel networks prepared from a combination of relatively low
molecular weight macromers were assessed. The phase separation of
these networks was investigated.

Finally, the applicability of (methoxy)-poly(ethylene glycol) grafted
layers as lubricants on photo-crosslinked PTMC was evaluated.

outline of the thesis
In chapter 2 an introduction into synthetic biodegradable polymer net-
works prepared by photo-crosslinking is given. The degradation prop-
erties and current applications of such networks are reviewed. Several
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examples of the applicability of these networks in 3D tissue engineer-
ing are presented.

Chapter 3 focusses on the in vitro and in vivo degradation characteris-
tics of networks prepared from PTMC-tMA macromers with different
molecular weights. In vitro, enzymatic degradation and the biocompat-
ibility of bovine knee cells on these networks are investigated. In vivo,
the degradation, the effect of the degradation on the mechanical prop-
erties and the tissue response are assessed.

In chapter 4 the in vitro degradation of networks prepared
from P(TMC-co-ε-CL)-tMA and P(TMC-co-DLLA)-tMA co-polymeric
macromers are investigated and compared to the in vitro degradation
of networks prepared from PTMC-tMA macromers.

Chapter 5 describes the challenges in building designed porous
structures by stereolithography using relatively high molecular weight
PTMC-tMA macromers. Resins based on such macromers are devel-
oped and used to prepare designed porous structures. The built struc-
tures are then characterized.

In chapter 6 the preparation of porous, photo-crosslinked networks
by stereolithography and salt leaching are described. Network films
are characterized in terms of porosity, network density and mechanical
properties.

Chapter 7 describes the preparation and characterization of photo-
crosslinked bimodal PTMC networks. Furthermore, a designed 3D
porous scaffold is prepared by stereolithography and the effect of
swelling in a solvent on porosity and pore size is investigated.

Chapter 8 details the preparation of hydrogel networks prepared
from mixtures of macromers. The networks are characterized with re-
gard to phase separation of the different macromers. Designed 3D
porous structures are prepared by stereolithography, the mechanical
properties of these structures are evaluated.

In chapter 9 the preparation of grafted photo-crosslinked lubricous
layers onto PTMC networks is described. The friction coefficient of sev-
eral common biomaterials on a non-grafted PTMC network is com-
pared to those on PTMC networks onto which PEG and mPEG are
grafted.

Appendix A describes the preparation of designed porous stere-
olithography structures by using a resin based on a poly(trimethylene
carbonate-co-ε-caprolactone) macromer.

In Appendix B a pilot study into the mechanical behavior of a
porous, sub-total meniscus implant based on PTMC in a human ca-
daveric knee is described.
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2.1 photo-crosslinked synthetic
biodegradable polymer networks

In polymer networks, the macromolecular chains are attached to each
other by covalent bonds. In these materials viscous flow is not possi-
ble and creep is restricted. Especially in polymeric materials with low
glass transition temperatures, such as elastomers, it is important to pre-
vent creep and so ensure form-stability of the material. Biodegradable
elastomers have gained much attention in the biomedical field for ap-
plication as flexible tissue engineering scaffolds and controlled drug
delivery systems [1]. Covalently crosslinked biodegradable elastomers
have been prepared by reactions of end-functionalized polymers or
oligomers. For example by free addition reactions or step polymeriza-
tion reactions [2]. In some cases, biodegradable polymers have been
crosslinked by actinic radiation such as by gamma irradiation [3].

A very effective method to prepare such polymer networks is by
photo-crosslinking oligomers that contain photo-polymerizable groups.
Three specific photo-polymerization reactions can be distinguished
[4]: i) [2 + 2] cyclo dimerization reactions using end-groups such as
cinnamate-, coumarin- or thymine end-groups [4-6], ii) radical recom-
bination reactions leading to inter- and intramolecular crosslinking uti-
lizing end-groups such as phenyl azide-, dithiocarbamate- and ben-
zophenone end-groups, and iii) radical polymerization reactions using
end-groups such as styryl-, fumarate- or (meth)acrylate end-groups
(see Figure 2.1A) [4, 7]. (Note that fumarate groups can be incorpo-
rated into the main chain [8].)

Radical photo-polymerizations have been used most often to poly-
merize the end-groups of these oligomers (macromers) and form a
covalent network [7]. In the process of photo-crosslinking, a photo-
initiator dissociates upon illumination and forms one or more radi-
cals. These radicals can react with the double bonds of macromers,
forming non-degradable carbon-carbon chains that act as multifunc-
tional crosslinkages [9]. This is schematically presented in Figure 2.1B.
(Although thermal-crosslinking would also be possible, the radical ini-
tiator is then formed upon heating, relatively high temperatures and
reaction times are required [10]. Photo-crosslinking is relatively rapid
and efficient and can be done at low temperatures, making it thus more
advantageous compared to thermal-crosslinking.)

Oligomers with fumarate (end-)groups are interesting materials for
preparing biodegradable networks. Fumaric acid is found in the hu-
man body and therefore it is expected that residual fumarate groups
will be biocompatible and non-toxic [7, 11]. However, compared to
(meth)acrylate functionalized oligomers, the reactivity of fumarate
functionalized oligomers is relatively low and therefore the use of re-
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active diluents is required [12-14]. The use of such reactive diluents
will lead to an increase in the non-degradable part of the networks.
For applications in medicine where biodegradability of the implant is
desired the non-degradable content of the implant should be as low as
possible [9]. Thus, for such applications (meth)acrylate functionalized
oligomers are preferred.

2.1.1 Polymers and oligomers used in the preparation of synthetic
biodegradable networks

There are many biodegradable polymers and oligomers that have
been used to prepare photo-crosslinkable macromers for biodegrad-
able polymer networks. Examples include poly(D,L-lactide) (PDLLA)
[15], poly(ε-caprolactone) (PCL) [16, 17], poly(trimethylene carbonate)
(PTMC) [18], poly(ethylene carbonate) (PEC) [19], and block copoly-
mers containing poly(ethylene glycol) (PEG), poly(propylene glycol)
(PPG) or poly(tetramethylene glycol) (PTMG) and poly(glycolide)
(PGA), PDLLA or PCL segments [20, 21]. These polymers can be read-
ily synthesized by the ring opening polymerization of their cyclic
monomers. By adjusting the amount and the functionality of the
hydroxyl-group terminated initiators used, the molecular weight (Mn)

Figure 2.1: A) Photo-polymerizable (meth)acrylate- and fumarate end-
groups. B) Network formation by photo-crosslinking.
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and architecture of the synthesized oligomers can be precisely con-
trolled [22].

Poly(lactide)

High molecular weight (HMW) non-crosslinked PDLLA has a glass
transition temperature (Tg) of approximately 55°C and an elasticity
modulus close to 3 GPa. Photo-crosslinked networks prepared form
methacrylate-functionalized PDLLA were first described by Melchels
et al. [15]. In this study, the effect of the molecular architecture of the
macromers on the thermal and mechanical properties of the networks
was investigated. For this, multifunctional alcohols were used to initi-
ate the ring opening polymerization and obtain branched macromers
with 2, 3 or 6 arms of different lengths. It was shown that the Tg of the
networks increased with decreasing arm length. Networks prepared
from macromers with the highest molecular weights and arm lengths
had a Tg similar to that of HMW PDLLA. Networks prepared from
macromers with arm lengths of only 0.6 kg/mol had a much higher
Tg of approximately 76°C. As a result of lower crosslink densities, the
degree of swelling in good solvents was found to increase with increas-
ing arm length. A significant effect on the mechanical properties of the
networks was not observed, all networks having properties similar to
those of HMW PDLLA.

Poly(ε-caprolactone)

Poly(ε-caprolactone) is a semi-crystalline, highly biocompatible poly-
mer with a low Tg of approximately -60°C, a melting point close to
65°C and an elasticity modulus of approximately 260 MPa [17, 22, 23].
The thermal properties of photo-crosslinked networks prepared from
methacrylated PCL have been described by Elomaa et al. and Zant et al.
[24, 25]. Interestingly, the PCL networks were found to be amorphous.
For networks prepared from macromers with a low molecular weight
(below 4 kg/mol) the Tg is 10-15°C higher than that of linear PCL. For
networks prepared from macromers with molecular weights of 4 kg/-
mol and higher, the Tg is similar to that of linear PCL. Elomaa et al.
further evaluated the swelling ratios and mechanical properties of the
prepared PCL networks [24]. As can be expected, the swelling ratio
of PCL networks in good solvents increases with increasing molecular
weight of the macromer used to prepare the networks. The networks
behaved in a rubber-like manner and showed elastic deformation. With
increasing molecular weights, the elastic modulus of the networks de-
creased while their elongation at break increased.
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Figure 2.2: Stress-strain curves of PTMC networks prepared by
photo-crosslinking PTMC macromers (methacrylate end-
functionalized) of different molecular weights. In the figure, the
molecular weights of the macromers used to prepare the net-
works are shown (in g/mol) with the corresponding stress-strain
curves. From Schüller-Ravoo et al. [27].

Poly(trimethylene carbonate)

Poly(trimethylene carbonate) is an amorphous polymer with a low Tg
of approximately -16°C [26, 27]. The mechanical properties of PTMC
are strongly dependent on its molecular weight [3]. Low molecular
weight (LMW) PTMC is soft and gummy, and has inadequate me-
chanical properties. HMW PTMC is tough, flexible and to some ex-
tent shows rubber-like recovery after mechanical deformation. HMW
PTMC has a low modulus, low tensile strength, but limited resistance
to creep. By preparing networks from methacrylate-functionalized
PTMC oligomers, creep resistant networks with excellent mechanical
properties could be obtained [27].

Figure 2.2 shows stress-strain curves of PTMC networks prepared
from macromers (methacrylate end-functionalized) of different molec-
ular weights. Networks prepared from macromers with molecular
weights lower than 1.8 kg/mol were rigid and brittle. In contrast,
networks prepared from macromers with molecular weights higher
than 10 kg/mol were rubber-like with elastic moduli of approximately
5 MPa. The maximum tensile strengths and elongations at break
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of the networks increased with increasing molecular weight of the
macromers used. As was the case for PCL, the swelling ratios of the net-
works in a good solvent increased with increasing molecular weights.
Interestingly, the Tg values of networks prepared from very low molec-
ular weight macromers were relatively high (the Tg of networks pre-
pared from a macromer with Mn of 1.0 kg/mol was 7.6°C). With an
increase in the molecular weight of the macromers, the Tg of the corre-
sponding networks approached the Tg value of HMW PTMC.

PTMC networks have been investigated for a variety of medical
applications, which include cartilage tissue engineering [28], annulus
fibrosis tissue engineering [29, 30], meniscus tissue engineering [31],
preparation of microvascular networks [32] and orbital floor implants
[33].

Copolymers of DLLA, ε-CL and TMC

To allow tuning of the mechanical- and degradation properties, copoly-
mer networks containing DLLA, ε-CL and/or TMC have been exten-
sively investigated [5, 7, 34, 35].

Copolymerizing TMC and DLLA, subsequent functionalization with
methacrylate end-groups to yield poly(trimethylene carbonate-co-D,L-
lactide) macromers, and photo-polymerization allows the formation
of copolymer networks in which the glass transition temperature
depends on the ratio of the co-monomers [7, 14]. In this way net-
works with a wide range of mechanical properties can be obtained.
For example, Sharifi et al. used such networks to prepare structures
with shape memory behavior: the temporary shape of the structure
is fixed at temperatures below Tg of the copolymer, it then returns
to its original permanent shape upon heating to body temperature.
Surgically implantable devices prepared from these photo-crosslinked
poly(trimethylene carbonate-co-D,L-lactide) macromers, can be used in
minimal invasive surgery [36, 37]. An example of such an implant is
shown in Figure 2.3.

PTMC degrades without the formation of acidic degradation prod-
ucts [38, 39]. Therefore, preparing biodegradable networks from func-
tionalized TMC and DLLA copolymers instead of from DLLA homo-
polymers may be beneficial in applications such as drug delivery or
bone tissue engineering [40].

Copolymerizing TMC and ε-CL to obtain poly(trimethylene
carbonate-co-ε-caprolactone) macromers results in networks with low
glass transition temperatures ranging from -23 to -50°C, depending on
the ε-CL content [7, 38, 41]. These networks are rubbery and amor-
phous at room temperature, with relatively low elastic moduli [38, 41].

Amsden and coworkers synthesized a series of poly(ε-caprolactone-
co-D,L-lactide) macromers [34, 38, 42, 43] and poly(TMC-co-ε-
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caprolactone-co-D,L-lactide) macromers [35], and prepared the corre-
sponding networks by photo-crosslinking. The glass transition temper-
ature of networks prepared from poly(ε-caprolactone-co-D,L-lactide)
macromers with a 50:50 molar ratio composition were close to -3°C
and independent of the molecular weight of the macromers [34].

PEG-based materials

In contrast to natural hydrogels, synthetic hydrogels can be readily pre-
pared, processed and tailored. As a rule, the ability to adsorb proteins
on the surface of synthetic hydrogels is limited and cell attachment is
low.

Poly(ethylene glycol) (PEG) is a biocompatible, non-toxic and water-
soluble polymer [21]. PEG is not degraded in vivo, but below a molec-
ular weight of approximately 30 kg/mol it can be excreted from the
body via the renal pathway [44]. Networks prepared from methacry-
lated PEG are not readily degradable [45]. However, by using PEG as
initiator in the ring opening polymerization reaction of DLLA or TMC,
biodegradable hydrogel networks containing high amounts of PEG can
be prepared [21, 46].

In a combinatorial approach, Zant et al. used mixtures of homo-
polymeric macromers based on DLLA, TMC, ε-CL and PEG to pre-
pare 255 different photo-crosslinked networks in solution [25]. After ex-
traction and drying, these mixed-macromer networks were evaluated
with regard to their physical and biological characteristics in a high
throughput manner. Interestingly, two combinations of macromers re-
sulted in networks that showed excellent cell adhesion, had high water
uptake (approximately 190%) and at the same time possessed excellent
mechanical properties. These networks had elastic moduli of approxi-

Figure 2.3: Shape recovery of a 3D structure prepared from photo-
crosslinked P(DLLA-co-TMC) macromers. A) Temporary shape
of the structure at 0°C. B) Transient shape of the structure during
heating at 37°C. C) Completely recovered structure at 37°C. From
Sharifi et al. [37].
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mately 1.4 MPa and were very resistant to tearing. Porous structures
prepared from these macromer combinations could be compressed up
to 80% without failure. It was hypothesized that the excellent proper-
ties of these networks were due to phase separation of the different
macromers [47]. Phase separation was shown by the presence of glass
transition temperatures that corresponded to the individual macromer
components in DSC, as well as by AFM and XRD.

2.2 degradation and erosion of syn-
thetic biodegradable networks

To successfully apply the previously described networks in the biomed-
ical field, it is essential to understand the degradation and erosion be-
havior of the networks. Degradation is defined as the process in which
polymer chains are cleaved, while erosion is defined as the loss of ma-
terial mass as a result of dissolution and diffusion of the soluble low
molecular weight compounds that are formed upon degradation [48].

Degradation can occur by a variety of mechanisms, including hydrol-
ysis, thermolysis and mechanical or oxidative stress [10]. Hydrolyzable
bonds such as ester-, anhydride-, amide- and carbonate bonds can be
found in the main chains of many synthetic biodegradable polymers.
These bonds can be cleaved upon reaction with water, either enzymat-
ically or non-enzymatically. Factors that influence the rate of degrada-
tion are glass transition temperature, hydrophilicity, crosslinking den-
sity, pH, presence of proteins, nature of the labile bond and accessibil-
ity of the bonds to water or enzymes.

Biodegradable polymers and polymer networks can be categorized
as surface- or bulk eroding materials [10]. Erosion is a complex pro-
cess that depends on polymer degradation, polymer molecular weight,
swelling, and diffusion of water, monomers and oligomers [49]. Surface
eroding polymers lose material from the surface only [10]. Therefore,
the rate of the loss of mass and the change in dimensions of the poly-
meric device depend on its surface area. As the molecular weight of
the remaining polymer remains essentially the same, the strength of
the material essentially remains unchanged. This is shown in Figure
2.4A. In bulk degradation, the mass and the dimensions of the mate-
rial remain unchanged for relatively long times. However, the molecu-
lar weight of the material decreases significantly [10]. Upon reaching a
critical low molecular weight the material loses it mechanical strength,
potentially with dramatic mechanical failure of the implant as a result.
Rapid release of degradation products then also occurs. This is shown
in Figure 2.4B.
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Although most biodegradable polymers and polymer networks de-
grade by bulk erosion, surface eroding materials are to be preferred
[10]: in medical implants and tissue engineering scaffolds the mechan-
ical properties and structural integrity of the implants are maintained
during the functional life time of the implant. In drug delivery, surface
erosion allows for zero-order release of the drug.

The degradation and erosion behavior of photo-crosslinked net-
works has been studied extensively [35, 42, 51, 52]. PDLLA networks
degraded hydrolytically in approximately 40 weeks via bulk erosion
[51]. The networks were form-stable and showed very little mass loss
in the first 6 months. The mechanical properties remained unchanged
for approximately 15 weeks, then the materials failed catastrophically
with near complete mass loss in a very short time.

PTMC networks degrade by enzymatic surface erosion. The degra-
dation rate of networks prepared from PTMC macromers was found
to depend on the molecular weight of the macromers used to prepare
these networks [52]. Other studies showed that networks prepared by
photo-crosslinking linear HMW PTMC in mixtures with low molecu-
lar weight PTMC macromers as a cross-linker also degrade via surface
erosion [53, 54]. In vivo, the surface erosion of PTMC may be mediated
by macrophages. It was shown that after culturing macrophages on
PTMC network films, pits had formed on the surface and loss of mass
was observed [54].

Interestingly, the degradation mechanism of copolymeric poly(ε-
caprolactone-co-D,L-lactide) networks appeared to depend on the

Figure 2.4: Schematic illustration of the processes of surface erosion (A) and
bulk erosion (B). The effect of degradation on strength, molecu-
lar weight and mass of the remaining material is shown. Adapted
from [50].
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crosslink density [42]. Networks prepared from end-functionalized
macromers with low molecular weights (i.e. high crosslink den-
sity) degraded via surface erosion, while networks prepared
form higher molecular weight macromers degraded via bulk
erosion. Poly(trimethylene carbonate-co-ε-caprolactone-co-D,L-lactide)
macromers were used to prepare networks that had higher degrada-
tion rates than poly(trimethylene carbonate-co-D,L-lactide) networks,
but released minimal amounts of acidic degradation products [35].

2.3 biomedical applications of synthetic
biodegradable networks

Photo-crosslinked biodegradable networks form an interesting group
of materials for biomedical applications [55]. This interest relates to:

1. the ease of preparation (also in vivo),

2. the possibility to entrap a wide range of substances and even cells
in the networks [56], and

3. the spatial and temporal control over the polymerization process
which allows for the preparation of network structures with com-
plex shapes [57].

As a result, photo-crosslinked biodegradable networks have been stud-
ied for a variety of applications such as drug delivery [58] and tissue
engineering [59].

2.3.1 Drug delivery devices

Controlled and sustained delivery greatly improves the therapeutic ef-
ficacy and safety of drugs. [60]. Ideally, implantable drug delivery de-
vices are biodegradable as they will not need to be removed after the
drug has been delivered [61].

Photo-crosslinked biodegradable polymer networks are an interest-
ing group of materials for application in drug delivery devices [62].
Through photo-crosslinking, drugs can easily be entrapped in the net-
works by dissolving or dispersing the drugs into the macromer so-
lution prior to crosslinking [46, 63]. This allows for large amounts
of drugs to be loaded into the devices at high efficiencies. As photo-
crosslinking is fast and can be performed with minimal heat genera-
tion, heat-sensitive compounds such as proteins can be incorporated
as well. Detrimental reactions of proteins with free radicals [64] are
avoided, as in the photo-crosslinking the macromers act as free radical
scavengers [65].
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Photo-crosslinked biodegradable polymer networks allow control
over the rate of release of the incorporated compounds by variation of
the crosslink density and composition of the networks [35, 40, 46, 62, 63,
66]. Different studies showed that less densely crosslinked networks re-
leased incorporated compounds faster than more densely crosslinked
networks [62, 63]. Furthermore, several studies showed that more hy-
drophilic networks lead to a more rapid release [62, 63, 66]. In block
copolymeric hydrogel networks, variation of the hydrophilicity of the
network allowed good control of drug release profiles [46].

To minimize denaturation of proteins or growth factors released
from biodegradable networks, the formation of large amounts of acidic
degradation products should be avoided [35, 40].

2.3.2 Tissue engineering scaffolds

In tissue engineering, biodegradable scaffolds are used in combina-
tion with cells and/or biologically active compounds to induce the
(re)generation of tissues in vitro or in vivo [67]. Scaffolds are porous im-
plants intended to provide temporary support for cells and the formed
tissues. Such scaffolds ideally have a high porosity, good pore intercon-
nectivity and optimal pore sizes for an intended application [68-70].
The scaffolds need to be biocompatible, biodegradable at a rate which
matches the tissue replacement, and have mechanical properties that
are compatible with those of the tissues that are to be regenerated [68,
71, 72].

Conventional techniques used to fabricate tissue engineering scaf-
folds include solvent casting, particulate porogen leaching, phase sep-
aration, membrane lamination, melt molding, injection molding and
freeze drying [68, 69, 74]. Several of these techniques have also been
used to prepare photo-crosslinked porous structures [75-77]. For ex-
ample, porous tubular scaffolds for vascular tissue engineering have
been prepared by photo-crosslinking a mixture of photo-crosslinkable
PTMC macromers and salt particles, followed by leaching of the salt
[75]. Porous photo-crosslinked scaffolds have also been prepared by
employing temperature-induced phase separation [76, 77]. Upon cool-
ing macromer solutions ethylene carbonate (a crystallizable solvent),
subsequent photo-crosslinking of the matrix and extraction of the
dispersed ethylene carbonate crystals with water, a porous photo-
crosslinked structure is obtained.

Scaffolds fabricated by these conventional techniques often result
in inhomogeneous structures with irregular pore sizes and wide pore
size distributions, poor pore connectivity and inferior mechanical prop-
erties [24, 78]. Additive manufacturing techniques, on the other hand,
allow for the preparation of designed porous structures with precise
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Figure 2.5: Overview of a scaffold with a complex porous architecture pre-
pared by stereolithography and a scaffold prepared by salt-
leaching. From the photos and the µCT visualization it is clear
that preparing tissue engineering scaffolds by a 3D printing tech-
nique such as stereolithography results in scaffolds with much
higher control over pore architecture. Adapted from Melchels et
al. [73].

control over pore size and pore architecture, and optimal mechanical
properties [31, 73]. Furthermore, additive manufacturing allows the
preparation of complex structures, shapes and patient-specific tissue
engineering scaffolds [57, 79]. In Figure 2.5 a comparison is made be-
tween a designed porous structure prepared by stereolithography (an
additive manufacturing method) and a scaffolding structure prepared
by salt-leaching.

2.3.3 Cell encapsulation devices

A most interesting use of photo-crosslinked networks is in the prepa-
ration of cell encapsulation devices. In such devices, cells are encap-
sulated in a support structure during its formation rather than seeded
onto prefabricated tissue engineering scaffolds [80]. Although the num-
ber of photo-crosslinkable biomaterials suited for cell encapsulation
is limited due to the required cytocompatibility of the encapsulation
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process, use of cell encapsulation devices can be highly advantageous.
First, injectable systems with cells suspended in liquid precursor solu-
tions can be used, and second, by curing the material in situ, enhanced
adhesion of the implant to the tissues can be achieved without the use
of glues or sutures.

Hydrogels are attractive materials for this application as they pro-
vide a highly hydrated tissue-like environment for cells and tissues. In
addition, they are easy to handle and can be formed in situ. Several
studies aiming at engineering cartilage tissue have made use of PEG-
based hydrogels to encapsulate the cells [56, 81]. Uniform cell seeding
was easy to achieve and chondrocyte cell viability could readily be
maintained in these hydrogels [82]. It has been shown that the mechan-
ical properties of the hydrogels and the incorporation of tissue-specific
molecules can have an effect on extracellular matrix production [56],
chondrocyte metabolism and gene expression [83].

2.3.4 Other applications

Other biomedical applications of photo-crosslinked networks include
tissue adhesives, tissue barriers and dental composites.

Photo-crosslinkable tissue adhesives have been developed from nat-
ural materials such as chitosan and mussel proteins, and from syn-
thetic methacrylate-functionalized block copolymers containing PEG
and DLLA or TMC segments [84-86]. Upon irradiation with light, such
synthetic adhesives not only crosslink but at the same time also adhere
to the tissue [85] as the (meth)acrylate groups can covalently bind to
amine groups present in the tissue [87].

Photo-crosslinkable hydrogels have been investigated for use as
resorbable tissue barriers to prevent postoperative adhesions [88,
89]. These systems were based on PEG and lactide block copoly-
mers that are end-functionalized with methacrylic acid. In situ photo-
crosslinking allows the formation of the barriers that prevent adhesions
[88]. These barriers could also be loaded with drugs [89].

Multifunctional (meth)acrylates have also been used in the prepara-
tion of photo-crosslinkable resins for dental applications [90-92].

2.4 additive manufacturing
Photo-crosslinking has been employed in several additive manufactur-
ing techniques. These methods include extrusion-based additive man-
ufacturing [53, 93], stereolithography (SLA) [15, 94], melt electrospin-
ning writing (MEW) [95] and a combination of these methods [96].
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2.4.1 Extrusion-based additive manufacturing

Extrusion-based additive manufacturing methods are interesting for
the preparation of designed structures. These methods are based on
the extrusion of a material at pre-defined locations in a layer-by-layer
manner to form 3D structures with specific internal and external ge-
ometries [93]. A commonly used extrusion-based additive manufactur-
ing technique is fused deposition modeling (FDM) [97, 98]. Aliphatic
polyesters such as PDLLA and PCL are very well suited for FDM, as
they flow in the melt at elevated temperatures and readily solidify af-
ter extrusion. Polymers that do not crystallize or only slowly solidify
are more difficult to process as they will not be form-stable [26, 27,
93]. An example of such a polymer is PTMC, which is amorphous
and has a low glass transition temperature. Nevertheless, this poly-
mer could be processed by an extrusion-based additive manufactur-
ing method when the polymer was dissolved in a crystallizable sol-
vent. PTMC was dissolved in ethylene carbonate (melting point 37°C)
and processed using low-temperature extrusion-based additive man-
ufacturing (LTEAM) [53, 93]. After extrusion of the fibers at 60°C, the
ethylene carbonate was crystallized at a temperature below the melting
temperature of the solvent. This provided the required form-stability
when building the structure. The prepared structures were then photo-
crosslinked. After extraction of ethylene carbonate the manufactured
structures remained form-stable. Interestingly, this use of crystalliz-
ing ethylene carbonate resulted in porous scaffolds with an additional
micro-porosity. It has been suggested that these micro-pores may have
a beneficial effect on the regenerative capacity of the scaffolds [93].

A new approach to prepare porous TE scaffolds is melt electrospin-
ning writing [95, 99-101]. MEW is essentially applying an extrusion-
based additive manufacturing approach to melt electrospinning [102].
An electrified polymer melt is extruded through a nozzle onto a
grounded, translating and/or rotating platform. As the electrified
molten jet rapidly cools in the air and on the platform, well-defined
porous structures can be prepared. Furthermore, polymer fibers with
diameters smaller than 1 µm can be prepared [100]. Chen et al. used
MEW to prepare scaffolds from P(LLA-co-ε-CL) macromers which
were photo-crosslinked to prevent creep and a decrease in the elastic-
ity modulus upon hydration [95]. Furthermore, crosslinking increased
the average elasticity modulus of the fibers and improved their tough-
ness. The crosslinked scaffolds could be exposed to cyclic strains of
10% elongation for 200,000 cycles without failure, whereas 4 out of 6

non-crosslinked scaffolds failed under the same conditions.
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2.4.2 Stereolithography

Stereolithography is the most widely used additive manufacturing
technique to prepare photo-crosslinked structures and tissue engineer-
ing scaffolds. SLA makes use of a light source to photo-crosslink a
polymer resin in a layer-by-layer manner [57, 103]. As can be seen in
Figure 2.6, a 3D design of an implant (for example a patient-specific
meniscus implant based on a render from CT imaging data) is virtually
sliced into 2D layers. The thickness of these layers corresponds to the
thickness of the layers in the additive manufacturing process. The data
is then uploaded to the control computer and the structures are fabri-
cated by SLA. Of all 3D printing techniques, SLA is the most accurate
additive manufacturing technique allowing building of designed struc-
tures at the highest resolution. Whereas commercially available SLA
setups allow building constructs with details of 20 µm in size, other
additive manufacturing techniques allow building structures with de-
tails in the range of 50-200 µm [57]. A two-photon SLA setup has been
developed that allows building at resolutions close to 100 nm [104].
More recently, an apparatus in which SLA and extrusion are combined
has been developed by Shanjani et al. [96].

Figure 2.6: From a 3D design towards a porous meniscus implant manufac-
tured by stereolithography (SLA). A 3D design based on a 3D
render from CT imaging data with a gyroid porous network ar-
chitecture is made. 2D slices with thicknesses corresponding to
the build layers are then made and converted into pixel patterns.
The structure is then manufactured by SLA in a layer-by-layer
manner.
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In general, two types of SLA systems are used to prepare designed
tissue engineering structures [31, 105]: laser-based SLA and digital
light processing SLA (DLP SLA). In laser-based SLA, a layer of a photo-
crosslinkable resin is illuminated at the surface using a computer con-
trolled laser beam. The structures are prepared layer-by-layer by mov-
ing the build platform down into the resin. In DLP SLA, a UV or blue
light pattern of pixels is projected into the resin through a transparent
and non-adherent resin container from below. In this case, the build
platform moves upwards and out of the resin.

2.5 stereolithography resins
Many biodegradable macromers have been used in the preparation of
photo-crosslinkable resins for use in SLA.

SLA resins based on fumarate-functionalized oligomers were devel-
oped [8, 79, 106-109]. These resins were based on PDLLA, PCL and
poly(propylene fumarate) (PPF). The disadvantage of these materials
is that they need a reactive diluent such as N-vinyl-2-pyrrolidone [107,
109] and diethyl fumarate [79, 106, 108]. As described earlier, this in-
creases the non-degradable content of the resulting polymer networks.
Resins based on (meth)acrylated macromers are therefore perhaps a
more suited alternative [110, 111], as these are more reactive. Non-
reactive diluents can be used to adjust the viscosity of the resin to
allow its processing by stereolithography [15, 31]. (Note that this non-
reactive diluent needs to be extracted from the built structure.)

2.5.1 Resins based on poly(ethylene glycol)

Resins based on meth(acrylated) PEG have been developed as well [74,
112, 113]. These resins could also contain cells, making the prepara-
tion of cell encapsulating scaffolds by SLA possible [114]. As described
previously, PEG-based networks are only biodegradable when PEG is
block co-polymerized with a biodegradable component. Scaffolds us-
ing a resin based on tri-block copolymer of PDLLA and PEG were pre-
pared by SLA [115]. These scaffolds were hydrogels and highly flexible
and the structures matched their design precisely. Furthermore, the
mechanical properties of these scaffolds in compression experiments
were similar to the properties of soft tissues. In a combinatorial ap-
proach PEG was one of the components in hydrogel mixtures which
further included PTMC, PDLLA and PCL to prepare mixed-macromer
network scaffolds by SLA [47]. These scaffolds had compression mod-
uli up to 170 kPa.
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2.5.2 Resins based on poly(D,L-lactide)

Methacrylate-functionalized PDLLA oligomers were one of the early
photo-reactive compounds used for the preparation of biodegradable
tissue engineering scaffolds by SLA [15]. As non-crosslinked HMW
PDLLA was already used in bone tissue engineering, Melchels et al.
proposed to prepare scaffolds for bone tissue engineering by SLA [15].
Using a non-reactive diluent, they developed resins based on such
photo-crosslinkable PDLLA macromers. The mechanical properties of
the networks and porous scaffolds prepared by SLA were similar to
those prepared using HMW PDLLA. In the further development of
PDLLA bone tissue engineering scaffolds, nano-hydroxyapatite was
incorporated into the resin. As the chemistry of hydroxyapatite is sim-
ilar to the calcium phosphate mineral phase present in hard tissues,
this may lead to composite scaffolds that enhance bone formation [78,
116]. The incorporation of nano-hydroxyapatite into the polymer ma-
trix also resulted in increasing the compressive- and tensile moduli of
the networks [78, 116].

2.5.3 Resins based on poly(ε-caprolactone)

Designed tissue engineering scaffolds have also been prepared using
SLA resins based on methacrylated PCL macromers with relatively low
molecular weights [24, 117]. In this case, no diluents were required as
the resins had sufficiently low viscosity at room temperature or af-
ter moderate heating to allow their processing. The scaffolds could be
manufactured very accurately, closely resembling the geometry, poros-
ity and pore architecture of the designs [24].

2.5.4 Resins based on poly(trimethylene carbonate)

Methacrylate-functionalized PTMC macromers have been extensively
used in the preparation of designed structures and tissue engineering
scaffolds by SLA [28-33, 118]. It was shown that the mechanical proper-
ties, and especially the moduli, of porous scaffolds strongly depended
on porosity and not the molecular weight of the macromer [118] or on
pore size [31]. Furthermore, it was shown that incorporating nano hy-
droxyapatite into the resin to create composites resulted in increased
tensile strength and toughness [33].
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2.5.5 Resins based on other polymers

Resins based on other polymeric biomaterials and polymers with other
photo-polymerizable groups than (meth)acrylates have been investi-
gated for use in stereolithography as well.

Liquid coumarin end-functionalized copolymers of TMC and CL
were used to prepare microstructured films and surfaces by stere-
olithography [5, 6]. Multilayered films containing three different
copolymers in one single construct were prepared with these materials.

The use of resins based on acrylate-functionalized gelatin modified
with PEG or methoxy-PEG has been evaluated in preparing designed
3D structures at high resolutions. These resins contained reactive dilu-
ents [111] or aqueous solutions of co-monomers [119].

Resins based on vinylesters and vinylcarbonates rather than acry-
lates have been investigated [120, 121]. These resin contained mixtures
of monomers, photo-initiator and a UV-absorber. Using these resins,
highly accurate designed 3D structures could be prepared.

To prepare designed 3D ceramic structures, photo-crosslinkable com-
posite resins have been developed as well [122, 123]. In these resins, a
ceramic powder is dispersed in a solution of acrylate-based monomers.
After fabrication of the designed structures by SLA, heating of the
green body to elevated temperatures leads to decomposition of the
polymer network phase and sintering of the ceramic particles.

2.6 conclusions
This review shows that photo-crosslinked synthetic biodegradable
polymer networks are interesting materials for biomedical applications
such as drug delivery, cell encapsulation and tissue engineering scaf-
folds. Such networks show enormous versatility as varying the mate-
rials, crosslink density and macromer molecular weight results in net-
works with diverse mechanical properties, degradation properties and
applications. These properties allow for the use of networks to deliver
drugs in a controlled way over a prolonged period of time. Further-
more, the ability to photo-crosslink makes these polymers excellent
candidates for the preparation of scaffolds for tissue engineering using
additive manufacturing methods.
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abstract
Photo-crosslinked networks prepared from three-armed methacrylate
functionalized PTMC oligomers (PTMC-tMA macromers) are attrac-
tive materials for developing an anatomically correct meniscus scaffold.
In this study, we evaluated cell specific biocompatibility, in vitro and
in vivo degradation behavior of, and tissue response to, such PTMC
networks. By evaluating PTMC networks prepared from PTMC-tMA
macromers of different molecular weights, we were able to assess
the effect of macromer molecular weight on the degradation rate of
the PTMC network obtained after photo-crosslinking. Three photo-
crosslinked networks with different crosslinking densities were pre-
pared using PTMC-tMA macromers with molecular weights 13.3, 17.8,
and 26.7 kg/mol. Good cell biocompatibility was demonstrated in a
proliferation assay with synovium derived cells. PTMC networks de-
graded slowly, but statistically significant, both in vitro as well as sub-
cutaneously in rats. Networks prepared from macromers with higher
molecular weights demonstrated increased degradation rates com-
pared to networks prepared from initial macromers of lowest molecu-
lar weight. The degradation process took place via surface erosion. The
PTMC networks showed good tissue tolerance during subcutaneous
implantation, to which the tissue response was characterized by the
presence of fibrous tissue and encapsulation of the implants. Conclud-
ing, we developed cell and tissue biocompatible, photo-crosslinked
PTMC networks using PTMC-tMA macromers with relatively high
molecular weights. These photo-crosslinked PTMC networks slowly
degrade by a surface erosion process. Increasing the crosslinking den-
sity of these networks decreases the rate of surface degradation.

3.1 introduction
The menisci fulfill key biomechanical functions in the knee joint by
distributing load over two incongruent articulating surfaces [1]. Un-
fortunately, traumatic meniscal injuries are quite common, and gener-
ally treated by removing the damaged part of the meniscus [i.e., (par-
tial) meniscectomy] [2]. Although partial meniscectomy treats acute
symptoms satisfactory, removal of meniscal tissue increases the risk on
osteoarthritic changes in the knee joint [3-5]. Knee osteoarthritis is a
chronic disease accompanied by both a decrease in quality of life and
an increase in productivity costs and medical costs [6]. New treatment
strategies aiming to prevent the development of osteoarthritic changes
encountered after (partial) meniscectomy would be highly valuable.
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A meniscus scaffold, designed to replace lost tissue and promote the
formation of new meniscus tissue is a promising concept [1].

In the light of the crucial biomechanical functions of menisci, a
meniscus scaffold should have suitable mechanical properties and ap-
proximate the native geometry of the meniscus [1]. A relative slow and
predominantly surface oriented degradation of the porous structure is
a requisite, ensuring the preservation of the structural integrity of the
scaffolds while new functional tissue is being formed [1].

Linear poly(trimethylene carbonate) (PTMC) is a flexible, biocom-
patible polymer that has been shown to degrade by surface erosion in
vivo without the formation of acidic compounds [7, 8]. Crosslinking of
methacrylate functionalized PTMC macromers (PTMC-trimethacrylate
(PTMC-tMA)) results in form-stable and creep resistant elastomeric
networks with a high stiffness [9]. Network properties can be tuned
by varying the molecular weight of the PTMC macromer, allowing the
creation of structures with different stiffness and strengths [9]. Rigid
and brittle materials can be obtained by crosslinking macromers with
low molecular weight, while crosslinking of macromers with relatively
high molecular weights will result in flexible, rubber-like elastomers
[9].

Stereolithography, a three-dimensional printing method that uses a
light source to photo-crosslink a liquid resin, can be used in processing
PTMC-tMA macromers [10]. Processing PTMC-tMA by stereolithogra-
phy allows the preparation of designed porous structures with excel-
lent the control over critical parameters such as porosity, pore size, pore
size distribution, and pore interconnectivity [11]. Moreover, the appli-
cation of stereolithography offers the advantage that patient-specific,
anatomically correct, scaffolds can be built from scanning data of mag-
netic resonance imaging (MRI) or computer tomography (CT) tech-
niques.

In view of these outlined properties, photo-crosslinking PTMC-tMA
with relatively high molecular weight results in attractive materials
well suited for the engineering of an anatomically correct meniscus
scaffold. However, the molecular weight of the macromers used might
influence degradation rate of the final network [12]. Since degradation
is an important parameter in the selection process of an optimal ma-
terial for engineering a meniscus scaffold it is paramount to evaluate
the effect of the molecular weight of the macromer on the degradation
behavior of the resulting network.

In this study, we assessed cell specific biocompatibility, in vitro and in
vivo degradation behavior of, and tissue response to, photo-crosslinked
PTMC networks. By evaluating three networks, prepared using PTMC-
tMA macromers of different molecular weights, we were able to assess
the effect of the molecular weight of the macromer on the final network
degradation rate.



46 degradation of ptmc networks

3.2 materials and methods

3.2.1 Implant preparation and characterization

Three-armed PTMC oligomers were synthesized by ring opening poly-
merization of TMC (Houzou ForYou medical, China) with trimethylol
propane (Sigma) as initiator and stannous octoate (Sigma) as catalyst.
The TMC monomer and initiator were charged in a three-necked flask
and polymerized for three days at 130°C under argon atmosphere. By
adjusting the monomer to initiator ratio we synthesized three differ-
ent oligomers with increasing molecular weight. The target molecular
weights of the oligomers were 10, 20, and 30 kg/mol. Subsequently,
these three-armed, hydroxyl group terminating, oligomers were func-
tionalized by a reaction with methacrylic anhydride (Sigma). First, the
oligomers were dissolved in dichloromethane (Biosolve, The Nether-
lands) which was dried over calcium hydride (Acros Organics) and
distilled before use. Second, the methacrylic anhydride and triethyl
amine (Sigma) were added, and left to react for 5 days. Finally, the
methacrylate functionalized PTMC macromers (PTMC-tMA) were pu-
rified by precipitation in cold ethanol and drying under vacuum.

The PTMC-tMA macromers were used to prepare networks by
photo-crosslinking. To allow photo-crosslinking, the macromers were
dissolved in propylene carbonate (Merck, Germany) (50 wt% for the
macromer with the highest initial molecular weight and 40 wt% for the
other two macromers), TPO-L photo-initiator (BASF, Germany) (5 wt%
relative to the macromer) and Orasol orange (CIBA specialty chemicals,
Switzerland) (0.15 wt% relative to the macromer). The macromer solu-
tions were cast at 850–1000 µm thickness in order to obtain networks
with an approximate thickness of 500 µm after photo-crosslinking
and solvent extraction. The cast films were photo-crosslinked for 30

min at an intensity of 8 mW/cm2 in a photo-crosslinking cabinet
(365 nm, Electronic Ultraviolet Crosslinker CEX 1500, Ultra-lum). After
crosslinking, the networks were extracted using a 1:1 mixture of propy-
lene carbonate and ethanol for two days, refreshing the mixture daily.
After two days, the volume percentage of the ethanol was increased
by 10% daily, using fresh solutions, finished by two additional days in
100% ethanol. Finally, networks were washed with 100% ethanol and
dried until constant weight.

The molecular weight of the oligomers and the degree of function-
alization of the macromers were analyzed by 1H-NMR spectroscopy
(Varian Inova 400 MHz, Bruker, Germany) using CDCl3 (Sigma) as sol-
vent. For the calculation of the number average molar mass, the peak
integrals of the repeating CH2 groups at δ 2.05 parts per million (ppm)
and δ 4.20 ppm were compared to the peak integral of the CH3 group
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of the initiator at δ 0.90 ppm. To calculate the degree of functionaliza-
tion of the macromers, the peak integrals of the methacrylate groups
at δ 5.57 ppm and δ 6.11 ppm (both CH) were compared to the peak
integral of the CH3 group of the initiator at δ 0.90 ppm.

The thermal properties of the macromers and networks were deter-
mined by differential scanning calorimetry (Pyris 1 DSC, Perkin Elmer).
During the first scan, samples of 5–10 mg were heated from -100°C to
100°C at a rate of 10°C/min. Subsequently, samples were quenched to
-100°C at a rate of at 300°C/min, and after 5 min a second scan was
ran, during which glass transition temperatures were recorded.

Next, gel content and swelling behavior of networks were deter-
mined. The gel content was determined according to Equation 3.1, and
the swelling ratio (q) was assessed in chloroform using Equation 3.2.
Both gel content and swelling ratio were determined in triplicate.

Gel content =
mdry

minitial
×100% (3.1)

(mdry = the mass of the network after drying; minitial = the mass of the
network before the experiment).

q = 1+ (
mswollen −mdry

mdry
) ×
ρp

ρs
(3.2)

[mswollen = the mass of the swollen network, mdry = the mass of the
dried network, ρp = the density of PTMC-tMA (1.31 g/cm3), ρs = the
density of chloroform (1.48 g/cm3)].

3.2.2 Cell specific biocompatibility (proliferation assay)

A bovine knee with intact knee capsule was obtained from a local abat-
toir, and, after disinfection with 70% ethanol, dissected under sterile
conditions. Knee synovial tissue was harvested, minced, and trans-
ferred to a digesting solution of collagenase (1.5 mg/ml) (Type II,
Worthington) in culture medium [50:50 Dulbecco’s modified Eagle’s
medium and F12 (Gibco), 10% fetal bovine serum (Gibco), L-ascorbic
acid (25 µg/ml), 1% PSF Penicillin/streptomycin/fungizone, Gibco)]
to isolate synovium derived cells overnight. Hereafter, the digest was
filtered over 70 µm tissue filter bags, cells were washed and transferred
to culture medium, and cell viability evaluated by trypan blue dye ex-
clusion staining [13]. Consequently, aliquots of 250 µl cell suspension
(104 cells/ml) were seeded upon circular films (diameter 15 mm) in 24

well plates. Four different types of films were used in this experiment,
films of all three PTMC networks as described in the previous section,
and Thermanox® films (Nunc Thermanox® Coverslips, Thermo Fisher
Scientific). The Thermanox® coverslips were used as a positive control.
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All films were disinfected with 70% ethanol and incubated in culture
medium overnight prior to use. All wells were filled to contain 1 ml
of culture medium, and plates were transferred to culture incubator
(37°C and 5% CO2). The medium was gently changed after the first
24 h to remove non adherent cells and refreshed three times per week
thereafter [14].

For evaluating DNA content, constructs were harvested after 7, 14,
and 28 days of static culture (three constructs per type of film per
time point). Additionally, three initial aliquots of 250 µl cell suspen-
sion were used to evaluate DNA content at baseline. Tissue constructs
were washed in PBS, placed in digestion buffer (10 mM Tris, 1 mM
EDTA, and 0.1% Triton X-100) with 0.1 mg/mL proteinase K in cen-
trifuge tubes, and incubated overnight at 50°C [15]. The supernatants
were drawn off and diluted 10-fold. Picogreen dye (Molecular probes,
Invitrogen) was added to the samples in 96-well plates (100 µL of dye:
100-µL sample) and read in a fluorescent plate reader (excitation 485

nm: emission 530 nm) [15]. All picogreen analyses were done in dupli-
cate and the average value used as DNA content [15].

3.2.3 In vitro degradation

In vitro degradation of the PTMC networks was evaluated under differ-
ent conditions using circular specimens (1 mm diameter width) with
an approximate thickness of 500 µm. Specimens were placed in well
plates containing 1 ml of either: phosphate buffered saline (PBS, pH 7.4)
containing 0.02 wt% NaN3 (Sigma) as a bactericide, 0.02 wt% choles-
terol esterase (CE) (Sigma) in PBS, 0.01N acetic acid (pH ± 3.5), or 0.1N
sodium carbonate (pH ± 10.5). After 1, 2, 4, 8, 12, and 26 weeks of in-
cubation at 37°C, specimens were rinsed, dried to constant weight at
37°C, and their mass and thickness determined. In vitro degradation
experiments were performed in triplicate (three specimens of each net-
work, per time point, per incubation solution).

3.2.4 In vivo degradation and tissue response

After evaluating cell biocompatibility and in vitro degradation, we as-
sessed in vivo degradation of, and tissue response to PTMC networks
subcutaneously in rats. All procedures performed on animals were
done accordingly to international guidelines on animal experiments
and approved by the local committee for care and use of laboratory an-
imals (DEC-No.: 2013-253). Forty male rats (Sprague Dawley, Charles
River, Germany) weighing 280–320 g at the start of the experiment
were used. All animals were housed in pairs, received water and pel-
leted diet ad libitum, and were placed within the same humidity and
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temperature controlled animal room facility with 12 h light/dark cy-
cles.

Percentual loss in mass was the primary outcome measure, and a
sample size calculation resulted in eight implants per network per time
point. Three types of implants were evaluated, composed of the three
PTMC networks as described in the previous section. Implants con-
sisted of rectangular films (20 x 15 mm2) with an approximate thick-
ness of 500 µm. Rats were operated upon under general anesthesia,
in groups based on their follow up, and euthanatized using carbon
dioxide after 1, 2, 4, 12, and 36 weeks respectively. Per rat, four non-
communicating, subcutaneous pockets were made on its back in which
implants were inserted. Three pockets were used for the evaluation of
implant degradation. Implants in the fourth pocket were designated
either for evaluation of tissue response (five implants per time point,
at least one of each network), or for surface visualization by scanning
electron microscopy (SEM) (three implants per time point, one of each
network). The distribution of the different implants over the different
pockets and over the different animals was randomized per group us-
ing a computer based pseudorandom number generator [16]. Prior to
implantation implants were decontaminated with 70% ethanol. Care-
givers structurally monitored animal welfare during the first 7 postop-
erative days.

Mass and thickness. Prior to implantation, implants were dried to
constant weight at 40°C and their initial dry mass and thickness de-
termined. Thickness of implants was measured at five predefined lo-
cations per implant (four edges and its center) and the average value
was used as implant thickness. After euthanasia, implants for evalua-
tion of degradation were explanted, blotted dry and weighed (initial
wet weight). Subsequently, implants were washed, dried to constant
weight at 40°C, and their final dry mass and thickness determined. The
water uptake of the implants over the course of implantation was de-
fined as the difference between initial wet weight and final dry weight,
relative to its final dry weight.

Mechanical properties. After determining mass and thickness, me-
chanical properties were evaluated according to ASTM D882-91 us-
ing a tensile tester (Zwick Z020, Zwick GmbH, Germany) equipped
with a 500 N load cell, see also Schuller-Ravoo et al [9]. Measurements
were performed at room temperature using a crosshead speed of 50

mm/min. The specimen deformation was derived from the grip-to-
grip separation. The initial grip-to-grip separation was 11 mm. The
E-modulus was determined from the initial slope of the stress-strain
curves. The elongation (ε) and stress (δ) at failure were derived from
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the stress-strain curves. The elongation and stress at yield were deter-
mined from the intersection of tangents to the stress-strain curves.

SEM. Implants designated for surface evaluation by scanning elec-
tron microscopy (SEM 6340F, JEOL) were explanted, washed, dried,
sputter coated with gold and its surface scanned at an operating volt-
age of 5 kV [17].

Tissue response. The implants designated for evaluation of tissue re-
sponse were removed completely with surrounding skin and fixated
in 4% formaldehyde in phosphate buffered saline (pH 7.4) for 5 days.
Next, samples were washed, dehydrated in graded alcohol solutions,
and embedded in glycolmethacrylate (Technovit 7100, Kulzer Histo
Technik, Germany). Histological sections were stained with hema-
toxylin and eosin, and the tissue inflammatory response was evaluated
semiquantitatively using light microscopy. (Table 3.1) [18-20]. Semi-
quantitative scoring was performed independently by two trained as-
sessors, blinded for both time point and type of network, and slides
were processed in a random order [16].

Statistics. Data were presented as means ± standard error (SE). Final
dry mass and thickness of the networks were presented relative to their
initial dry mass and thickness (i.e., percentual mass and thickness).

Continuous dependent variables were tested for differences between
different time points, separately per type of network, by using a one
way univariate analysis of variance (ANOVA), in which we ran the
Welch test when the assumption of homogeneity of variances was vio-
lated. Post hoc pairwise comparisons were performed by using either
a Tukey’s HSD test, or, in case that the assumption of homogeneity of
variances was violated, the Games Howell test. Within these post hoc
pairwise comparisons we specifically assessed differences relative to
the first time point.

To test for an effect of the molecular weight of the PTMC-tMA
macromer on the degradation of the corresponding photo-crosslinked
network we used an ANOVA to test whether percentual mass and/or
thickness differed between the different PTMC networks, limited to
those time points at which statistical significant loss in either mass
or thickness was observed. Next, we tested data for a correlation be-

Table 3.2: Network Properties.

Network Mn macromer Functionalization Tg Macromer Tg Network Gel Content Swelling Ratio

kg/mol % °C °C % %

PTMC 13k 13.3 100 -21.8 -20.2 97.9 ± 0.1 7.1 ± 0.1

PTMC 18k 17.8 97 -29.8 -17.3 90.7 ± 0.3 14.4 ± 0.2

PTMC 27k 26.7 90 -21.9 -17.9 84.8 ± 4.0 18.9 ± 0.4
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tween percentual mass and thickness by calculating either Pearson’s or
a Spearman’s correlation, based on the normality of the data.

Results on tissue inflammatory response were presented descrip-
tively by providing the median and range of the scores of the two
assessors per time point.

All statistical analyses were performed using IBM SPSS statistics ver-
sion 20, and p<0.05 was considered statistically significant.

3.3 results

3.3.1 Implant preparation and characterization

The molecular weight of the initial PTMC oligomers used for preparing
the different networks were 13.3 kg/mol, 17.8 kg/mol, and 26.7 kg/-
mol (referred to as, respectively, 13k, 18k, and 27k PTMC networks).
Gel content decreased and swelling ratio in chloroform increased with
higher molecular weight of the initial PTMC oligomers used for prepar-
ing the different networks. Network properties are presented in Table
3.2.

3.3.2 Cell specific biocompatibility

97% of the synovium derived cells were viable after cell isolation. Con-
sistent, statistically significant, cell proliferation was observed over 28

days of static culture (Welch p <0.001). Differences in cell proliferation

Figure 3.1: Cell specific proliferation assay. DNA content of constructs over
28 days of static culture. Data are presented as means ± standard
error; * = statistical significant difference compared to the first
time point.
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Figure 3.2: In vitro degradation of PTMC networks. Percentual mass (A) and
percentual thickness (B) of PTMC network specimens over the
course of in vitro incubation. Percentual mass/thickness was de-
fined as the final mass/thickness of the specimen after incuba-
tion relative to the initial mass/thickness of the specimen prior
to incubation; Data are presented as means ± standard error; * =
statistical significant difference compared to the first time point.

between different PTMC networks and/or the positive control were
not observed (p = 0.984). (Figure 3.1).

3.3.3 In vitro degradation

In vitro, a significant decrease in percentual mass of the specimens
over time was observed for all three PTMC networks (p <0.001). [Fig-
ure 3.2A]. For all three PTMC networks, post hoc analyses demon-
strated statistically significant lower percentual mass for implants after
26 weeks of incubation. On average, after 26 weeks, the 13k, 18k, and
27k PTMC specimens had a percentual mass of 97.49 ± 0.11%, 96.78 ±
0.57%, and 98.33 ± 0.11% respectively. At 26 weeks, percentual mass
of incubated specimens did not differ between the different PTMC net-
works (Welch p = 0.124).

In vitro, for all three network specimens, percentual thickness de-
creased over time (p < 0.05). Post hoc analyses demonstrated statisti-
cally significant lower percentual thickness at 8 weeks for 13k speci-
mens and after 12 weeks for 27k specimens. [Figure 3.2B].

On average, at 8 weeks the percentual thickness of 13k specimens
was 91.89 ± 0.93% and at 12 weeks the percentual thickness of 27k
specimens was 93.58 ± 1.37%. [Figure 3.2B].

At 8 weeks, percentual thickness of incubated specimens did not dif-
fer significantly between the different PTMC network (p = 0.131). At 12

weeks, percentual thickness of incubated specimens differed between
the different PTMC networks (p = 0.038). Post hoc analyses demon-
strated lower percentual thickness for the incubated specimens of 18k
compared to 13k PTMC networks (mean difference 7.07 ± 2.51%, p =
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0.032). For incubated specimens, percentual mass was correlated with
percentual thickness (Spearman’s correlation = 0.202, p < 0.01).

3.3.4 In vivo degradation and tissue response

All rats were included in the final analyses. Weight of rats did not differ
between different groups (mean 388.88 ± 2.94 gram, p = 0.23). No ad-
verse events related to animal welfare were observed postoperatively.

Mass and thickness. The average water uptake of the implants over
the course of implantation was 1.73 ± 0.05%, 2.91 ± 0.11% and 2.54 ±
0.11% for the 13k, 18k, and 27k PTMC network implants, respectively.

In vivo, percentual mass of implants differed over time for all three
types of networks (p < 0.001). [Figure 3.3A]. For all three types of im-
plants, post hoc analyses demonstrated statistically significant lower
percentual mass for implants as from 12 weeks onwards. On average,
after 36 weeks, the 13k, 18k, and 27k PTMC network implants had a
percentual mass of 99.54 ± 0.05%, 96.37 ± 0.38%, and 97.49 ± 0.19%,
respectively.

As from 12 weeks onwards percentual mass of implants differed be-
tween different PTMC networks (p < 0.001). Post hoc analyses demon-
strated statistically significant lower percentual mass for implants of
18k and 27k PTMC networks compared to 13k PTMC networks (mean
difference of, respectively, 1.68 ± 0.37%, p = 0.001, and 1.17 ± 0.20%, p
< 0.001).

In vivo, percentual thickness of implants differed over time only for
18k and 27k (respectively, p = 0.002 and p = 0.008) but not for 13k (p =

Figure 3.3: In vivo degradation of PTMC. Percentual mass (A) and percentual
thickness (B) of PTMC network implants over the course of sub-
cutaneous implantation; Percentual mass/thickness was defined
as the final mass/thickness of the implants after subcutaneous im-
plantation relative to the initial mass/thickness of the implants
prior to implantation; Data are presented as means ± standard
error; * = 5statistical significant difference compared to the first
time point.
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0.970) PTMC networks. [Figure 3.3B]. Post hoc analyses demonstrated
statistically significant lower percentual thickness after 36 weeks for
18k and 27k PTMC network implants. After 36 weeks 18k and 27k
PTMC network implants had a percentual thickness of, respectively,
96.42 ± 1.82% and 95.38 ± 1.09%.

At 36 weeks, the percentual thickness did not differ between im-
plants of different PTMC networks (p = 0.351).

For implants, percentual mass was correlated with percentual thick-
ness (Spearman’s correlation = 0.376, p < 0.01).

Mechanical properties. One implant (13k PTMC network) was par-
tially torn upon explanation and, therefore, excluded from mechanical
analyses. Data on stiffness, stress and strain at yield, and stress and
strain at failure did not demonstrate consistent statistical significant
changes in stiffness and toughness over the course of implantation.
(Table 3.3).

SEM. Evaluation of the implants by SEM demonstrated signs of ero-
sion and pitting of surfaces after 36 weeks. The extent of the erosion
and pitting was limited. (Figure 3.4).

Tissue response. The tissue response was characterized by the pres-
ence of fibrous tissue, which predominantly consisted of fibroblasts
and, on late time points, scarce foci of macrophages. As a result of the
foreign body response, encapsulation of the implants was observed in
a multilayered and organized fibrous capsule. (Table 3.4) (Figure 3.5).

3.4 discussion
In this study, we assessed cell specific biocompatibility, in vitro and in
vivo degradation behavior of, and tissue response to, photo-crosslinked
PTMC networks. By evaluating three PTMC networks, prepared us-
ing PTMC macromers of different molecular weights, we were able to
assess the effect of the molecular weight of the macromer, and thus
of the network density, on the final network degradation rate. Previ-
ously, in vitro and in vivo degradation of PTMC- and other poly(alkyl
carbonate)-based polymer networks was investigated [21-23]. These
networks however, were prepared from macromers with much lower
molecular weights than the macromers used in this here. Macromers
with higher molecular weights are preferred, as the resulting networks
will have significantly enhanced mechanical properties [9]. In addi-
tion, the in vitro enzymatic degradation times we evaluated were much
longer than those previously described. The formulation of the resins
described here are optimized for their intended use in the preparation
of medical implants by stereolithography. These resin formulations are
different than those described in earlier work [21-23],
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Figure 3.4: Surface detail visualization by scanning electron microscopy.
SEM images visualizing surface details of non implanted PTMC
implants (left column) and PTMC implants after 36 weeks of
subcutaneous implantation (right column); Rows represent the
different PTMC networks, prepared with initial macromers of
different molecular weights. Magnification 250 x; Bar = 100 µm.

they are prepared in a propylene carbonate solvent and contain a dye
and photo-initiator. Careful extraction and drying removes the unre-
acted components, but trace amounts may remain in the networks and
it is, therefore, important to investigate the tissue response to the final
networks.

In general, the PTMC networks demonstrated good cell and tis-
sue biocompatibility and were subject to a slow but statistical signif-
icant surface degradation. Compared to PTMC networks with highest
crosslinking density (i.e., prepared using PTMC-tMA macromers of the
lowest molecular weight), degradation was more pronounced for those
PTMC networks with lower crosslinking density (i.e., prepared using
macromers of higher molecular weights).
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Some limitations which might hamper the interpretation and extrap-
olation of the obtained results have to be discussed. First, in evaluating
PTMC networks we used solid films whereas the intended application
of these networks covers a porous structure. By applying porosity, the
area susceptible for surface degradation will increase, expediting the
degradation rate of the final structure.

Second, in vivo tissue response and degradation behavior of the
photo-crosslinked PTMC networks was evaluated subcutaneously in
rats, while the intended application is based in the knee joint. Prefer-
ably, the performance and tissue response of a biomaterial will have to
be evaluated in its specific situation of intended use [24]. Good tissue
tolerance and statistical significant degradation was observed after sub-
cutaneously implantation in rats. Although this observation is not per
se translatable to an intra articular environment, it does provide justi-
fication to use and further evaluate these networks for, but not limited
to, meniscus tissue engineering.

Third, the time span of our study demonstrated to be too short to
fully evaluate the tissue response over the process of degradation. Tis-
sue response was only addressed when there was no or only mini-
mal degradation. Whereas preferably, tissue response is also evaluated
when substantial degradation has taken place, and when a steady state
has been reached resulting in tissue restoration or degradation nearing
completion [24]. For future studies, dedicated to explore the tissue re-
sponse to these photo-crosslinked PTMC networks, longer time points
will have to be taken into consideration.

Although photo-crosslinked PTMC networks were subject to degra-
dation, changes in mass and thickness over the study period were only
modest. Preferably, the degradation rate of a meniscus scaffold should
be inversely linked to new tissue formation and organization. A too
fast degradation, losing the mechanical framework before adequate tis-
sue ingrowth and organization, will have more deleterious effects than
a too slow degradation. An approximate time period of 12 months
before complete degradation via surface erosion of a meniscus scaf-
fold has been proposed as a preliminary target time frame [1]. Using
PTMC networks prepared from PTMC-tMA macromers of high molec-
ular weight in a meniscus scaffold will not cause problems due to too
fast degradation.

Biocompatibility refers to the ability of a biomaterial to perform its
desired function with respect to a medical therapy, without eliciting
any undesirable local or systemic effects in the recipient or beneficiary
of that therapy, but generating the most appropriate beneficial cellular
or tissue response in that specific situation, and optimizing the clini-
cally relevant performance of that therapy [24]. In evaluating cell bio-
compatibility we used synovium derived cells in a proliferation assay.
These types of cells were used because synovial derived cells are re-
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Figure 3.5: Histological sections of tissue surrounding the implant. Histo-
logical sections of the tissue surrounding the implants, stained
with hematoxylin and eosin, at different times of implantation. *
= PTMC implant.
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sponsible for invading and initiating new tissue formation in a porous
meniscus scaffold [25-27].

Surface degradation, instead of bulk degradation, is pursued in de-
veloping a meniscus scaffold, ensuring the preservation of the scaf-
folds’ structural integrity while new functional tissue is being formed.
These PTMC networks demonstrated to degrade by surface degrada-
tion. First, the observations that mass loss of the PTMC networks was
practically linear over time, and that mass loss was correlated to loss
in thickness are consistent with surface erosion. Second, signs of ero-
sion and pitting of the surfaces of the implants also advocates surface
degradation and argues against bulk erosion. The lack of more distinc-
tive features of the scanning images of the implanted films surfaces are
attributed to the limited extent of the degradation [17]. Third, mainte-
nance of the mechanical properties during implantation pleads against
bulk erosion. Although some changes in mechanical properties were
observed, changes were limited, inconsistent, and were only signifi-
cantly different after 36 weeks of implantation. These changes in me-
chanical properties can be explained by the formation of surface cracks
and pits in the implants generated during the process of surface degra-
dation. These cracks and pits might have acted as a stress riser during
elongation of specimens, initiating crack propagation throughout the
implant, and leading to premature failure [21].

Results demonstrated increased degradation rates of PTMC net-
works prepared from PTMC-tMA macromers of the highest molecu-
lar weights when compared to those prepared using macromers of the
lowest molecular weight. Compared to crosslinking macromers of high
molecular weight, crosslinking macromers of lower molecular weight
results in shorter chains between crosslinks, and increased crosslinking
density. This reduced length of PTMC network chains could explain
the observed difference in degradation rates between the different net-
works, by limiting accessibility and optimal chain conformations for
enzymatic attack [12, 21, 28].

Speeding up degradation rates would be possible by photo-
crosslinking PTMC-tMA macromers of even higher molecular weights
(i.e. higher than 30 kg/mol) [12]. However, using initial macromers
of high(-er) molecular weight poses challenges in processing the
macromer by stereolithography. The high concentrations of diluents
needed for dissolving these macromers, and the high viscosity of the
final solution, leads to difficulties in the processing of the resins by
stereolithography. Next, it should be possible to tune the network
degradation rates by photo-crosslinking methacrylate-functionalized
oligomeric copolymers of TMC with other monomers such as D,L-
lactide or ε-caprolactone [21, 22, 29].

These PTMC networks prepared using PTMC-tMA macromers
showed good tissue tolerance after subcutaneous implantation. The tis-
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Table 3.4: Histological evaluation of tissue response to subcutaneously im-
planted PTMC networks.

Time(weeks) Capsule quantitatively Capsule qualitatively Interface qualitatively

1 2.1 [2.0; 3.0] 3.1 [3.0; 4.0] 3.9 [3.0; 4.0]

2 2.0 [1.5; 2.0] 4.0 [3.5; 4.0] 4.0 [3.0; 4.0]

4 1.8 [1.0; 3.0] 4.0 [3.0; 4.0] 4.0 [3.5; 4.0]

12 1.3 [1.0; 2.0] 4.0 [4.0; 4.0] 4.0 [3.5; 4.0]

36 2.0 [2.0; 3.0] 4.0 [3.0; 4.0] 3.8 [3.0; 4.0]

Histological grading of tissue response to subcutaneous implanted PTMC networks assessed at dif-

ferent time points. Data are presented as median scores of the two assessors [range]. A higher score

corresponds to a more benign tissue response. See Table 3.1 for the semiquantitatively histological

grading scale of the tissue response to soft-tissue implants.

sue response to the networks subcutaneously implanted in rats was
characterized by a foreign body reaction composed of granulation tis-
sue, consisting mainly of fibroblasts, and limited foci of macrophages,
resulting in encapsulation of the implants. Generally, fibrous encap-
sulation, isolating the implant and foreign body reaction from the
local tissue environment, is commonly seen after implantation of
(biodegradable) polymers [8, 30, 31]. Unfortunately, the methods of
fixating and embedding tissue in the current study made immunohis-
tochemistry to specifically stain macrophages not possible. This might
have led to an underestimation of the presence of macrophages at the
capsule-implant interface [20].

3.5 conclusions
We developed cell and tissue biocompatible, photocrosslinked PTMC
networks. These networks were prepared by photo-crosslinking PTMC-
tMA macromers of relatively high molecular weight, allowing their
processing by stereolithography. These PTMC networks are subject to
a slow and surface mediated degradation. Increasing the crosslinking
density of these networks decreases the rate of surface degradation.
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abstract
Three-armed poly(trimethylene carbonate-co-D,L-lactide) and
poly(trimethylene carbonate-co-ε-caprolactone) macromers with
molecular weights of approximately 30 kg/mol were synthesized
by ring opening polymerization and subsequent functionalization
with methacrylic anhydride. Subsequently, networks were prepared
by photo-crosslinking. To investigate the in vitro degradation prop-
erties of these photo-crosslinked networks and assess the effect of
D,L-lactide and ε-caprolactone on the degradation properties, the
contents of D,L-lactide and ε-caprolactone in the networks were varied.
Networks prepared from poly(trimethylene carbonate-co-D,L-lactide)
macromers degraded at a relatively rapid rate, likely via bulk erosion.
Increasing the D,L-lactide resulted in higher degradation rates. Net-
works prepared from poly(trimethylene carbonate-co-ε-caprolactone)
macromers were found to degrade slowly, via a controlled surface
erosion process. Increasing the ε-caprolactone content of the networks
resulted in a small increase in the degradation rate.

4.1 introduction
Biodegradable tissue engineering scaffolds are used to induce the
(re)generation of tissues in vitro and in vivo, often in combination with
cells and/or biologically active components [1]. Scaffolds are porous
implants intended to temporarily support cells and formed tissues.
Ideally, such scaffolds have high porosity, good pore interconnectivity
and optimal pore sizes for their intended application [2-4]. Tissue en-
gineering scaffolds need to be biocompatible, biodegradable and have
mechanical properties which are compatible with those of the tissues
that they replace [2, 5, 6].

Biodegradable polymers with a low glass transition temperatures
form an interesting class of biomaterials for use in biomedical applica-
tions [7-12]. For soft tissue engineering, it would be advantageous to
use biocompatible crosslinked elastomeric scaffolds as they withstand
dynamic loading, are form-stable and their surfaces allow for cell at-
tachment and proliferation [13, 14].

By functionalizing biodegradable oligomers with low glass
transition temperatures with (meth)acrylate end-groups, (photo)-
crosslinkable macromers can be obtained [15, 16]. Subsequent photo-
crosslinking results in form-stable, creep resistant elastomeric net-
works [14]. Additionally, this allows for the preparation of designed
3D tissue engineering scaffolds by 3D printing techniques such as stere-
olithography [17, 18]. 3D printing techniques hold several advantages
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over more conventional techniques such as particulate leaching and
phase-separation [17, 19]. 3D printing allows for the preparation of
scaffolds with optimal properties regarding:

1. pore structure and connectivity,

2. geometry,

3. mechanical properties,

4. cell-seeding efficiency, and

5. transport of nutrients and metabolites.

Furthermore, 3D printing techniques allow for the preparation of pa-
tient specific implants [20, 21].

Poly(trimethylene carbonate) (PTMC) is an amorphous, flexible,
biodegradable and biocompatible polymer [14, 22]. High molecular
weight (HMW) PTMC was found to degrade via surface erosion [23].
By photo-crosslinking methacrylate functionalized PTMC oligomers
tough, tear-resistant networks can be obtained. Networks prepared
from PTMC macromers with molecular weights in excess of approx-
imately 10 kg/mol had high tensile strengths, toughness, suture re-
tention strengths and tear resistance [14]. The strength and tough-
ness of these networks increased with increasing molecular weight
of the macromers used to prepare the networks. To prepare flexible,
elastic and load-bearing tissue engineering scaffolds such as menis-
cus implants and intervertebral discs, networks prepared from PTMC
macromers with relatively high molecular weights are therefore pre-
ferred [24].

Previously, we reported on the in vitro and in vivo degradation
of PTMC networks prepared from PTMC macromers with different
molecular weights [25]. These networks degraded via surface erosion
and the degradation rate was slow, with only 1.7-3.2% mass loss after
26 weeks in vitro and only 0.5-3.6% mass loss in vivo after 36 weeks.
Furthermore, it appeared that the networks prepared from the higher
molecular weights (18 and 27 kg/mol) had higher rates of mass loss
compared to the networks prepared from the lower molecular weight
(13 kg/mol). To tune the degradation rates, networks can be prepared
from copolymeric macromers of TMC with other monomers such as
D,L-lactide or ε-caprolactone. [26-28].

Poly(D,L-lactide) (PDLLA) is an amorphous polymer with a high
glass transition temperature of 54°C [10]. Additionally, HMW PDLLA
is rigid, glassy and degrades hydrolytically. Photo-crosslinked net-
works of methacrylated PDLLA resulted in materials with similar me-
chanical properties to those of HMW PDLLA [17]. Copolymerizing
DLLA and TMC followed by functionalization with methacrylate to
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obtain P(TMC-co-DLLA) macromers and subsequent network forma-
tion can result in tough and flexible networks with similar mechanical
properties as PTMC homopolymer networks, provided that the DLLA
content remains below 60% [10].

Poly(ε-caprolactone) (PCL) is a highly biocompatible semi-
crystalline polymer with a Tg of around -60°C and a melting point
close to 65°C [29-31]. Photo-crosslinking of PCL macromers leads to
amorphous, rubber-like networks [32]. These networks show a de-
crease in tensile modulus and an increase in elongation at break with
increasing molecular weight of the macromer. Networks prepared from
low molecular weight P(TMC-co-ε-CL) macromers (7800 g/mol) were
found to degrade via surface erosion [27].

In this study, we prepared coplymeric network films by photo-
crosslinking methacrylated P(TMC-co-DLLA) and P(TMC-co-ε-CL)
oligomers of relatively high molecular weight with different mol per-
centages of DLLA or ε-CL. These networks were subjected to enzy-
matic degradation by cholesterol esterase. The degradation was investi-
gated by monitoring the changes in mass and thickness of the networks
over time.

4.2 materials and methods

4.2.1 Materials

Trimethylene carbonate (TMC) was provided by Huizhou Foryou
Medical devices Co. (China) and D,L-lactide (DLLA) was provided
by Corbion Purac Biomaterials (the Netherlands). ε-caprolactone (ε-
CL) was purchased from Acros Organics (Germany), dried over cal-
cium hydride (Sigma, USA) and distilled before use. Trimethylol
propane (TMP), tin(II) 2-ethylhexanoate (Sn(Oct)2), deuterated chloro-
form, methacrylic anhydride, triethylamine and hydroquinone were
obtained from Sigma. Dichloromethane (DCM) was purchased from
VWR chemicals (France), dried over calcium hydride and distilled be-
fore use. Ethanol was obtained from Merck (Germany). Phosphate
Buffered Saline (PBS), sodium azide (NaN3), and cholesterol esterase
were purchased from Sigma.

4.2.2 Synthesis and characterization of P(TMC-co-DLLA) and P(TMC-
co-ε-CL) macromers

Random three-armed P(TMC-co-DLLA) and P(TMC-co-ε-CL)
oligomers were synthesized by ring opening polymerization of
TMC with DLLA or ε-CL using TMP as initiator and Sn(Oct)2 as
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catalyst. The monomers and initiator were charged in a silanized
three-necked flask and polymerized for 3 days at 130°C under argon
atmosphere. By controlling the monomer to initiator ratio, oligomers
with a targeted molar mass (Mn) of 30 kg/mol were prepared. Further-
more, molar ratios of 75:25 and 50:50 (TMC:DLLA and TMC:CL) were
targeted. The Mn of the obtained oligomers and molar ratios were
determined by 1H-NMR (Varian Inova 400 MHz, Brüker, Germany)
using deuterated chloroform solutions.

The oligomers were dissolved in dried DCM (2 ml/g monomer) and
subsequently functionalized under argon atmosphere by reaction with
methacrylic anhydride (7.5 mol/mol oligomer) in presence of triethy-
lamine (7.5 mol/mol oligomer) and 0.1 wt% hydroquinone. After 5

days at room temperature, the methacrylate-functionalized oligomers
(macromers) were precipitated in cold ethanol and dried under vac-
uum for 1 week. The degree of functionalization of the macromers was
also determined by 1H-NMR.

4.2.3 Preparation and characterization of photo-crosslinked networks

The photo-crosslinked networks were prepared in a UV-crosslinking
cabinet (365 nm, 8-10 mW/cm2, Ultralum, USA). The macromers were
mixed with 2 wt% photo-initiator and subsequently the mixtures were
shaped into films by compression molding in a stainless steel mold
(100x100x0.5 mm3) at 70°C. The UV cabinet was pre-heated to 70°C and
the sheets were irradiated for 30 minutes under a nitrogen atmosphere.
The photo-crosslinked networks were analyzed with regard to their
thermal properties, gel contents and volume degrees of swelling.

The gel content was determined in triplicate in chloroform using
Equation 4.1:

Gel content =
mdry

minitial
×100% (4.1)

in which mdry is the mass of the insoluble network after drying and
minitial is the mass of the crosslinked network before the extraction in
chloroform.

The volume degree of swelling (q) was determined by swelling the
networks in chloroform using Equation 4.2:

q = 1+ (
mswollen −mdry

mdry
) ×
ρp

ρs
(4.2)

in which mswollen is the mass of the swollen network, and ρp and ρs
are the densities of PTMC (1.31 g/cm3) and chloroform (1.48 g/cm3),
respectively.

Differential Scanning Calorimetry (DSC) was used to determine glass
transition temperatures (Tg) of extracted and dried networks. DSC
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measurements were done using a Pyris 1 DSC (Perkin Elmer, USA)
with samples weighing 5-10 mg. The samples were heated to 100°C
at a rate of 10°C/min and then cooled to -100°C/min at a rate of
200°C/min. After 5 minutes at -100°C the samples were heated to
100°C at a rate of 10°C/min. The Tg of the samples were determined
from the second heating scan.

4.2.4 In Vitro degradation of P(TMC-co-DLLA) and P(TMC-co-ε-CL)
networks

In vitro degradation of the P(TMC-co-DLLA) and P(TMC-co-ε-CL)
photo-crosslinked networks was investigated using circular samples
with a diameter of 1 cm and an approximate thickness of 500 µm.
Samples were placed in well plates containing 1 ml of either PBS
(pH 7.4) containing 0.02 wt% NaN3 as a bactericide or a solution of
20 µg/ml cholesterol esterase in PBS containing 0.02 wt% NaN3. The
samples were incubated at 37°C and the degradation solutions were
changed twice per week. At pre-determined time points the samples
were rinsed, dried to constant weight at 37°C and evaluated with re-
gard to their mass and thickness. Degradation of each network in the
different degradation media was performed in triplicate per time point.

4.3 results

4.3.1 Synthesis and Characterization of P(TMC-co-DLLA) and
P(TMC-co-ε-CL) macromers

Three-armed P(TMC-co-DLLA) and P(TMC-co-ε-CL) macromers, re-
spectively P(TMC-co-DLLA)-tMA and P(TMC-co-ε-CL)-tMA, were
prepared by copolymerization of TMC with DLLA or ε-CL, and
subsequent functionalization with methacrylic anhydride to obtain
macromers with methacrylate end groups. The initiator concentration
was adjusted to obtain oligomers with an Mn of 30 kg/mol. The tar-
geted TMC:DLLA and TMC:ε-CL molar ratios were 75:25 and 50:50.
Mn of the copolymer oligomers, the TMC: DLLA and TMC:ε-CL molar
ratios, and the degree of functionalization (DF) of the macromers were
determined from the 1H-NMR spectra.

The molar ratios and the Mn of the P(TMC-co-DLLA) oligomers were
determined by comparing the integral values of the D,L-lactide –CH-
peak at δ 5.17 ppm and the TMC -CH2- peaks at δ 2.05 and δ 4.24 ppm
to the value of the –CH3 peak of the trimethylol propane initiator at
δ 0.92 ppm. The results of these analyses are shown in Table 4.1. The
Mn of the obtained oligomers closely matched the targeted 30 kg/mol
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Table 4.1: Macromer and network properties as determined by 1H-NMR,
DSC and swelling experiments in chloroform.

Macromers Networks

Molar Mn DF Tg Degree of gel

Macromer monomer ratio (kg/mol) (%) (°C) swelling (%)

PTMC-tMA [25] - 26.7 90 -17.9 18.9 ± 0.7 84.8 ± 7.0

P(TMC-co-ε-CL)-tMA 74:26 32.5 96 -33.8 5.8 ± 0.1 95.8 ± 0.3

52:48 28.3 82 -46.4 7.2 ± 0.4 92.0 ± 1.0

P(TMC-co-DLLA)-tMA 73:27 30.5 100 4.0 13.3 ± 1.7 80.7 ± 2.7

55:45 31.6 90 10.8 17.6 ± 0.6 60.6 ± 0.9

and were between 28.3 and 32.5 kg/mol. The molar ratios were close
to those in the feed. The small deviation in the 55:45 macromer may be
the result of lactide sublimation during the reaction [10].

The molar ratios and the Mn of the P(TMC-co-ε-CL) oligomers were
determined by comparing the integral values of the ε-CL –CH2- peaks
at δ 1.38, δ 1.65 and δ 2.31 ppm and the TMC -CH2- peaks at δ 2.05 and
δ 4.24 ppm to the value of the –CH3 peak of the trimethylol propane
initiator at δ 0.92 ppm. The results of these analyses are shown in Table
4.1. The Mn of these oligomers is close to the targeted values. Further-
more, the molar ratios of the oligomers were very close to those in the
feed.

The degree of functionalization of all macromers was determined by
comparing the integral values of the –C=CH2 peaks which appeared at
δ 5.57 and δ 6.11 ppm to the value of the –CH3 peak of the trimethylol
propane initiator at δ 0.92 ppm. As can be seen in Table 4.1, all degrees
of functionalization were at least 82%.

4.3.2 Characterization of Photo-crosslinked Networks

The obtained networks were analyzed with regard to their thermal
properties as well as their swelling properties and gel content. The
results of these experiments are shown in Table 4.1. The photo-
crosslinked networks were swollen in chloroform. As can be seen in
Table 4.1, with a decreasing gel content the swell ratio increases. This
can be expected, as the crosslink density of these networks is lower
compared to the networks with higher gel content. There appears to
be no correlation between the crosslink density and the degree of func-
tionalization. Interestingly, the networks prepared with P(TMC-co-ε-
CL) macromers have much higher gel contents and lower swell ra-
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tios as compared to the networks prepared using P(TMC-co-DLLA)
macromers.

The thermal properties of extracted and dried networks were deter-
mined from the second heating scan of the DSC measurements. For
biomedical application it is important that the Tg is below body tem-
perature. Networks prepared from PTMC homo-macromers have a Tg
of approximately -18°C [14, 25]. As is shown in Table 4.1, networks
prepared from P(TMC-co-DLLA) macromers had glass transition tem-
peratures of 4.0 and 10.8°C for networks containing 25 mol% and 50

mol% DLLA, respectively. The increase in Tg with increasing DLLA
content can be expected and is in line with the observations of Sharifi et
al. [10]. The networks prepared from the P(TMC-co-ε-CL) macromers
have low glass transition temperatures which decreases from -33.8 to
-46.4°C with increasing ε-CL content which can be expected as the Tg
of PCL homo-networks is approximately -60°C [33]. No melting tem-
peratures were observed.

4.3.3 In vitro Degradation of Photo-crosslinked Copolymer Networks

The in vitro degradation of the copolymer networks in PBS and in PBS
containing cholesterol esterase was investigated. Cholesterol esterase
has previously been shown to lead to surface erosion of PTMC based
photo-crosslinked networks in vitro [25, 27, 34]. The networks prepared
from P(TMC-co-DLLA) have higher rates of the loss of mass and thick-
ness than the PTMC homopolymer network as can be seen in Figure
4.1. Figures 4.1A and 4.1C show the relative remaining mass and thick-
ness of the P(TMC-co-DLLA) copolymer networks in PBS. In the PBS
solution, the homopolymer networks showed almost no loss of mass
and thickness. The copolymer network prepared from macromers con-
taining 27 mol% DLLA had a remaining mass of 48.1 ± 15.2% after 26

weeks. Copolymer networks containing 45 mol% DLLA showed com-
plete mass loss in 26 weeks. The thickness of both DLLA containing
copolymer networks decreased as well. Networks containing 27 mol%
DLLA had a remaining thickness of 76.4 ± 7.5% after 12 weeks and net-
works containing 46 mol% DLLA had a remaining thickness of 55.2 ±
7.0% after 8 weeks. Due to loss in mechanical integrity of the networks,
the thickness of the networks after longer periods of degradation could
not be determined.

In the cholesterol esterase containing PBS solution, the homopoly-
mer network had a remaining mass of 96 ± 1.5% after 26 weeks of
degradation. The copolymer network containing 27 mol% DLLA had
a remaining mass of 49.0 ± 7.9%, approximately equal to the remain-
ing mass in PBS without cholesterol esterase. The copolymer networks
prepared from the macromer with 45 mol% DLLA showed complete
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Figure 4.1: In vitro degradation of P(TMC-co-DLLA) networks in PBS and
in PBS containing cholesterol esterase. A) shows the relative re-
maining mass of the P(TMC-co-D,L-lactide) networks in PBS so-
lutions. B) shows the relative remaining mass of the same net-
works in PBS containing cholesterol esterase. C) shows the rela-
tive remaining thickness of the P(TMC-co-D,L-lactide) networks
in PBS. D) shows the relative remaining thickness of the same
networks in cholesterol esterase. Note that after 12 and 8 weeks,
respectively, the thickness of the networks containing 27 and 45
mol% DLLA could not be determined. (The data of the PTMC
networks is obtained from [25]).
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mass loss after 19 weeks. Both networks also showed a loss of thick-
ness. Networks containing 27 mol% DLLA had a remaining thickness
of 67.3 ± 5.3% after 12 weeks and networks containing 45 mol% DLLA
had remaining thickness of 79.2 ± 13.2% after 8 weeks. Again, due to
loss of mechanical integrity of the networks the thickness of networks
could not be determined after longer periods of degradation.

For TMC:DLLA 73:27 networks, incubation in PBS containing choles-
terol esterase resulted in a higher loss of mass in the short term (12

weeks) than compared to PBS. After 26 weeks, however, there did not
appear to be an effect of the cholesterol esterase. For TMC:DLLA 55:45

networks, incubation in PBS containing cholesterol esterase resulted in
an increased mass loss of approximately 7% after 4 weeks compared to
PBS. The networks showed complete mass loss in 19 weeks in choles-
terol esterase, while in PBS the mass loss was complete after 26 weeks.

Figure 4.2 shows the relationship between the change in mass and
thickness during degradation of the PTMC homo- and P(TMC-co-
DLLA) copolymer network specimens in PBS (Figure 4.2A) and in PBS
containing cholesterol esterase (Figure 4.2B). For degradation to occur
via surface erosion, the relative changes in mass and thickness in time
should be approximately equal [35]. The P(TMC-co-DLLA) copolymer
networks investigated in this study showed simultaneous loss of mass
and loss of thickness. Figure 4.2 indicates that only for time periods
of up to approximately 12 weeks, the degradation process shows some
characteristics of surface erosion.

While the thickness of the PTMC networks had not much changed
and could readily be determined, it was not possible to determine the
thickness of the copolymer networks at later time points than 12 weeks.
This can also be seen in the qualitative assessment of the mechanical

Figure 4.2: The relationship between the relative remaining mass and the
relative remaining thickness of PTMC homo- and P(TMC-co-
DLLA) copolymer networks during degradation in: A) PBS and,
B) in PBS containing cholesterol esterase. (The data of the PTMC
homo-networks is obtained from [25]).
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Table 4.2: Qualitative assessment of the mechanical stability of PTMC and
P(TMC-co-DLLA) networks during incubation in PBS containing
cholesterol esterase. (+) indicates that the mechanical properties
were comparable to those at the starting conditions, (±) indicates
that the networks had taken up liquid and had become malleable,
(-) indicates that the networks had become brittle and fragmented
upon handling and (- -) indicates the networks had fragmented
without handling.

Degradation time (weeks)

Network 0 1 2 4 8 12 26

PTMC + + + + + + +

P(TMC-co-DLLA) 73:27 + + + + ± ± -

P(TMC-co-DLLA) 55:45 + + + ± - - - Complete mass loss

stability of the networks presented in Table 4.2.
During the degradation process, the networks first take up liquid

becoming gum-like and malleable. In time, the mechanical stability
decreases and the specimens become brittle. Depending on the compo-
sition, the P(TMC-co-DLLA) copolymer networks fragmented at 8 to
26 weeks. Loss of mechanical properties was more noticeable for net-
works with the higher DLLA content. This loss of mechanical stability
was not observed for the PTMC homopolymer networks.

These results suggest that in the first 4 to 8 weeks of degradation in
PBS containing cholesterol esterase the P(TMC-co-DLLA) copolymer
networks degrade via surface erosion. However, at later time points,
bulk erosion seems to prevail as the networks fragment catastrophi-
cally with significant amounts of material remaining.

The deterioration of the mechanical stability of the P(TMC- co-
DLLA) copolymer networks in the cholesterol esterase containing
medium, is in agreement with the reported loss of the elasticity mod-
ulus, tensile strength and elongation at break of P(TMC-co-DLLA)
copolymer networks prepared from macromers with lower molecular
weights of 8.8 kg/mol in vivo which degraded by bulk erosion [28].

Figure 4.3 shows the remaining mass and thickness of P(TMC-co-ε-
CL) copolymer networks during degradation in PBS and in PBS con-
taining cholesterol esterase. It is clear that these networks degrade at a
slower rate than the P(TMC-co-DLLA) copolymer networks.

In PBS, the rate of mass loss of the P(TMC-co-ε-CL) copolymer net-
works is small (see Figure 4.3A). For networks containing 26 and 48

mol% ε-CL, the remaining mass was respectively 95.6 ± 0.4% and 71.4 ±
9.3% remaining mass after 36 weeks. Figure 4.3C shows that for copoly-
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Figure 4.3: In vitro degradation of P(TMC-co-ε-CL) networks in PBS and in
PBS containing cholesterol esterase. A) shows the relative re-
maining mass of the P(TMC-co-ε-CL) networks in PBS solutions.
B) shows the relative remaining mass of the same networks in
PBS containing cholesterol esterase. C) shows the relative re-
maining thickness of the P(TMC-co-ε-CL) networks in PBS so-
lutions. D) shows the relative remaining thickness of the same
networks in PBS containing cholesterol esterase. (The data of the
PTMC homo-networks is obtained from [25]).
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mer networks containing 26 mol% ε-CL, the decrease in thickness cor-
responded to the decrease in mass: after 36 weeks the remaining thick-
ness was 95.9 ± 3.8%. Copolymer networks containing 48 mol% ε-CL
had taken up liquid and became sticky after 4 weeks of degradation.
Thereafter, the remaining thickness could not be determined.

After 36 weeks of degradation in CE containing medium, the P(TMC-
co-ε-CL) copolymer networks have a remaining mass of 44.8 ± 8.9%
and 33.7 ± 5.4% for networks containing 26 and 48 mol% ε-CL, re-
spectively (Figure 4.3B). The remaining thickness after 36 weeks is 50.0
± 6.9 for 26 mol% ε-CL containing networks. The networks prepared
from the 48 mol% ε-CL containing macromers had a remaining thick-
ness of 82.7 ± 3.2% after 4 weeks. For later time points, the remaining
thickness could not be determined.

Under the same conditions, the degradation of PTMC homopolymer
networks was very limited. Comparison of the data in Figures 4.3A
and 4.3C with the data in Figures 4.3B and 4.3D indicates that the
degradation of P(TMC-co-ε-CL) copolymer networks is higher in the
medium that contains cholesterol esterase. This is the case for both
compositions of the networks.

Figure 4.4: The relationship between the relative remaining mass and the
relative remaining thickness of PTMC homo- and P(TMC-co-ε-
CL) copolymer networks during degradation in PBS containing
cholesterol esterase. (The data of the PTMC homo-networks is
obtained from [25]).
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Table 4.3: Qualitative assessment of the mechanical stability of PTMC and
P(TMC-co-ε-CL) networks during incubation in PBS containing
cholesterol esterase. (+) indicates that the mechanical properties
were comparable to those at the starting conditions, (±) indicates
that the networks had taken up liquid and had become malleable,
(-) indicates that the networks had become brittle and fragmented
upon handling and (- -) indicates the networks had fragmented
without handling.

Degradation time (weeks)

Network 0 1 2 4 12 36

PTMC + + + + + +

P(TMC-co-ε-CL) 74:26 + + + + + +

P(TMC-co-ε-CL) 52:48 + + + + ± ±

The relationship between the remaining mass and thickness of
the P(TMC-co-ε-CL) networks during degradation in PBS containing
cholesterol esterase is shown in Figure 4.4. The direct correspondence
of the mass loss with the decrease in thickness over a long range indi-
cates that these networks unmistakably degrade by a surface erosion
process. This is corroborated by the qualitative assessment of the me-
chanical properties of these networks shown in Table 4.3. It can be
seen that for a significant period of time, while considerable mass loss
had occurred, the mechanical properties of the copolymer networks
are maintained. After 12 weeks, the P(TMC-co-ε-CL) networks contain-
ing 48 mol% ε-CL did take up fluids, but did not become brittle as was
the case for the P(TMC-co-DLLA) copolymer networks containing.

These observations are in line with Chapanian et al. who reported
P(TMC-co-ε-CL) networks prepared from macromers of a much lower
molecular weight of 8.2 kg/mol degraded in cholesterol esterase con-
taining media by surface erosion [27].

While homopolymer networks prepared from photo-crosslinked
PTMC macromers appear to slowly degrade via surface erosion in vivo,
and in some applications a relatively low degradation rate is prefered,
[36] their degradation rate may be too low for other applications [25].
The results obtained in this study show that the degradation character-
istics of photocrosslinked PTMC networks can be controlled by making
use of P(TMC-co-DLLA) and P(TMC-co-ε-CL) copolymeric macromers
with different monomer compositions. Photo-crosslinked P(TMC-co-
DLLA) copolymer networks degrade fast, mainly by a bulk erosion
process. Perhaps more interesting are the photo-crosslinked networks
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prepared from P(TMC-co-ε-CL) copolymeric macromers which show
well controlled degradation by a surface erosion mechanism.

A future, more detailed quantitative study, should address changes
in the material properties and degradation behaviour of these networks
and the tissue response to these networks during impantation in vivo.

4.4 conclusions
We have prepared biodegradable photo-crosslinked copolymer net-
works by photo-crosslinking P(TMC-co-DLLA) and P(TMC-co-ε-CL)
copolymeric macromers. In vitro degradation showed that P(TMC-co-
DLLA) networks degraded at a relatively rapid rate likely by a bulk
erosion mechanism. No significant differences in degradation behavior
could be observed when cholesterol esterase was included in the PBS
degradation medium.

In PBS buffer, PTMC and P(TMC-co-ε-CL) copolymer networks only
degraded at a very low rate. When cholesterol esterase was added to
the medium, the networks were found to degrade by a very well con-
trolled surface erosion process. Copolymerization of TMC with ε-CL
in preparing the macromers allowed tuning of the rates of erosion of
the networks.

P(TMC-co-ε-CL) copolymer networks are, therefore, interesting ma-
terials for tissue engineering or drug delivery applications which re-
quire relatively slow degradation by surface erosion.
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abstract
Three-armed poly(trimethylene carbonate) macromers with a relatively
high molecular weight of 28.9 kg/mol are prepared by ring open-
ing polymerization and subsequent functionalization with methacry-
late end-groups. A resin suitable for processing by stereolithography
is developed using propylene carbonate as a diluent, a photoinitia-
tor, and a dye to control the curing characteristics. The difficulties in
building designed structures with digital light processing stereolithog-
raphy and the ways of optimizing the resin compositions are described
in detail. Using an optimized resin composition, which contained 50

wt% macromer, 50 wt% diluent, 0.04 wt% (relative to the macromer)
dye, and 5 wt% (relative to the macromer) photoinitiator, designed 3D
porous structures with a gyroid pore network geometry are manufac-
tured. By varying pore sizes and porosities between, respectively, 300

and 1000 µm and 60% and 90%, cylindrical porous poly(trimethylene
carbonate) network structures with compression moduli of 85–2320

kPa are prepared. A porous poly(trimethylene carbonate) network
meniscus implant is designed on the basis of computed tomography
imaging data. By adjusting the characteristics of the gyroid pore ar-
chitecture, an implant with a compression modulus close to 400 kPa,
which fits the compression modulus of human meniscal tissue, is man-
ufactured by stereolithography.

5.1 introduction
3D printing allows the preparation of designed scaffolds and patient-
specific implants for application in tissue engineering [1,2]. Porous 3D
scaffolds with high porosity and pore interconnectivity are important
support structures that ensure ingrowth and proliferation of cells fa-
cilitating the regeneration of tissues. Conventional pore-forming tech-
niques such as salt-leaching and polymer phase separation methods
are less suited, as the porous structures prepared in these manners of-
ten have irregular pore sizes and pore size distributions, poor porein-
terconnectivity, and inferior mechanical properties [3,4]. 3D printing
methods, however, allow for the preparation of designed porous scaf-
folds with optimal mechanical properties and precise control over the
pore network architecture.

Stereolithography (SLA) is a light-based 3D printing technique in
which layers of a liquid resin are sequentially photo-cross-linked into
a solid 3D structure [4]. Of all 3D printing techniques, SLA is the most
versatile, accurate, and precise additive manufacturing technique [2,5].
In SLA resins are photo-cross-linked (cured) in two different manners
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[6]: by use of a laser beam or by use of digital light projection (DLP).
These methods are schematically depicted in Figure 5.1.

In laser-based SLA a thin layer of photo-curing resin is illuminated
from above by a computer-controlled pulsed laser beam. Structures
are built in a layer-by-layer manner by moving the build platform
into the photo-curable resin in steps in the downward direction. While
the structures are continuously supported during the building process,
this configuration requires the availability of relatively large amounts
of resin.

In digital light processing stereolithography (DLP SLA), a UV
or blue light source is projected through the transparent and non-
adhering bottom of the resin container and the build platform moves
in stepwise manner in the upward direction out of the resin bath. A
drawback of this approach is that after the illumination of each layer
the structures need to be separated from the bottom plate. This can
result in high mechanical forces acting on the (fragile) structures dur-
ing the building process. Nevertheless, compared to the laser-based
configuration, DLP SLA has several advantages [2]:

1. only small amounts of resin are required,

2. recoating of fabricated layers is not required,

3. the illuminated surface is always smooth,

Figure 5.1: Schematic overview of different resin photo-crosslinking config-
urations used in stereolithograhy. A laser-based configuration in
which the build platform moves in a step-wise manner in the
downward direction is shown on the left. A digital light process-
ing configuration using a digital mirror device or a 2D pixel pro-
jection system is shown on the right. In the latter case, the build
platform moves in a step-wise manner in the upward direction.
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4. the illuminated resin layer is not exposed to the atmosphere, lim-
iting oxygen inhibition, and

5. build times are reduced as the layer thickness only depends on
light exposure time and not on the dimensions of the structure in
the xy-plane or on the number of structures built simultaneously
[2].

Photo-cross-linkable SLA resins are often based on (meth)acrylate-
functionalized oligomers. Poly(ethylene glycol) dimethacrylate (PEG-
dMA), for example, has been used to prepare non-degradable hydro-
gels devices with pre-designed shapes [7–9]. In many biomedical ap-
plications like tissue engineering, biodegradable scaffolds are desired.
Biodegradable functionalized oligomers (or macromers) that have been
developed for these purposes have been based on ε-caprolactone
[4,10], trimethylene carbonate [5,11], and D,L-lactide [3,12]. Also
poly(propylene fumerate) materials [1,13,14] have been investigated.
However, these macromers require the addition of a reactive diluent
like diethyl fumarate to obtain resins with appropriate reaction rates
and viscosities [14].

Recently, resins based on new materials and new SLA techniques to
prepare structures for tissue engineering have been developed.[15–18]
Gauvin et al. developed a projection SLA system to prepare hydrogels
with a 3D microarchitecture using gelatin methacrylate (GelMA) [15].
Wang et al. developed different systems to prepare cellloaded struc-
tures [16,17]. A first system utilizes visible light and an infrared ra-
diation filter allowing combinations of PEG-diacrylate (PEG-DA) and
GelMA with fibroblasts to be built. The viability of the cells after build-
ing and after 5 days of culturewas very high [16]. Also, cell-loaded mi-
crotubes could be prepared using a laser-based system and a resin of
GelMA containing fibroblasts [17]. Shanjani et al. developed a system
combining DLP SLA with extrusion [18]. Designed hybrid cell-loaded
structures were prepared in which extruded poly(ε-caprolactone) was
to strengthen a soft photo-cross-linkable hydrogel based on PEG-DA
containing human umbilical vein endothelial cells.

Poly(trimethylene carbonate) (PTMC) is an amorphous, flexible,
biocompatible, and biodegradable polymer with a low glass tran-
sition temperature of ≈ -20°C [19,20]. Tough and tear-resistant
PTMC networks can be prepared by photo-cross-linking methacrylate-
functionalized PTMC oligomers. It was shown that networks prepared
from macromers with molecular weights in excess of ≈ 10 kg/mol had
high tensile strength, toughness, tear resistance, and suture retention
strength [19]. The strength and resilience of these flexible networks in-
creased with the molar mass of the macromer. In preparing flexible and
elastic loadbearing medical implants such as intervertebral discs [21]
or meniscus implants, networks prepared from PTMC macromers with
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relatively high molar masses are therefore preferred. (Additionally, it
should be noted that the non-degradable poly(methacrylate) compo-
nent in the resulting network decreases with an increase in molar mass
of the macromer).

In this work, we aim to prepare by DLP SLA designed meniscus
implants with optimal mechanical properties (adequate elasticity mod-
ulus and a high tear- and suture retention strengths) based on PTMC
macromers with relatively high molar masses. de Groot et al. prepared
implants for meniscus repair with compression moduli ranging from
40 to 150 kPa, and observed that implants with the higher modulus
values showed enhanced differentiation of the infiltrated cells into fi-
brocartilage [22]. Later, van Tienen et al. evaluated the use of menis-
cus implants with compression moduli of 300 kPa. They reported that
even after six months implantation and the ingrowth of tissue, the com-
pression modulus values of the implants were significantly lower than
those of native menisci (≈ 400 kPa) [23]. We thus set out to prepare
designed meniscus implants with a compression moduli between 300

and 450 kPa using resins based on a PTMC macromer with a molar
mass higher than ever described before.

5.2 materials and methods

5.2.1 Materials

Trimethylene carbonate (TMC) monomer was provided by Huizhou
Foryou Medical Devices Co. (China) and used without purifica-
tion. Trimethylol propane (TMP), tin(II) 2-ethylhexanoate (Sn(Oct)2),
methacrylic anhydride, and triethylamine were purchased from Sigma
(USA) and used as received. Dichloromethane (DCM) was obtained
from VWR Chemicals (France), dried over calcium hydride (Sigma),
and distilled before use. Hydroquinone and deuterated chloroform
were obtained from Sigma. Ethanol and propylene carbonate were ob-
tained from Merck (Germany). Omnirad TPO-L was obtained from
IGM Resins Group (the Netherlands) and Orasol Orange G dye was
provided by CIBA Specialty Chemicals (Switzerland).

5.2.2 Synthesis and characterization of PTMC macromers

Three-armed hydroxyl group-terminated oligomers were prepared by
ring opening polymerization of TMC. TMC monomer was charged in
a three-necked flask and TMP initiator was added at a molar ratio of
295:1 (TMC:TMP) to prepare an oligomer with a targeted molar mass
of 30 kg/mol. The mixture was heated, mixed, and after addition of
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the Sn(Oct)2 (0.13 wt%) left to react for 3 days at 130°C under argon at-
mosphere. The number average molar mass (Mn) of the oligomers and
the monomer conversion were determined by 1H-NMR (Varian Inova
400 MHz, Brüker, Germany) using deuterated chloroform solutions.

The synthesized oligomers were dissolved in dried DCM (2 mL/g
monomer) and functionalized in argon atmosphere by reaction with
methacrylic anhydride (7.5 mol/mol oligomer) in presence of tri-
ethylamine (7.5 mol/mol oligomer) and 0.1 wt% hydroquinone. Af-
ter a reaction time of 5 days at room temperature, the methacrylate-
functionalized oligomers (macromers, PTMC-tMA) were precipitated
in cold ethanol and subsequently dried under vacuum for one week.
The degree of functionalization of the macromers was determined by
1H-NMR.

5.2.3 Preparation of designed porous structures by stereolithography

Resins for processing by DLP stereolithography were obtained by
preparing 40–70 wt% solutions of the PTMC-tMA macromer in propy-
lene carbonate at 70°C. TPO-L photoinitiator (5 wt% relative to
the macromer) and Orasol orange dye (0–0.05 wt% relative to the
macromer) were mixed into the solution, which was then left to cool
to room temperature. Subsequently, resin viscosities were determined
using a Brookfield DV-E rotating spindle viscometer at 25°C at a shear
rate of 0.28/s (Brookfield s21 spindle, rotating at 0.3 rpm).

Designs of porous cubical and cylindrical structures with an in-
ternal gyroid pore network architecture were made using Mathmod
3.1 (https://sourceforge.net/projects/mathmod/) and Rhinoceros 4

(Robert McNeel and Associates) software. The cubical porous struc-
tures were designed to have dimensions of 1 cm3, a porosity of 75%,
and a pore size of 720 µm after building by stereolithography and ex-
traction. The cylindrical structures were designed to have diameters
of 3 mm and heights of 6 mm, with pore sizes close to 300, 600, and
1000 µm and porosities of 60%, 70%, and 80% after building by stere-
olithograhy and extraction. Meniscus implants with similar pore ar-
chitectures were also designed by modifying 3D renderings of a goat
meniscus derived from CT scanning data.

The designed structures were built using an Envisiontec Perfactory
3 SXGA+ Standard UV DLP SLA apparatus. The pixel resolution was
35 × 35 µm2, the thickness of the illuminated layers was 50 µm. The
layers were sequentially illuminated for fixed times of 18 seconds per
layer at a lamp intensity of 180 mW/dm2. The UV light used had a
wavelength of 350–430 nm[24]. To remove the non-reactive diluent, the
built structures were extracted using mixtures of propylene carbonate
and ethanol. In the first 3 days, propylene carbonate and ethanol (50/50
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vol/vol) mixtures, which were refreshed daily, were used to extract the
built structures. To allow slow shrinkage of the structures, the ethanol
content of the extraction medium was increased daily. After 5 days, the
structures were extracted with only ethanol for another day and then
dried until constant weight was achieved.

5.2.4 Characterization of Designed Porous Structures Built by Stere-
olithography

The designed porous structures built by SLA were characterized by
gravimetrical analysis, micro-computed tomography (µCT), and me-
chanical testing in compression. The porosity of the scaffolds was de-
termined using:

Porosity = (1 −
mps

V × ρp
)×100% (5.1)

Here, mps is the mass of the porous structure, V is the volume of the
porous structure, and ρp is the density of PTMC (1.31 g/mL). All pre-
sented values are average values ± standard deviation (n = 4).

A µCT apparatus (GE eXplore Locus SP µCT scanner, operating at a
spatial resolution of 14 µm) was used to visualize the prepared porous
structures and to determine the characteristics of the pore network.
The mechanical properties of the built cylindrical porous structures
were determined after extraction and drying by compression testing
using a Zwick Z020 tensile tester (Germany) equipped with a 500 N
load cell. The compressive properties were determined at room tem-
perature at a compression rate of 30%/min, the compressive modulus
was determined at 20% compressive strain. The data are presented as
average values ± standard deviation (n = 4).

5.3 results and discussion

5.3.1 Challenges in digital light processing stereolithography

In DLP SLA, thin layers of liquid resin are sequentially photo-cross-
linked to yield 3D structures. It allows for the preparation of complex
designed structures. However, as the build platform moves out of the
resin bath in a stepwise manner after illumination of a resin layer, there
are a number of challenges to be addressed.

In preparing high-resolution designed porous structures by SLA,
precise control over the depth of curing of the resin is essential [2]. This
cure depth (Cd) should be sufficiently deep to ensure attachment of
the sequentially photo-cross-linked layers of resin to each other, while
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at the same time should not be so deep that features (such as pores)
designed to remain not-cured would unintentionally be photo-cross-
linked. For a given resin, the cure depth is determined by the light
energy to which the resin is exposed. This energy can be adjusted by
varying the illumination time or by regulating the light intensity.

In the scheme presented in Figure 5.2, a working curve (a calibra-
tion curve relating an effective cure depth to the light energy to which
the resin is exposed [12]) is shown. By making use of a constructed
working curve, an optimal exposure time (or light intensity) can be de-
termined that results in an effective resin cure depth (or thickness of
a cured layer) that is slightly deeper than the height of thesteps that
the build platform sequentially is programmed to take. This correct ex-
posure time will result in optimally built structures. Lower exposure
times will result in build failures, as the photo-cross-linked layer will
not be attached to the previously cured layer. In this example, higher
exposure times will lead to loss of fidelity as pores designed to remain
open will photo-cross-link and become closed [12].

Figure 5.2: In stereolithography, the working curve describes how the thick-
ness of a cured resin layer (cure depth, Cd) increases with the
light energy (E) (the light exposure time or light intensity) to
which the resin is exposed. Precise control over the cure depth
of a resin is essential to allow the accurate manufacturing of de-
signed 3D structures. At the correct light exposure conditions the
cured resin layer is slightly thicker than the step height of the
build platform. This ensures adequate attachment to the previ-
ously cured resin layer, but does not lead to unintentional cross-
linking of features designed to remain open and not cured.
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The relationship between the effective cure depth of the resin and the
light energy shown in Figure 5.2 can be expressed using an equation
derived from the Beer–Lambert law

Cd = Dpln
E
Ec

(5.2)

where E is the energy of the light to which the resin has been exposed
and Ec is the critical energy for curing, i.e., the minimal energy that is
required to achieve curing of the resin.

Equation 5.2 shows that for a given experimental setup (intensity of
the lamp and exposure time of the resin) the thickness of the cured
layer is also influenced by the effective light penetration depth (Dp).
The light penetration depth can be influenced by addition of a suitable
dye to the resin: increasing the dye concentration in the resin decreases
the light penetration depth and the intensity of the light at a specific
depth in the resin reservoir (see Figure 5.3).

In Figure 5.3A, the dye concentration in the resin is too high. Ab-
sorption of light is high which results in a low penetration depth of the
light and thus a low cure depth. Sequentially photo-cross-linked layers
will therefore not be bound to each other during the DLP SLA build-
ing process. Figure 5.3C shows the case where the dye concentration is
low and a resin layer much thicker than the height of the steps of the
build platform is photocured. Although the sequentially photo-cross-
linked resin layers are bound to each other, over curing occurs and
designed features such as pores are closed. Figure 5.3B illustrates the
case where the correct amount of dye isused: sequentially photo-cross-
linked layers are bound to each other, but features designed to remain
not-crosslinked are not closed. Figure 5.3D schematically shows the in-
tensity of the light in a curing resin layer during the build process of a
designed porous structure. Note that the intensity of the light should
be sufficient to allow curing within the given exposure time. At too
high or too low dye concentrations, the exposure times will need to be
adjusted to allow for adequate light energies and curing characteristics.

Experimentally this can be illustrated by determining the thickness
of a cured layer for resins containing different amounts of dye photo-
cross-linked at equal illumination intensities and times. In Figure 5.4,
the thickness of the cured layers is given as a function of dye concen-
tration.

To allow accurate processing by SLA, the viscosity of the photo-
curable resin needs to be sufficiently low to allow flow and adequate
spreading of the resin during the manufacturing of a device or implant
[3,4]. Especially when using macromers with relatively high molecular
weights and thus with high melt viscosities, the use of diluents is re-
quired to reduce viscosity.
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Figure 5.3: The graphs show the light intensity (I) as a function of the light
path length for resins containing different amounts of dye. A)
The amount of dye is too high to allow curing of the resin to
a depth that is less than the height of the steps of the build
platform (the dashed line at 50 µm). B) The correct amount of
dye allows curing the resin into the previously cured layer with-
out unintended curing. C) The resin is cured to a depth deeper
than the step height (in this case 50 µm) of the build platform
resulting in over curing and unintentional closing of designed
features. D) Illustration the intensity of the light that penetrates
into a layer of resin during its curing. (The gradient blue bars
schematically indicate the intensity of the light penetrating into
the resin at different depths.)
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While reactive diluents such N-vinyl-2-pyrrolidone, diethyl fumarate,
styrene, methyl methacrylate, etc., could be employed [12], their use
would lead to high concentrations of non-degradable polymeric chains
with only carbon–carbon bonds in the main chain in the photo-cured
networks. To allow clearance of degradation products of biodegrad-
able biomedical devices from the body, the concentration of such non-
degradable polymeric chains in the network should be minimized [25].
For this reason we believe that when manufacturing medical devices
and implants that are intended to be biodegradable by stereolithogra-
phy, it is important to prepare the resins using non-reactive diluents
(such as ethyl lactate [12], NMP [26], propylene carbonate [5]) only.

When building structures by stereolithography with resins based on
high molecular weight macromers, relatively high amounts of diluent
are needed to reach suitable resin viscosities. This, however, results
in very fragile, diluent-swollen photo-cross-linked structures during
the building process [5]. This is especially challenging in using these
resins in the preparation of porous structures by DLP SLA where me-
chanical forces on the object being built are high. The sequentially
photo-polymerized resin layers not only need to be sufficiently robust
to maintain adhered to each other during the building process but
also the photo-polymerized layers need to separate from the transpar-
ent bottom of the reservoir while the built structure itself needs to re-
main attached to the build platform. Schüller-Ravoo et al. extensively
researched the preparation of porous structures by DLP SLA using

Figure 5.4: The thickness of a cured layer as a function of the dye concen-
tration in the resin upon photo-cross-linking at equal illumina-
tion intensities and times. With an increasing amount of dye, the
thickness of the cured layer decreases. Results are shown as aver-
ages (n = 3) ± standard deviation.
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resins based on a range of PTMC-tMA macromers dissolved in propy-
lene carbonate, but were not able to prepare porous structures using
macromers with molecular weights exceeding 20150 g/mol [5].

In this study, we prepared resins based on relatively high molecular
weight PTMC-tMA macromers (Mn is ≈ 30 kg/mol) and propylene
carbonate as a non-reactive diluent to reduce the viscosity of resins.

5.3.2 Synthesis and characterization of PTMC macromers

The three-armed PTMC macromers (PTMC-tMA) were prepared by
ring opening polymerization of TMC and subsequent functionaliza-
tion with methacrylate end groups using methacrylic anhydride. By
controlling the amount of TMP initiator that is added to the monomer
in the TMC ring opening polymerization, the Mn of the resulting three-
armed oligomers can be controlled. The monomer conversion, Mn of
the oligomers, and the degree of functionalization of the obtained
PTMC macromers were determined using 1H-NMR spectra as previ-
ously reported [19,20].

Briefly, the monomer conversion was determined by comparing the
area of the TMC monomer peak at δ 4.45 ppm with the area of the
PTMC oligomer peak at δ 4.24 ppm. TMC conversion was found to
be 99%. By comparing the area of the -CH3 peak of the trimethylol
propane initiator at δ 0.92 ppm with the area of the PTMC methylene
peak at δ 4.24 ppm, the Mn of the oligomers was determined to be
28.9 kg/mol. The functionalization of the end groups of the hydroxyl
group-terminated PTMC oligomer by the reaction with methacrylic
anhydride to yield PTMC-tMA was confirmed by the appearance of
C=CH2 H signals at δ 6.13 ppm and δ 5.58 ppm in the 1H-NMR spectra.
By comparison with the integral values of the peaks corresponding to
TMP, a degree of functionalization of 99% was calculated.

5.3.3 Preparation of porous cubical and cylindrical structures by stere-
olithography

As resins based on PTMC-tMA with such high molecular weights have
not yet been successfully formulated to allow their use in DLP SLA,
pilot experiments were conducted to determine suitable resin compo-
sitions that would allow their successful processing.

First, the effect of the non-reactive diluent was assessed. A series
of resins based on the PTMC-tMA macromer and propylene carbon-
ate containing 0.05 wt% dye and 5 wt% photoinitiator that contained
varying amounts of propylene carbonate were formulated and used in
DLP SLA to prepare cubical porous structures. The amounts of propy-
lene carbonate in the resin were varied between 30 and 60 wt% relative
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to the macromer (this corresponds to a macromer concentration of ≈
40–70 wt%). We found that the ability to build such designed porous
structures was strongly determined by the concentration of the propy-
lene carbonate diluent. At diluent concentrations of 45 wt%, the viscos-
ity of the resin was 135.0 Pa⋅s, which proved too high to obtain properly
built structures. (The viscosity of resins with diluent concentrations
of 30 wt% was too high to be measured.) At diluent concentrations
higher than 50 wt%, the viscosity was lower than 132.5 Pa⋅s and struc-
tures built using this resin were very fragile. During the step-wise SLA
building process, the object being built often (partially) delaminated
and detached from the build platform.

Figure 5.5A is an example of such a failed build using a resin contain-
ing 55 wt% propylene carbonate. Due to delamination, the built parts
are incomplete and the structures were found to collapse. Schuller-
Ravoo et al. found that when using resins based on similar PTMC
macromers and propylene carbonate contents of 53 wt%, it was not
possible to successfully build designed objects by SLA. Here too, the
structures were very fragile and brittle during the building process
[5]. The dye concentration is a critical factor in reaching appropriate
cure depths and cured layer thicknesses. Variation of the dye concen-
tration between 0 and 0.05 wt% was found to significantly influence
the light penetration and curing depth. Figure 5.5B shows that with in-
creasing the dye concentration from 0 to 0.03 wt%, a more open porous
structure can be prepared. Figure 5.5C,D shows successfully prepared
structures using dye concentrations of 0.04 wt%. Figure 5.5C shows
the structures directly after being built and Figure 5.5D shows one of
the six porous structures after extraction and drying. When resins con-
tained higher dye concentrations, failed builds due to delamination
often occurred.

Figure 5.5: Overview of built structures during optimization of the resin
composition. A) The effect of too high diluent concentrations
is shown: the structures were too fragile to maintain structural
integrity during the building process. B) The effect of dye con-
centration is shown. The porous structure on the left is prepared
using 0 wt% dye, the more open structure on the right is built us-
ing 0.03 wt% dye. C) Successfully prepared structures are shown
directly after building and D) one of the porous structures after
extraction and drying. Scale bar = 1 cm.
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Table 5.1: Characteristics of designed porous photo-cross-linked PTMC
structures with gyroid pore network architecture built by stere-
olithography after extraction of the non-reactive diluent and dry-
ing.

Designed pore size (µm)a Designed porosity (%)a Determined porosity (%)b Ec (kPa)c

319 59 22 ± 4.5 2320 ± 335.2

329 70 33.8 ± 2.6 1785 ± 45.1

325 80 40.3 ± 3.6 1682.5 ± 81.0

634 59 50 ± 2.1 500.5 ± 90.8

640 69 58.9 ± 0.6 432.5 ± 48.6

641 80 64.2 ± 3.4 359.5 ± 75.6

1010 60 60.2 ± 2.2 329.5 ± 144.0

1006 70 67.5 ± 1.1 162.0 ± 67.3

1003 80 77.5 ± 1.3 85.4 ± 12.1
a The porous structures were designed to have pore sizes close to 300, 600, and 1000 µm and porosi-

ties of 60%, 70%, and 80%.
b Gravimetrically determined porosity. Results are average values ± standard deviation (n = 4).
c Elastic modulus of the porous structures determined in compression. Results are average values ±

standard deviation (n = 4).

To be able to prepare designed meniscus implants with the required
mechanical characteristics, porous PTMC network structures with dif-
ferent porosities and pore sizes were prepared using the resin in which
50 wt% PTMC-tMA macromer was dissolved in 50 wt% propylene car-
bonate and to which 5 wt% photoinitiator and 0.04 wt% dye (both rel-
ative to the macromer) were added. Porous PTMC network structures
with different porosities and pore sizes were prepared using the resin
in which 50 wt% PTMCtMA macromer was dissolved in 50 wt% propy-
lene carbonate and to which 5 wt% photoinitiator and 0.04 wt% dye
(both relative to the macromer) were added. To assess the relationship
between the characteristics of the pore network and the resulting com-
pression modulus, a series of cylindrical porous structures with gyroid
pore network architecture were designed and fabricated in which the
porosity and the pore sizes were varied.

Figure 5.6 shows designs of cylindrical porous structures with pore
sizes of ≈ 300, 600, and 1000 µm, porosities of 60%, 70%, and 80%. The
slight deviations in pore sizes and porosities obtained in the actual
designs are the result of the design process itself. These variables are
interdependent as the pore geometry is computed using trigonometric
functions [26]. As the resin contains 50 wt% non-reactive propylene
carbonate diluent, uniform shrinkage of built structures will occur after
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extraction and drying of the extracted structure [5]. In creating the
design, this contraction has been taken into account.

The designed cylindrical porous structures were manufactured by
SLA. After extraction of the diluent and drying, their diameters were 3

mm and their heights 6 mm. Characteristics of the built structures are
presented in Table 5.1.

Although a small difference inporosity between the porosity in the
design of the structure and the porosity in the built porous structure
can be anticipated due to the slight over curing required in DLP SLA,
Table 5.1 shows that in most cases the porosity of the built structures
is much lower than expected. Especially for the porous structures with
the smallest designed pore sizes, the resulting porosities of the built
structures are very much lower than designed. This can be due to the
high viscosity of the resin. Especially for the smaller pore sizes, it will
be difficult for the resin to flow out of the pores during the building
process. As the resin becomes entrapped in the pores, it will uninten-
tionally be cured during photo-crosslinking of the next layer.

Figure 5.7: Comparison of the design of a porous structure with gyroid pore
network architecture (left) with the µCT image of a PTMC net-
work structure prepared by stereolithography (right). In the de-
sign, the pore size was 300 µm and the porosity 60%. The CT
image shows that many of the pores of the built structure are
closed. Scale bar = 1 mm.
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This over curing is most pronounced in designed cylindrical porous
structures with pores of ≈ 300 µm and a porosity of ≈ 60%. In this
case, the porosity was found to be only 22.1 ± 4.1%. In Figure 5.7,
the design of the structure is compared with a CT image of the corre-
sponding porous PTMC network structure built by stereolithography.
Although the built structure is still porous, many of the pores are fully
or partially closed. The top view shows that especially the pores at the
periphery of the structure are open, while the pores in the central part
are mostly closed.

5.3.4 Mechanical properties of designed porous cylindrical structures
prepared by stereolithography

The mechanical properties of the porous PTMC network structures pre-
pared by SLA after extraction and drying were evaluated in compres-
sion experiments. The values of the compression modulus of the differ-
ent porous structures built are compiled in Table 5.1.

Figure 5.8A shows that even though the porosities of the built struc-
tures were lower than intended, the compression modulus decreases
with increasing porosity. This is in agreement with what can be ex-
pected [27,28]. What can also be seen in the figure is that the compres-
sion modulus does not depend on pore size but mainly on porosity.
This can be seen most clearly at porosities of ≈ 60%, where the com-
pression modulus of structures with pore sizes of ≈ 600 and 1000 µm
are comparable. At lower porosities, the compression moduli of the
scaffolds are much higher.

Figure 5.8: A) Compression modulus of designed porous PTMC network
structures with gyroid pore network architecture prepared by
stereolithography as a function of their porosity. B) Relationship
between the logarithm of the compressive modulus (Ec in kPa)
and the logarithm of (1 porosity). Designed pore sizes are ≈ 300
µm (∎), 600 µm (○), and 1000 µm (▲), see Table 5.1. Results are
average values ± standard deviation (n = 4).
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In Figure 5.8B, the logarithm of the compression modulus (Ec, in
kPa) of the different porous PTMC structures built by SLA is given as
a function of the logarithm of (1−porosity).

The linear relationship in the figure allows us to relate the compres-
sion modulus to the porosity of the built PTMC structure with the
following power law relationship [27]

Ec = k(1 − porosity)2.84 (5.3)

Here, the constant k corresponds to the compression modulus of a non-
porous PTMC network structure. From this, a value of the compression
modulus for photo-crosslinked PTMC of 5.2 MPa can be determined.
This is in agreement with earlier observations [5].

5.3.5 Design and preparation of a meniscus implant by stereolithog-
raphy

To prepare anatomically correct meniscus implants with suitable geo-
metric and mechanical characteristics from these PTMC macromer and
propylene carbonate resins, a design based on CT imaging data can be
used. This process is schematically shown in Figure 5.9.

As shown before, a porous PTMC network implant with a compres-
sion modulus of ≈ 400 kPa is obtained when its porosity is ≈ 60%.
Furthermore, as small pores will lead to over curing of the relatively
viscous resin and inadvertent closing of pores, the pores should be rel-
atively large. A meniscus implant was designed to have a porosity of
60% and a pore size of 630 µm after extraction and drying.

Using the described PTMC macromer and propylene carbonate resin
containing 50 wt% macromer, 50 wt% diluent, 0.04 wt% (relative to
the macromer) dye, and 5 wt% (relative to the macromer) photoinitia-
tor, attempts were made to prepare such meniscus implants by stere-

Figure 5.9: Schematic process of the design of a porous meniscus implant. A)
A 3D rendering of a goat meniscus based on CT imaging data. B)
A rendering of a 3D porous structure with a gyroid pore network
architecture. C) An accurate representation of porous meniscus
implant with gyroid pore network architecture can be designed
by combination of the imaging data and the designed pore net-
work architecture.
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olithography. It was found that manufacturing these structures was
more difficult than building designed porous cylinders with a similar
pore network characteristics. Figure 5.10A,B shows examples of unsuc-
cessfully built meniscus implants. It is clear from Figure 5.10A that
the building failed early in the process, as cured layers ofresin were
found to have (partially) detached. Figure 5.10B shows a more success-
ful build after extraction and drying. However, this structure was only
partial built. Figure 5.10C shows a correctly built meniscus implant.

Even though we used an optimized resin formulation in the building
of the meniscus implants, it was found that in preparing these complex
structures failed builds occurred very frequently. It seems that when
using this high molecular weight PTMC macromer, we are working at
the limits of what is possible with these resins and DLP SLA operated
under the applied experimental conditions. External influences such as
ambient temperature, humidity, oxygen dissolved in the resin which
might lead to oxygen inhibition, etc., may have significant effects.

Based on these observations, it can be concluded that build-
ing designed porous structures with high molecular weight PTMC
macromers in a non-reactive diluent is not straightforward. Especially
resin viscosities and dye concentrations in the resin are essential. When
using high molecular weight macromers, the viscosity of the resin can
be reduced by increasing the resin temperature [5]. Therefore, an ideal
DLP SLA apparatus should be equipped with a heating element. Also,
in designing the object that is to be prepared, care should be taken to
allow maximal support of the object during its building to minimize
the forces acting on the swollen structure.

Although, building structures by DLP SLA using resins contain-
ing high molar mass (PTMC) macromers will lead to built structures

Figure 5.10: Illustration of attempts to prepare a porous meniscus implant
by stereolithography. Scale bar = 1 cm. A) A non-extracted
failed build directly after building before removal of the build
platform. B) An extracted and dried porous meniscus scaffold
which has partially failed in the inner arch and C) a succeeded
porous meniscus scaffold after extraction and drying.
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with the most advantageous mechanical properties, resins based on
macromers of lower molecular weights can also be used. To optimize
degradation characteristics, the preparation of copolymeric macromers
should then be considered.

5.4 conclusions
Photo-cross-linkable three-armed PTMC-tMA macromers with a rela-
tively high molecular weight of 28.9 kg/mol were prepared. To allow
their use in digital light processing stereolithography, the macromers
were dissolved in propylene photoinitiator were added. With an opti-
mized resin composition, which contained 50 wt% macromer, 50 wt%
diluent, 0.04 wt% (relative to the macromer) dye, and 5 wt% (relative
to the macromer) photoinitiator, designed cylindrical porous structures
with a gyroid pore network architecture and excellent mechanical prop-
erties were successfully built.

In the built porous structures, it was seen that when the designed
pore sizes were smaller than ≈ 600 µm, the pores became closed due to
unintentional over curing of the resin. Compression testing of the built
porous structures showed that the compression modulus decreased
with porosity but was independent of pore size.

A meniscus implant designed on the basis of CT imaging data
and gyroid pore geometry was prepared using the optimized PTMC
macromer resin. The pore size and porosity were adjusted to obtain an
implant with mechanical properties close to those of the native menis-
cus.
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abstract
Tissue engineering scaffolds require high porosity and optimized pore
sizes to allow cell seeding, -adhesion and –proliferation, and tissue
ingrowth. However, porosity affects the mechanical properties of the
scaffolds to a large extent. Here we investigate the effect of the
pore characteristics on the mechanical properties of photo-crosslinked
poly(trimethylene carbonate) network films that were prepared by a
method involving salt leaching and by stereolithography.

The mechanical properties of the porous networks are affected by
porosity. The elasticity modulus of porous network films decreased
with increasing porosity. This decrease appears to be independent of
pore size. For a given porosity, the values of the elasticity moduli, max-
imum tensile strengths and toughness of porous network films pre-
pared by stereolithography are slightly higher than those of porous
network films prepared by the salt leaching method.

6.1 introduction
Polymeric three-dimensional (3D) tissue engineering scaffolds, need to
be biocompatible, biodegradable and have mechanical properties that
correspond to those of the tissues being replaced [1-3]. Furthermore,
the pore architecture, porosity, pore size and pore interconnectivity are
important characteristics of the scaffolds, as these influence the specific
surface area available for cell attachment, transport of nutrients and
waste products, and the mechanical properties of the scaffolds [4-8].

A high porosity is desired, as high porosity infers a maximal surface
area available for cell attachment and a minimal amount of implanted
polymer [1, 2]. High porosity, however, results in a decrease of the
modulus of the scaffold [4]. Similarly, specific cells may require specific
pore sizes for optimal cell attachment and -growth [2].

Most often the mechanical properties of porous tissue engineering
scaffolds are determined in compression experiments [2, 9, 10]. How-
ever, properties such as the tensile modulus, elongation at break and
toughness are also very important material properties implants used
in tissue engineering. Tensile properties are most often determined us-
ing non-porous specimens [11-13], but it would be of great relevance
to assess these properties of porous polymeric biomaterials as the me-
chanical properties of the porous network films can be affected by the
presence of pores [14]. For photo-crosslinked porous networks, the ef-
fect of pore characteristics on tensile properties has not been evaluated.

Porous structures and tissue engineering scaffolds have been pre-
pared using conventional techniques such as solvent casting, partic-
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ulate leaching, phase separation and freeze drying [15-17]. However,
these methods result in porous structures that have several limitations
[8, 18]:

1. limitations in the shapes that can be prepared,

2. inhomogeneous structures with irregular pore sizes and wide
pore size distributions,

3. structures with limited pore connectivity and,

4. structures with inferior mechanical properties.

Structures prepared by additive manufacturing methods, on the other
hand, can have specific shapes and geometries, designed pore network
architectures, and predetermined porosities and pore sizes. Further-
more, additive manufacturing allows for the preparation of complex
structures with optimal mechanical properties [6, 10, 19].

PTMC is an amorphous, flexible, biodegradable and biocompati-
ble polymer [12, 20]. Photo-crosslinking of methacrylate-functionalized
PTMC oligomers with molecular weights higher than approximately
10 kg/mol results in tough, tear-resistant, rubber-like networks [12].
In this study we prepared different porous photo-crosslinked PTMC
network films by a conventional salt leaching method and by stere-
olithography (SLA, an additive manufacturing method) to investigate
the effect of pore characteristics on their tensile properties.

6.2 materials and methods

6.2.1 Materials

Trimethylene carbonate (TMC) was provided by Huizhou Foryou
Medical Devices Co., Ltd. (China) and used as received. Trimethylol
propane, tin(II) 2-ethylhexanoate (Sn(Oct)2), calcium hydride, deuter-
ated chloroform, methacrylic anhydride, triethylamine, and hydro-
quinone were purchased from Sigma-Aldrich (USA). Sodium chlo-
ride salt particles were sieved to size ranges 600-630 µm, 425-500

µm and 300-315 µm using stainless steel sieves. Dichloromethane was
purchased from VWR Chemicals (France). Propylene carbonate and
ethanol were obtained from Merck (Germany). TPO-L was obtained
from IGM Resins Group (the Netherlands) and provided by BASF (Ger-
many). Orasol Orange G Dye was provided by CIBA Specialty Chemi-
cals (Switzerland).
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6.2.2 Synthesis and characterization of PTMC macromers

Three-armed PTMC macromers (PTMC-tMA) were synthesized as de-
scribed previously [10]. Briefly, three-armed PTMC oligomers with a
number average molecular weight (Mn) of approximately 20 kg/mol
were prepared by ring opening polymerization of TMC using trimethy-
lol propane as initiator and Sn(Oct)2 as catalyst. The polymerizations
were performed for three days at 130°C under argon atmosphere.

Subsequently, the obtained oligomers were functionalized by reac-
tion with an excess of methacrylic anhydride (7.5 mol/mol oligomer)
in the presence of an excess of triethylamine (7.5 mol/mol oligomer)
and 0.1 wt% hydroquinone inhibitor. The methacrylated oligomers
were then purified by precipitation in cold ethanol and drying un-
der vacuum. 1H-NMR (Varian Inova 400 MHz, Brüker, Germany) us-
ing deuterated chloroform as a solvent was utilized to determine the
monomer conversion, the molecular weight of the oligomers and the
degree of functionalization of the PTMC macromers.

6.2.3 Preparation of porous photo-crosslinked PTMC network struc-
tures by salt-leaching

To prepare porous network films using sodium chloride as porogen,
mixtures of the PTMC macromer with 60, 70 or 80 vol% sodium
chloride sieved to the different size ranges (relative to the macromer)
in propylene carbonate (70 wt% relative to the macromer) were pre-
pared. To these mixtures TPO-L photo-initiator (5 wt% relative to the
macromer) and Orasol orange dye (0.07 wt% relative to the macromer)
were added.

The mixtures were cast at a thickness of 1.5 mm and subsequently
photo-crosslinked for 30 min in a crosslinking cabinet (Ultralum, USA,
365 nm, 8 mW/cm2). The prepared network films were extracted in
mixtures of ethanol with propylene carbonate (50/50 vol/vol%) which
were refreshed daily. To allow for proper solvent removal, the ethanol
content was increased in daily steps of 10%. After 5 days, the network
films were extracted in ethanol for another day. The sodium chloride
particles were then leached with water for 3 days, the resulting porous
films were then dried until constant weight. Their final thickness was
approximately 1 mm.

6.2.4 Preparation of porous photo-crosslinked PTMC network films by
stereolithography

To prepare designed porous network films, resins were prepared by
dissolving the PTMC macromers in 50 wt% non-reactive propylene
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carbonate diluent and adding Omnirad TPO-L photo-initiator (5 wt%
relative to the macromer) and Orasol orange dye (0.07 wt% relative to
the macromer).

Designs of the porous films with gyroid pore network architec-
ture were made using mathematical modeling software (Virtualmeet,
https://sourceforge.net/) and Rhinoceros 4 (Robert McNeel and Asso-
ciates) software. The dimensions of the designs were adjusted to com-
pensate for extraction of the non-reactive propylene carbonate diluent
in the different resins. The porous films were designed to be 52x20x1

mm in size, have a 60, 70 or 80% porosity and pore sizes of approxi-
mately 380, 500 and 620 µm after extraction and drying.

The designed porous films with gyroid pore network architec-
ture were prepared by stereolithography (Envisiontec, Perfactory® 3

SXGA+ Standard DLP SLA apparatus). By using an electrical heating
element the resins were heated to temperatures of 70°C during the
building process. The films and structures were carefully extracted
using propylene carbonate and ethanol mixtures. To allow for slow
shrinkage, the ethanol content was increased daily. After 5 days, the
built structures were extracted with pure ethanol and dried until con-
stant weight.

6.2.5 Porous photo-crosslinked PTMC network films

The obtained polymer network films were characterized by determin-
ing their porosity, solvent uptake and tensile properties. Results are
shown as averages ± standard deviation (n = 3).

The porosities were determined gravimetrically using:

Porosity = (1 −
mpn

V × ρp
)×100% (6.1)

where mpn is the mass of the porous network, V is the volume of the
porous network specimen and ρp is the density of the polymer (1.31

g/ml).
The volume degree of swelling (of the polymer phase) was deter-

mined by calculating the volume degree of swelling (q) of the extracted
and dried networks by swelling porous disc-shaped specimens of the
networks in chloroform for 48 hours. The values were determined us-
ing equation 6.2:

q = 1+ (
mswollen −mdry

mdry
) ×
ρp

ρs
(6.2)

Here, mswollen is the mass of the swollen network, mdry is the mass of
the dried network, ρs is the density of chloroform (1.48 g/ml) and ρp
is the density of the polymer (1.31 g/ml).
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The mechanical properties of the porous network films were deter-
mined using a Zwick Z020 tensile tester (Germany) according to ASTM
D882-91. The tensile tester was equipped with a 500 N load cell. The
specimens were punched out from network films, and had a dog-bone
shape with a length of 50 mm, a width of 10 mm at the wide part and
4 mm in the narrow part of the dog-bone shape. The cross-head speed
was 50 mm/min and the elongation was derived from the grip-to-grip
separation, which was initially 35 mm. The yield stress and yield strain
were determined from the intersection of tangents to the stress-strain
curves. The toughness of the networks was determined from the area
under the stress-strain curves.

6.3 results and discussion

6.3.1 Synthesis and characterization of PTMC macromers

The three-armed PTMC macromers (PTMC-tMA) were prepared by
ring-opening polymerization of TMC followed by functionalization
with methacrylic anhydride to obtain oligomers with methacrylate end-
groups (macromers). The monomer conversion, Mn of the oligomer
and the degree of functionalization of the macromers were determined
by 1H-NMR as previously reported [10]. The monomer conversion was
calculated to be 98%. The Mn of the oligomer was determined to be 20.0
kg/mol and the degree of functionalization of the macromer was 98%.

6.3.2 Resin formulations

For use in SLA, the composition of the PTMC-tMA macromer resins
was based on earlier work [10]. The macromers were dissolved in 50

wt% non-reactive propylene carbonate, and relative to the macromers
5 wt% TPO-L photo-initiator was added. The Orasol orange dye con-
centration was 0.07 wt% relative to the macromer.

However, for the resins used in preparing PTMC network films by
salt leaching, a larger amount of propylene carbonate was required. As
in this case relatively large amounts of salt particles are include, the
viscosity of the resins becomes too high to allow casting. Also, as can
be seen in Figure 6.1A, the sodium chloride particles in a PTMC-tMA
resin containing 70 vol% salt particles and 50 wt% propylene carbonate
results cannot be properly dispersed (even when heated to 70°C). The
propylene carbonate content needs to be increased to 70 wt% to allow
homogeneous dispersion of the salt particles in the resin and casting
at 70°C. See Figure 6.1B.
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Figure 6.1: PTMC-tMA resins at 70°C containing 70 vol% sodium chloride
(relative to the macromer). A) In a resin containing 50 wt% propy-
lene carbonate (relative to the macromer), the sodium chloride
particles cannot be homogeneously dispersed. B) Increasing the
propylene carbonate content to 70 wt% (relative to the macromer)
a homogeneous sodium chloride particle dispersion can be ob-
tained that can readily be cast.

6.3.3 Porous photo-crosslinked network PTMC films prepared by a
salt leaching method

Porous photo-crosslinked network films were prepared by photo-
crosslinking the PTMC-tMA resins in a photo-crosslinking cabinet. Af-
ter extraction of the diluent, leaching of the salt particles and drying,
the network films were characterized with regard to their porosity, up-
take of chloroform and the mechanical properties in tensile testing. An
overview of the results is given in Table 6.1.

The Table shows that a variety of porous films with large differ-
ences in porosity could be prepared using salt particles of different
size ranges. The porosity of the films varied from to 25.5 to 58.3 vol%.
These porosities are lower than intended, especially for the networks
prepared from resins containing relatively small amounts of salt par-
ticles. In line with other work [21], we observed significant shrinkage
after leaching and drying of all films. As the networks are crosslinked
in a swollen state, removal of the diluent, (leaching of the salt) and
drying will result in relaxation of the polymer network chains and a
subsequent change in dimensions of the porous structure. The pore
sizes and pore size distributions were not determined after extraction
and drying, but will likely be significantly lower than the size of the
salt particles used.
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Figure 6.2: Tensile elasticity modulus of porous photo-crosslinked PTMC
networks prepared by salt leaching as a function of their poros-
ity. The size ranges of the salt particles used in preparing the
porous network films were: 300-315 µm (∎), 425-500 µm (○), and
600-630 µm (▲). See also Table 6.1. Data for non-porous photo-
crosslinked PTMC networks is from [9]. Results are given as av-
erages ± standard deviation (n=3).

It is interesting to see in Table 6.1, that the degree of swelling (of the
polymer phase) of the porous PTMC network films in chloroform was
seen to increase with increasing salt particle content in the resin. This
is the case for the three different salt particle sizes used. For a polymer
network, the degree of swelling increases with decreasing crosslink
density [12], therefore it could be considered that the salt particles have
a negative effect on the photo-crosslinking efficiency. This, however,
needs to be investigated in more detail.

The table also gives an overview of the mechanical properties of the
porous networks determined in tensile testing. It can be seen that the
characteristics of the pore network have a large influence on the elastic-
ity modulus (E), maximal tensile strength (σmax), yield strength (σyield),
elongation at yield (εyield), elongation at break (εbreak) and toughenss
(W) of the porous photo-crosslinked PTMC networks.

Figure 6.2 shows the relationship between the elasticity modulus and
the porosity of the networks prepared using salt particles of different
size ranges. As could be anticipated [2], the modulus of the porous
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flexible PTMC films decreases with increasing porosity. Furthermore,
by comparing the specimens prepared using different salt particle sizes,
it becomes clear that the modulus primarily depends on porosity and
not on pore size.

In Figures 6.3A-D, the values of the maximum tensile strengths, ten-
sile yield strengths, elongations at break and elongations at yield of
the porous PTMC networks prepared by salt leaching are shown as a
function of their porosities. These values are all lower than those of
non-porous (but otherwise essentially equal) photo-crosslinked PTMC
networks reported by Schüller et al. [9]. Figures 6.3A and 6.3C clearly
show that the maximal tensile strength and the yield strength clearly
decrease with increasing porosity. Figures 6.3B and 6.3D show less
clear relationships between the elongation at break and the yield strain
of the porous PTMC networks with porosity and pore size.

Figure 6.3: Tensile properties of porous photo-crosslinked PTMC networks
prepared by salt leaching as a function of their porosity. A) Max-
imum tensile strength, B) elongation at break, C) Tensile yield
strength, and D) Elongation at yield. The size ranges of the salt
particles used in preparing the porous network films were: 300-
315 µm (∎), 425-500 µm (○), and 600-630 µm (▲). See also Table 6.1.
Data for non-porous photo-crosslinked PTMC networks is from
[9]. Results are given as averages ± standard deviation (n=3).
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For the porous photo-crosslinked PTMC networks prepared by salt
leaching, no relationship between toughness and porosity or pore size
could be observed. Table 6.1 does show that the toughness of the net-
works is significantly influenced by their porosity. The toughness of
the porous networks does not exceed 160 N/mm2, while that of simi-
lar non-porous photo-crosslinked PTMC networks was found to be 933

± 137 N/mm2 [9].

6.3.4 Porous photo-crosslinked PTMC network films prepared by
stereolithography

3D printing techniques allow for the reproducible fabrication of com-
plex designed structures and with high control over shape and geom-
etry, and in the case of porous structures also over pore size, porosity
and pore architecture [6, 10, 19]. Compression testing suggests that 3D
printing leads to porous tissue engineering scaffolds with improved
mechanical properties when compared to scaffolds prepared by con-
ventional techniques [8, 18]. Such comparisons have not yet been made
in tensile experiments. Therefore, we prepared a series of designed
porous photo-crosslinked PTMC films by stereolithography using a
resin based on the same PTMC-tMA macromer as used in preparing
the porous photo-crosslinked PTMC networks films by the salt leach-
ing method. The pore network was designed to have a gyroid archi-
tecture, pore sizes of 380 µm, 500 µm and 620 µm (defined as the
diameter of a virtual sphere that fills the pore channels of the gyroid
[6]) and porosities of 60, 70 an 80% for each pore size.

Figure 6.4: Photographic images of a photo-crosslinked PTMC network with
gyroid pore network architecture prepared by stereolithography
(pore size 620 µm, porosity 53%). A) The porous PTMC net-
work prior to tensile testing. B) The highly elongated PTMC
network during the experiment. C) A strut of the PTMC photo-
crosslinked material fails while elongation continues. D) An-
other material strut fails, while elongation still continues. E) Af-
ter the last strut breaks down, the porous network fails catas-
trophically.
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Figure 6.5: Tensile elasticity modulus of porous photo-crosslinked PTMC
networks with gyroid pore network architecture prepared by
SLA as a function of their porosity. The pore sizes of the gyroid
pore network architecture are: 380 µm (∎), 500 µm (○), and 620 µm
(▲). See also Table 6.2. Data for non-porous photo-crosslinked
PTMC networks is from [9]. Results are given as averages ± stan-
dard deviation (n=3).

The prepared porous photo-crosslinked PTMC network films were
evaluated with regard to porosity, solvent uptake and mechanical prop-
erties in tensile testing. An overview of the properties of these films is
given in Table 6.2.

It can be seen in the table that porous photo-crosslinked PTMC films
with a range of porosities (44.0 to 64.4%) and pore sizes have been pre-
pared. (PTMC network films with a designed porosity of 80% and pore
size of 380 µm could not be built, as the fragile structure failed during
the building process.) Compared to the designed values, however, the
porosities of the network films after extraction and drying are signifi-
cantly lower. Like was the case with the porous PTMC films prepared
by salt leaching, this shrinkage can be due to relaxation of the polymer
network chains after removal of the non-reactive diluent and drying
[9]. In the structures built by stereolithography overcuring can have
had an effect as well [10]. Overcuring is the unintentional crosslinking
of features designed to remain open. This is likely to happen when
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viscous resins based on relatively higher molecular weight macromers
are used.

The degree of swelling of the different porous photo-crosslinked
PTMC networks prepared by stereolithography is comparable for all
porous films and does not differ significantly with pore size or porosity.
In contrast to the resins used to prepare the porous photo-crosslinked
PTMC networks by salt leaching, the SLA resin did not contain salt
particles that could interfere with the photo-crosslinking process.

The mechanical properties of the photo-crosslinked PTMC network
films were determined in tensile testing. Figure 6.4 illustrates a tensile
experiment of a porous PTMC network film prepared by stereolithogra-
phy (with a pore size of 620 µm and a porosity of 53%). Figures 6.4C-E
show that as the specimen is elongated, the struts between the pores
fail sequentially. PTMC network films prepared by the salt leached
method are continuously elongated until failure occurs.

Figure 6.6: Tensile properties of porous photo-crosslinked PTMC networks
with gyroid pore network architecture prepared by stereolithog-
raphy as a function of their porosity. A) Maximum tensile
strength, B) Elongation at break, C) Tensile yield strength, and
D) Elongation at yield. The pore sizes are 380 µm (∎), 500 µm
(○), 620 µm (▲). See also Table 6.2. Data for non-porous photo-
crosslinked PTMC networks is from [9]. Results are given as av-
erages ± standard deviation (n=3).
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In Figure 6.5 the relationship between the porosity and the elasticity
modulus of the porous photo-crosslinked PTMC network films pre-
pared by stereolithography is illustrated. Also in this case, the elas-
ticity modulus of the porous network films is lower than that of a
non-porous network film and significantly decreases with increasing.
The Figure also shows that the elasticity modulus does not depend
on pore size. This is most clearly seen at porosities of approximately
55%, where the tensile moduli of specimens with different pore size
are comparable.

Figure 6.6A-D presents values of the maximum tensile strengths,
tensile yield strengths, elongations at break and elongations at yield
of the porous PTMC networks prepared by SLA. As can be seen in
Figures 6.6A and 6.6C, both the maximum tensile strength and the
yield strength decrease with increasing porosity. Furthermore, the de-
crease in the maximum tensile strength with increasing porosity and
the decrease in the yield strength with increasing porosity are both
independent on pore size. As is shown in Figures 6.6B and 6.6D, the

Figure 6.7: Tensile elasticity modulus of porous photo-crosslinked PTMC
networks with gyroid pore network architecture prepared by
SLA and by salt leaching as a function of their porosity. See also
Tables 6.1 and 6.2. Data for non-porous photo-crosslinked PTMC
networks is from [9]. Results are given as averages ± standard
deviation (n=3).



124 porous network films

elongation at break and the elongation at yield do not show clear re-
lationships with porosity. Table 6.2 shows that the toughness of the
porous PTMC networks prepared by SLA is significantly lower than
that of similar non-porous networks, as was also the case with porous
photo-crosslinked PTMC films prepared by salt leaching.

When comparing the mechanical properties of porous photo-
crosslinked PTMC network films prepared by stereolithography and
by salt leaching, Tables 6.1 and 6.2 and Figures 6.3 and 6.6 show that
for a certain porosity the differences in tensile properties are not large
for the different preparation methods. It does seem that porous photo-
crosslinked PTMC networks prepared by SLA have somewhat higher
maximum tensile strengths and lower elongations at yield than porous
PTMC network films prepared by salt leaching. Also, the toughness of
the porous PTMC network films prepared by SLA is somewhat higher
than that of those prepared by salt leaching.

Figure 6.7 shows the modulus of elasticity as a function of poros-
ity for both types of photo-crosslinked PTMC networks. Although
the values for the elastic modulus are very similar, the porous photo-
crosslinked PTMC network films prepared by SLA have a somewhat
higher elasticity modulus than the corresponding porous films pre-
pared by salt leaching regardless of pore size.

6.4 conclusions
Porous, photo-crosslinked PTMC network films were prepared us-
ing methacrylate functionalized PTMC oligomers by a salt leaching
method and by stereolithography in which designed porous structures
with a gyroid pore network architecture were obtained. In both cases
photo-crosslinking was conducted in an inert propylene carbonate dilu-
ent, and after extraction of the diluent, porous structures with some-
what lower porosities than intended were obtained. The addition of
sodium chloride as porogen in the salt leaching method was found
to decrease the efficiency of the photo-crosslinking process resulting
in slightly lower crosslinking densities than in networks prepared by
stereolithography.

For both preparation methods, the elasticity modulus of the porous
network films decreased with increasing porosity. For a given poros-
ity, the elasticity modulus, maximum tensile strength and toughness
of porous photo-crosslinked PTMC network films prepared by stere-
olithography was slightly higher than those of porous network films
prepared by salt leaching.
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abstract
In this study, we prepared unimodal and bimodal photo-
crosslinked network films and designed structures using methacry-
lated poly(trimethylene carbonate) oligomers and their mixtures by
stereolithography. The obtained biodegradable networks are flexible
and elastic. Compared to the corresponding unimodal networks, the
tensile properties of bimodal PTMC network films were significantly
enhanced. Resilient materials with increased toughness and suture
retention strengths were obtained. The mechanical properties of the
bimodal networks compared favourably with those of unimodal net-
works prepared from PTMC macromers with much higher molecular
weights.

Tough porous PTMC structures with designed diamond pore net-
work architectures could also be readily prepared by stereolithography.
It was found that upon swelling of these PTMC structures in a solvent,
the pore sizes and pore size distribution increased while the porosity
decreased.

7.1 introduction
Biodegradable elastomers have gained much interest in the biomedi-
cal field, they can be used in a variety of applications which include
flexible- and elastomeric tissue engineering scaffolds and controlled
drug delivery devices [1-3]. The mechanical properties of biodegrad-
able elastomeric materials can be designed to approximate those of soft
tissues [1]. Poly(trimethylene carbonate) (PTMC) is an amorphous, bio-
compatible and biodegradable flexible polymer with a low glass transi-
tion temperature [4, 5]. Methacrylate-functionalized PTMC oligomers
(macromers) can be photo-crosslinked to yield flexible and elastic
networks. While photo-crosslinked PTMC networks prepared from
macromers with low molecular weights were relatively rigid and brit-
tle, photo-crosslinking macromers with molecular weights higher than
approximately 10 kg/mol resulted in networks that had high tensile
strengths, and were tough and tear resistant [4]. Of these flexible net-
works, the strength and resilience increased with increasing molecular
weight.

In the repair or regeneration of damaged tissues, tissue engineer-
ing scaffolds provide support for cells and allow ingrowth of tissue
attachment. The pore size, pore interconnectivity and porosity of the
porous scaffolds are important, as they affect its mechanical properties,
the transport of nutrients and waste products, and the specific surface
available area for cell attachment [6-8]. High porosities are preferred to
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be able to minimize the amount of implanted polymer and increase the
surface area [9, 10]. Tissue engineering scaffolds have been prepared
by conventional pore forming techniques such as by salt leaching and
polymer phase separation [10], as well as by additive manufacturing
techniques such as fused deposition modelling, extrusion based 3D
printing and stereolithography (SLA) [11-16]. Additive manufacturing
techniques allow precise control over the resulting pore network char-
acteristics and geometry architecture. In stereolithography, the tech-
nique with the highest resolution, sequential layers of a liquid resin
are photo-crosslinked using a computer controlled laser beam or by
digital light projection [12].

To prepare tough, strong and highly resilient PTMC tissue engineer-
ing scaffolds by SLA, the use of PTMC macromers with relatively high
molecular weights would be required [13]. Formulating a resin based
on these relatively high molecular weight macromers that is suitable
for SLA is a great challenge as the large amounts of diluent needed to
decrease the resin viscosity will also lead to fragile structures during
the building process [17].

In earlier work on poly(dimethyl siloxane) (PDMS), it was shown
that varying the distribution of network chain lengths in an elastomer
can also lead to large improvements in the mechanical properties of
flexible networks [18]. Unimodal PDMS networks consisting of short-
chain components were brittle, while unimodal networks consisting
of long-chain components only had high elongations at break but low
ultimate tensile strengths. In both cases the toughness of the networks
(which is characterized by the area under the tensile stress-strain curve)
is relatively low. By preparing bimodal networks from short- and long-
chain molecules, PDMS networks with greatly improved ultimate ten-
sile properties (high maximum tensile strength, high elongation at
break, high toughness) were obtained [15].

In this study, we prepared bimodal PTMC networks using resins
based on mixtures of different PTMC macromers and stereolithogra-
phy, and investigated their properties. Tensile properties and suture re-
tention strengths were determined using network films, while porous
three-dimensional designs were used to show the ability to create com-
plex structures.

7.2 materials and methods

7.2.1 Materials

Trimethylene carbonate (TMC) was obtained from Boehringer Ingel-
heim (Germany). Glycerol (99.5+% spectrophotometric grade) was ob-
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tained from Aldrich (USA) and dehydrated by heating at 180°C. Stan-
nous octoate (Sn(Oct)2) was used as received from Sigma (USA). Tri-
ethyl amine was obtained from Fluka (Germany) and used as received.
Methacrylic anhydride and hydroquinone were obtained from Aldrich
(Germany). TPO-L was provided by BASF (Germany) and Orasol Or-
ange dye was provided by CIBA Specialty Chemicals (Switzerland).
Propylene carbonate was purchased from Merck (Germany). Ethanol
was obtained from Chempropack (Belgium).

7.2.2 Synthesis and characterization of macromers

Three-armed, methacrylate terminated PTMC oligomers (PTMC-tMA)
of different molecular weights were synthesized by the ring opening
polymerization of TMC and subsequent functionalization as described
previously [4]. Briefly, glycerol was used as initiator, and Sn(Oct)2 as
catalyst. The polymerizations were run for 2 days at 130°C under argon
atmosphere. By adjusting the amount of glycerol, the molecular weight
of the oligomers could be controlled.

Subsequently, the oligomers were dissolved in methacrylic anhy-
dride (25 mol% excess per functional hydroxyl group) and reacted for 1

to 5 days at 120°C. To prevent premature crosslinking, 0.06 wt% hydro-
quinone inhibitor was added. The remaining methacrylic anhydride
and the formed methacrylic acid were removed by vacuum distillation.
The materials were purified by precipitation in cold ethanol and drying
under vacuum.

The monomer conversions, molecular weights and degrees of func-
tionalization were determined by 1H-NMR spectroscopy (Varian Inova
300 MHz, USA) using CDCl3 (Merck, Germany) as solvent.

7.2.3 Stereolithography

PTMC resins were prepared by mixing different amounts of the
macromers with 36.5 wt% propylene carbonate, and adding 5 wt%
TPO-L photo-initiator and 0.15 wt% Orasol Orange dye (both relative
to the macromer).

PTMC network films and three-dimensional structures were built
with the resins by stereolithography (Envisiontec, Perfactory® 3

SXGA+ Standard DLP SLA apparatus). The wavelength of the blue
light ranged from 400 to 550 nm, with a maximum at approximately
440 nm.

Network films were prepared by illuminating a rectangular area of
75x60 mm2 for 5 min with a light intensity of 10 mW/cm2. Subse-
quent post-curing was performed for 30 min at 3-4 mW/cm2 under
a nitrogen atmosphere in a crosslinking cabinet (Ultralum, USA, 365
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nm). The films were extracted in a 1:1 mixture of propylene carbonate
and ethanol, which was refreshed twice, subsequently washed in pure
ethanol and dried until constant weight.

Cubic porous structures with a diamond pore network architec-
ture were made using mathematical modeling software (Virtualmeet,
https://sourceforge.net/) and Rhinoceros 4 (Robert McNeel and Asso-
ciates) software. To obtain structures measuring 7x7x7 mm and having
a porosity of 70% after building, extraction and drying, the designs
were adjusted to account for removal of the diluent.

In building the designed porous structures, the pixel resolution was
16x16 µm2 and the layer thickness 25 µm. Each layer was illuminated
at an intensity of approximately 17 mW/cm2. Careful extraction of
the diluent was done using a 3:1 mixture of propylene carbonate and
ethanol for one week, while refreshing daily. Small additions of ethanol
in the course of several days allowed the structures to shrink slowly to
their final dimensions. The structures were then extracted with ethanol
and dried under vacuum until they reached constant weight.

7.2.4 Characterization of photo-crosslinked PTMC network films and
structures

The mechanical properties of the photo-crosslinked PTMC network
films were determined at room temperature using a Zwick Z020 tensile
tester (Germany), equipped with a 500 N load cell. The experiments
were performed according to ASTM D882-91. The cross-head speed
was 50 mm/min. The elongation of the specimens was determined
from the grip-to-grip separation, which initially was 50 mm. The yield
stress and elongation at yield were determined from the intersection of
the tangents to the stress strain curve. The toughness of the networks
(W, in N/mm2) was determined from the areas under the stress-strain
curves. Measurements were performed in duplicate or triplicate unless
mentioned otherwise.

The maximum suture retention strengths (SRS) were determined
according to ANSI/AAMI VP20:1994. The specimens were approxi-
mately 0.5 mm thick, and had an area of 45x12.5 mm2. A hole was
made at a distance of 2 mm from the top edge of the specimen using
a syringe needle. A stainless steel wire (0.28 mm diameter, Metalwire,
The Netherlands) was inserted through this hole. Both ends of the wire
were clamped in the upper grip of the tensile testing machine while the
PTMC network specimens were clamped in the lower grip. The force
required to tear the specimen was determined at a cross-head speed
of 150 mm/min. The maximum SRS value is normalized to the spec-
imen thickness and given in N/mm. The toughness of the specimens
(normalized to their thickness) in suture retention strength measure-
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ments (WSRS, expressed in N) were determined as the areas under the
corresponding stress-strain curves. Measurements were performed in
duplicate or triplicate unless mentioned otherwise.

The porosity and pore size distribution of the designed porous
PTMC structures that were prepared, were determined by micro-
computed tomography (µCT) (GE eXplore Locus SP µCT scanner with
a spatial resolution of 14 µm. The porosities and pore size distribu-
tions were assessed as described elsewhere [19-21]. Note that as these
porous structures consist of a pore channel network, the size of the
pores is defined as the maximum diameter of a virtual sphere that fills
the pore channels of the structure. Measurements were also performed
after re-swelling in propylene carbonate. The degree of swelling (q)
of the polymer phase of these structures was determined in duplicate
according to equation 7.1:

q = 1+ (
mswollen −mdry

mdry
) ×
ρp

ρs
(7.1)

where mswollen is the mass of the swollen network, mdry is the mass of
the dry network prior to swelling, ρs is the density of chloroform (1.48

g/ml) and ρp is the density of the polymer (1.31 g/ml).

7.3 results and discussion

7.3.1 Synthesis of PTMC macromers and formulation of SLA resins

Three armed, methacrylate functionalized PTMC oligomers
(macromers) were synthesized by the ring opening polymerization of
TMC monomers and subsequent functionalization with methacrylic
anhydride using glycerol as initiator and stannous octoate as catalyst.
By carefully controlling the amount of initiator the molecular weight
of the oligomers could be controlled.

The monomer conversions were found to be between 94 and 99%.
The obtained Mn of the prepared PTMC oligomers was 700 and 10300

g/mol. The degrees of functionalization were respectively 99 and 78%.
(Hereafter, the macromers are named PTMC-tMA 700 and PTMC-tMA
10300).

To prepare bimodal photo-crosslinked PTMC networks by SLA, a
series of resins was prepared. The resins contained, as described previ-
ously [19], 64.5 wt% macromers and 36.5 wt% propylene carbonate. To
these resins 5 wt% TPO-L photo-initiator and 0.15 wt% Orasol Orange
dye (both relative to the macromers) was added.

Unimodal network films were prepared using resins based on
PTMC-tMA 700 and PTMC-tMA 10300. Two different bimodal network
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films were prepared as well, using resins based on a mixture of 75 wt%
PTMC-tMA 700 and 25 wt% PTMC-tMA 10300 and on a mixture of
31 wt% PTMC-tMA 700 and 69 wt% PTMC-tMA 10300. The designed
three dimensional structures were prepared using a resin based on a
mixture of 21.5 wt% PTMC-tMA 700 and 78.5 wt% PTMC-tMA 10300.

7.3.2 Characteristics of bimodal PTMC network films prepared by
stereolithography

Unimodal and bimodal photo-crosslinked PTMC network films were
prepared in the SLA apparatus by illuminating a rectangular area of
resin. After crosslinking, the networks were extracted, dried and char-
acterized with regard to their tensile properties and suture retention
strengths.

With varying composition of the resins, photo-crosslinked PTMC
networks with significantly different mechanical characteristics were
obtained. Table 7.1 gives an overview of the tensile properties of
the different unimodal and bimodal PTMC networks. As Figure 7.1
more clearly illustrates, the network composition has a major effect
on the tensile properties of the films. PTMC networks prepared from
PTMC-tMA 700 are relatively stiff and brittle, with high maximal
tensile strengths and low elongations at break. Networks prepared
from PTMC-tMA 10300 macromers are rubber-like elastomers with
relatively low tensile strength and -modulus, and high elongations at
break.

Bimodal PTMC networks prepared from 75 wt% PTMC-tMA 700

and 25 wt% PTMC-tMA 10300 were more flexible than unimodal

Table 7.1: Tensile properties of unimodal and bimodal PTMC networks
prepared by photo-crosslinking PTMC-tMA 700 and PTMC-tMA
10300 macromers and mixtures of these macromers by stereolithog-
raphy. Values are averages ± standard deviation.

E-modulus σyield σmax εyield εbreak Wa

Network (MPa) (N/mm2) (N/mm2) % % (N/mm2)

PTMC 700 800.9 ± 28.7 17.1 ± 2.1 24.6 ± 0.9 2.2 ± 0.3 28.2 ± 0.8 558.1 ± 33.0

PTMC 700/PTMC 10300 (75:25)b,c
398.4 10.2 18.6 2.7 146.4 1981.8

PTMC 700/PTMC 10300 (31:69)b
8.9 ± 0.7 1.46 ± 0.17 5.4 ± 1.1 16.5 ± 0.6 531.9 ± 44.2 1552.3 ± 392

PTMC PTMC 10300 2.6 ± 0.3 0.55 ± 0.05 2.5 ± 0.3 21.7 ± 0.3 557.8 ± 7.6 604.2 ± 10.5
a Normalized area under the stress-strain curve (W, toughness).
b Bimodal network, weight ratio between macromers in brackets.
c Single measurement.



134 bimodal networks

Figure 7.1: Stress-strain curves of unimodal and bimodal PTMC networks
obtained by photo-crosslinking PTMC-tMA 700 and PTMC-tMA
10300 macromers and mixtures of these macromers.

networks prepared from PTMC-tMA 700. The elasticity and ultimate
tensile strength decreased, while the elongation at break significantly
increased. Bimodal networks prepared from 69 wt% PTMC-tMA 10300

and 31 wt% PTMC-tMA 700 had much higher elasticity modulus and
maximal tensile strength than unimodal PTMC-tMA 10300 networks.
The elongation at break of these networks was similar.

The toughness of both bimodal networks (corresponding to the
area under the stress-strain curves) has significantly increased, when
compared to the unimodal networks. Interestingly, the toughness of
these bimodal networks is also considerably higher that of unimodal
PTMC networks prepared from macromers with much higher molecu-
lar weights (20 kg/mol) [19].

The changes in toughness and elastic moduli of the bimodal PTMC
networks in comparison with the unimodal networks are in line with
the changes reported for bimodal PDMS elastomeric networks [18, 22].
However, in the case of bimodal PDMS networks increased elongations
at break and maximum tensile strengths were observed as well.

Elastomeric implants are often sutured into the body [4]. As defects,
cracks and punctures are thereby created, these implants need to be
resistant to tearing. In Table 7.2, the resistance of the different PTMC
networks against tearing is presented. The Table shows that the suture
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Table 7.2: Suture retention strength SRS and corresponding toughness dur-
ing tearing (WSRS) of unimodal and bimodal PTMC networks
prepared by photo-crosslinking PTMC-tMA 700 and PTMC-tMA
10300 macromers and mixtures of these macromers by stereolithog-
raphy. Values are averages ± standard deviation.

SRSmaximum WSRS

Network (N/mm) (N)

PTMC 700
a

25.9 8.6

PTMC 700/PTMC 10300 (75:25)b
30.6 ± 0.9 87.9 ± 3.7

PTMC 700/PTMC 10300 (31:69)b
14.7 ± 1.0 209.8 ± 29.6

PTMC PTMC 10300 4.9 ± 0.4 56.8 ± 6.0

a Single measurement.
b Bimodal network, weight ratio between macromers in brackets.

retention strengths and the toughness of the materials during tearing
(both are also an indication of the toughness of the networks) of the
bimodal PTMC networks are higher than those of the unimodal net-
works. The increased resistance to tearing in the bimodal networks
corresponds to the trends observed in the tensile data shown in Table
7.1.

The relatively high SRS value of the PTMC 700 networks, and the
relatively low SRS value of the PTMC 10300 networks, is in line with
earlier observations [4]. It is important to note that here too the SRS val-
ues and the corresponding toughness of the bimodal PTMC networks
are considerably higher than those of unimodal PTMC networks pre-
pared from much higher molecular weight macromers [4]. Only uni-
modal networks prepared from PTMC-tMA macromers with an Mn
of 41000 g/mol have SRS and WSRS values in the range of the values
of the bimodal PTMC networks. It was found that it was not possible
to process resins prepared from these macromers by stereolithography
[17, 19].

7.3.3 Characteristics of designed bimodal PTMC network structures
prepared by stereolithography

The observation that the toughness of bimodal PTMC networks pre-
pared from PTMC macromers with relatively low molecular weights
is as high as that of unimodal PTMC networks prepared from PTMC
macromers with much higher molecular is very relevant. It implies that
it should be possible to build tough three-dimensional structures with
complex designs by stereolithography if resins based on mixtures of
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Figure 7.2: Porous bimodal PTMC network structures prepared by photo-
crosslinking a resin based on a mixture of PTMC-tMA 700 and
PTMC-tMA 10300 macromers. A) designed porous PTMC struc-
ture with diamond pore network architecture prepared by SLA
(after extraction and drying). B) the same bimodal PTMC net-
work structure swollen in propylene carbonate.

PTMC macromers with relatively low molecular weight are used.
To investigate the processability of such resins in SLA, a resin con-

taining 21.5 wt% PTMC-tMA 700 and 78.5 wt% PTMC 10300-tMA was
formulated. Designed porous structures with an intricate diamond
pore network architecture could easily be prepared. No difficulties
were observed regarding processing of the resin (suitable viscosity
and sufficient mechanical strength of the swollen structures during the
building process). Figure 7.2A is an image of such a built structure
after extraction and drying.

Figure 7.3: Pore size distributions of: A) a designed porous bimodal PTMC
network structure with diamond pore network architecture pre-
pared by SLA (after extraction and drying) and B) the same bi-
modal PTMC network structure swollen in propylene carbonate.
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Pore size and porosity of tissue engineering scaffolds are important
parameters in determining their functionality and in controlling tissue
formation [10, 26]. As porous materials may swell upon implantation,
these features may change. In an additional experiment we investi-
gated the effect of solvent uptake on the pore characteristics of the built
porous structure. Figure 7.2B shows a built porous structure swollen
to equilibrium in excess propylene carbonate. The degree of swelling
of the crosslinked PTMC phase of the structure was 4.9 ± 0.1. It is obvi-
ous from the images that the external dimensions of the structure had
significantly increased.

With µCT, the pore sizes and porosities of the (extracted and dried)
photo-crosslinked PTMC structures were determined after being built
by stereolithography and upon re-swelling in excess ethylene carbon-
ate. The porosity of the structure was found to be 66%. As can be seen
in Figure 7.3A the extracted and dried porous PTMC structure had
a relatively narrow pore size distribution, with more than 80% of the
pores having a pore sizes between 0.6 and 0.72 mm. The average pore
size was 0.64 mm. In these continuous pore networks, the pore size is
defined as the maximum diameter of a virtual sphere that fills the pore
channels of the structure [20, 21].

Upon taking up the solvent, the pore sizes and pore size distribu-
tion had increased, this is shown in Figure 7.3B. The average pore size
had increased to 0.87 mm, with approximately 81% of the pores hav-
ing a size between 0.65 and 1.12 mm. Interestingly, the porosity had
decreased to 55%.

7.4 conclusions
Using stereolithography, unimodal and bimodal PTMC network
films were prepared by photo-crosslinking resins based on PTMC
macromers with different molecular weights and their mixtures. The
different PTMC networks prepared were analysed with regard to
their mechanical properties in tensile testing and their suture reten-
tion strengths. It was found that the toughness and suture retention
strengths of the bimodal PTMC networks was significantly higher than
those of the unimodal networks. The mechanical properties of the
bimodal networks compared favourably with those of unimodal net-
works prepared from PTMC macromers with much higher molecular
weights.

Complex designed tough porous PTMC structures with a diamond
pore network architecture could also be prepared. It was found that
upon swelling in a solvent, the pore sizes of the porous structures in-
creased while their porosity decreased.
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abstract
Mixed-macromer networks prepared by using biodegradable function-
alized oligomers and a combinatorial chemistry approach have shown
to be networks with high water uptake, excellent mechanical prop-
erties, and good cell adhesion. This may be due to phase separation
within these networks, although this has not been investigated to date.
Here we show that these networks are indeed phase-separated. In
differential scanning calorimetry experiments, Tg values of each con-
stituent material used in the networks were observed. Furthermore,
atomic force microscopy and X-ray diffraction experiments showed
phase separation of the crystalline and amorphous phases of the net-
works in the dry state. In the hydrated state, however, the crystalline
phase was not visible. Subsequently, we prepared designed porous
3D structures of the mixed-macromer networks by using stereolithog-
raphy. We have shown that such structures have excellent mechani-
cal properties with compression moduli of 20–170 kPa. Unlike con-
ventional synthetic hydrogels such as poly(ethylene glycol) hydrogels,
these structures do not fail under compression and return to their orig-
inal dimensions after re-equilibration in water. This make these ma-
terials excellent candidates for soft tissue engineering of tissues such
as menisci or intervertebral discs. Finally, a designed porous meniscus
implant was prepared.

8.1 introduction
Many of the permanent prostheses for temporary therapeutic appli-
cations can be replaced by biodegradable polymer implants in order
to support reparation and regeneration of damaged tissues. Polymer
properties such as material chemistry, molecular weight, solubility, hy-
drophilicity/hydrophobicity, and degradation can affect biocompatibil-
ity [1]. Recreation of conditions similar to soft tissue can be achieved
by providing a highly swollen 3D environment. Hydrogels, which
can provide such an environment, are three-dimensionally crosslinked
hydrophilic polymer networks capable to absorb and preserve large
amounts of water in the swollen state [2,3]. They possess high perme-
ability for oxygen, nutrients, cellular wastes, and other water-soluble
metabolites through diffusion [4].

Natural hydrogels are mainly polysaccharides and proteins such
as collagen and fibronectin, which have the ability to adsorb pro-
teins and allow for cell attachment [4]. However, they are associated
with many disadvantages [5] such as comparatively poor mechanical
strength [6], complicated purification processes, and risk of disease
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transmittance. In contrast, synthetic hydrogels, such as poly(acrylic
acid), poly(ethylene glycol) (PEG), and poly(vinyl alcohol), demon-
strate modifiable mechanical properties [4], may be modified for photo-
crosslinking [7], the ability to control the chemical composition and the
ability to prepare a designed structure. Additionally, synthetic hydro-
gels can be designed for a pre-determined application and depending
on density and chain length of the polymer, nutrient transport prop-
erties can be adjusted. However, some essential functions such as cell
attachment and biodegradation are limited. Furthermore, at high water
contents, synthetic hydrogels are brittle and present poor mechanical
properties [4].

To enhance cell attachment, proteins (fibronectin and collagen)
should be frequently linked to synthetic hydrogels. For this purpose,
acrylate-functionalized synthetic polymers can be reacted with the
amine side groups of the proteins [8]. Increasing the compatibility of
synthetic hydrogels with proteins and cells can be achieved through
preparation of block copolymers consisting of hydrophilic and hy-
drophobic segments. For example, block copolymers consisting of PEG
with poly(ε-caprolactone) (PCL) or poly(L-lactide) are used in drug
delivery and in tissue engineering. Nevertheless, this solution still re-
quires optimization of numerous parameters.

A combinatorial chemistry approach can be used to develop com-
positions that have desired properties by simultaneous preparation
of large numbers of different materials. The purpose of using this
approach is to prepare and explore high amounts of compositions
in the most efficient way [9]. Zant et al. used combinatorial chem-
istry for the preparation of mixed-macromer networks from PEG,
PCL, poly(D,L-lactide) (PDLLA), and poly (trimethylene carbonate)
(PTMC) macromers of two different molecular weights, which resulted
in biodegradable hydrogels with outstanding mechanical properties
and very good cell attachment [10]. Phase separation on the micro-
scale or nanoscale inside these networks may be responsible for these
characteristics.

Phase separation occurs in materials prepared from at least two poly-
mers due to limited interaction between component molecules. Those
blends present a combination of properties, which are not exhibited
by either single macromolecular species [11]. Dispersion of rigid mi-
crophases into the polymer matrix can be used for improving the me-
chanical properties such as toughness, stiffness, and strength of the
polymer. This enhancement follows from generation of cavities as well
as impairment of their propagation and propagation at the interfaces
[12]. The insertion of the crystalline phase into an amorphous matrix
might form a barrier to dislocations and substantially increase material
toughness. Based on conducted studies, it was concluded that the size
range of crystallites must be between 5 and 50nm to achieve this rein-
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forcing effect. Only in this range, the crystallites function as dislocation
barriers and development of propagating cracks is limited [13].

Stereolithography allows for the preparation of designed three-
dimensional structures in a reproducible way with the highest accuracy
and precision. It uses a controlled light source to prepare 3D structures
in a layer-by-layer manner through the solidification of a liquid photo-
crosslinkable resin [14]. Scaffolds with defined pore structure and con-
nectivity, geometry, mechanical properties, cell-seeding efficiency, and
transport of nutrients and metabolites can be built at a high resolu-
tion [15]. Additionally, patient-specific implants for tissue regeneration
based on magnetic resonance imaging or CT scan data can be read-
ily prepared by stereolithography [16,17]. However, for such purposes,
the number of resins based on biocompatible and biodegradable mate-
rials is still limited. Available resins were based on materials such as
poly(propylene fumarate), PEG, PDLLA, and (co)polymers of trimethy-
lene carbonate and ε-caprolactone. However, these result in brittle or
very rigid materials with low water uptake. As far as we are aware,
with only a few resins, formation of networks with sufficient proper-
ties for tissue engineering was obtained. Those are based on poly[(D,L-
lactide)-co-(ε-caprolactone)] or PTMC macromers with low molecular
weight [15].

In this work, we use the approach developed by Zant et al. to pre-
pare phase-separated mixed-macromer networks [10]. We hypothesize
that the excellent mechanical properties of the networks are due to the
phase separation of the amorphous (and crystalline) components. We
investigate the phase separation of these mixed-macromer networks
by atomic force microscopy (AFM) and X-ray diffraction (XRD). Subse-
quently, potential applicability of scaffolds prepared from these mixed-
macromer networks is investigated. Resins, which are suitable for stere-
olithography, are developed, and designed porous structures are pre-
pared. Finally, the mechanical properties of these porous structures are
determined.

8.2 materials and methods

8.2.1 Materials

Trimethylene carbonate (1,3-dioxan-2-one) was provided by Huizhou
Foryou Medical Devices Co. (China). D,L-lactide was provided
by Purac Biochem (the Netherlands). ε-Caprolactone was received
from Acros Organics (Belgium), dried over calcium hydride (CaH2)
(Sigma Aldrich, U.S.A.), and distillated under vacuum before use.
1,6-Hexanediol, tin(II) 2-ethlyhexanoate (Sn(Oct)2), hydroquinone,
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methacrylic anhydride (MAAh), triethylamine, chloroform-d, trifluo-
roacetic anhydride, PEG with molecular weight Mn = 4 kg/mol. and
PEG with Mn = 10 kg/mol were obtained from Sigma-Aldrich (U.S.A.).
Dichloromethane (DCM) (VWR International, U.S.A.) was dried over
CaH2 and purified by distillation before use. Ethanol and propylene
carbonate (PC) were obtained from Merck, Germany. Diethyl ether
was obtained from Fisher Scientific (the Netherlands). Irgacure 2959

(2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone) and Orasol
Orange G were obtained from Ciba Specialty Chemicals (Switzer-
land). TPO-L (ethyl(2,4,6-trimethylbenzoyl)-phenyl phosphinate) was
received from IGM Resins (the Netherlands).

8.2.2 Synthesis and characterization of PTMC, PDLLA, PCL, and PEG
macromers

Ring opening polymerization reactions were performed at 130°C under
argon atmosphere with 1,6-hexanediol as initiator and Sn(Oct)2 as cat-
alyst to obtain two-armed oligomers of PTMC, PDLLA, and PCL. The
aimed-for number average molar mass (Mn) was 4 kg/mol (4k) for all
oligomers and 10 kg/mol (10k) for the PTMC oligomer additionally.
The polymerization reaction was performed for 2–3 days. Oligomers
of PEG with Mn 4 kg/mol and 10 kg/mol were dried under vacuum,
at 120°C for 2 h, then cooled to room temperature under argon. Af-
ter dissolution in DCM (2 ml/g oligomer), the oligomers were func-
tionalized by MAAh (4 mol/mol oligomer) in the presence of triethy-
lamine (4 mol/mol oligomer) and hydroquinone (0.1 wt% in respect to
monomer) in 5–8 days (Figure 8.1).

To remove DCM from the dimethacrylate (dMA)-functionalized
oligomers (macromers), they were precipitated. PTMC-dMA, PDLLA-
dMA, and PCL-dMA were precipitated in cold ethanol, and PEG-dMA
was precipitated in cold diethyl ether. The precipitates were dried un-
der reduced pressure at 40–50°C. The Mn of the oligomers and the
degrees of functionalization (df) of the macromers were determined by
using a 400 MHz 1H-NMR (Brüker) spectrometer using chloroform-d
as a solvent.

8.2.3 Preparation of networks by photo-crosslinking

Single-macromer solutions of PTMC-dMA 4k, PDLLA-dMA 4k,
PCL-dMA 4k, PEG-dMA 4k, PTMC-dMA 10k, and PEG-dMA 10k
macromers were prepared. Macromers (33 wt%) were dissolved at
50°C in PC. Two solutions containing mixtures of macromers (33 wt%)
in equal amounts were also prepared:
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1. PTMC-dMA 4k, PDLLA-dMA 4k, PEG-dMA 4k, PCL-dMA 4k,
and PEG-dMA 10k

2. PTMC-dMA 4k, PDLLA-dMA 4k, PEG-dMA 4k, PTMC-dMA 10k,
and PEG-dMA 10k.

Irgacure 2959 photo-initiator (1 wt% with respect to the macromers)
was added to the mixtures and macromer solutions.

Subsequently, films were cast with a thickness of 0.8 mm on glass
plates and photo-crosslinked by UV irradiation (365 nm, 8 mW/cm2)
for 20 min at 50°C under nitrogen atmosphere. The networks were
extracted in a 50/50 vol% mixture of PC and ethanol. The extraction
mixtures were changed every day while increasing the ethanol concen-
tration by 10%. Finally, the networks were washed in ethanol and dried
under ambient conditions for 1 day.

8.2.4 Preparation of scaffolds by stereolithography

Two solutions of mixtures 1 and 2, containing macromers (40 wt%) in
equal amounts, were prepared in PC. Dye (Orasol-G) (0.1 wt% with
respect to the macromers) and photo-initiator (5 wt% with respect to
the macromers) were added to the mixtures and used for building de-
signed porous structures by using stereolithography (Envisiontec Per-
factory 3

® SXGA+ Standard UV system). The pixel resolution was 35 ×
35 µm2 at a layer thickness of 50 µm. The layers were illuminated with
an intensity of 180 mW/dm2 for 18 sec per layer. To prepare cylindri-
cal porous structures, designs were made by using Mathmod 3.1 soft-

Figure 8.1: Preparation of dimethacrylate functionalized two-armed PTMC
macromer (PTMC-dMA). PDLLA-dMA, PCL-dMA, and PEG-
dMA macromers were obtained in an analogous way.
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ware (https://sourceforge.net/projects/mathmod/) and Rhinoceros 4

(Robert McNeel & Associates). The designs were prepared to have pore
sizes close to 300, 600, and 1000 µm with 60, 70, and 80% porosities for
each pore size. As the fabricated structures are swollen and will show
isotropic shrinkage during extraction, the designs were adjusted in or-
der to prepare structures with dimensions of approximately 3mm di-
ameter and 6mm height after extraction. The structures were extracted
in a mixture of PC and ethanol. The PC concentration was decreased
every day by 10%, starting with 60/40 vol/vol% (PC/ethanol) on the
first day to 0% of PC on the last day. The networks were thereafter
dried under ambient conditions for 1 day.

8.2.5 Characterization of photo-crosslinked networks and scaffolds
built with stereolithography

The water uptake of networks was determined in triplicate with the
following equation:

Water uptake =
mwet −mdry

mdry
×100% (8.1)

where mdry is the initial mass of the sample and mwet is the mass of the
sample after 48 hr in water.

The glass transition temperature (Tg) and the melting temperature
(Tm) of the networks in the hydrated state were determined by using
differential scanning calorimetry (DSC). DSC measurements were per-
formed by using a Pyris 1 DSC (Perkin Elmer, USA). Samples weighing
5–10 mg were heated from -80 to 80°C at a rate of 10°C/min and subse-
quently cooled to -80°C at a rate of 200°C/min. After 5 min, a second
heating scan was recorded, which was used to determine the charac-
teristic temperatures of the networks.

Compression, tensile, and tear propagation experiments on mixed-
macromer networks were performed on a Zwick Z020 tensile tester.
Tensile experiments were performed on dumbbell specimens, which
were punched out of the network films and equilibrated in water for
48 hr. The tensile modulus (Et), ultimate strength (σt), and elongation
at break (εt) were determined in analogy to standard ASTM D882 at
a rate 10 mm/min. For determination of the tear propagation strength
(in analogy to ASTM 1938 at a rate of 250 mm/min), water-swollen
trouser tear specimens were used. Compression moduli of the mixed-
macromer networks were compared with the modulus of a PEG-dMA
network. Cylindrical network specimens of a diameter of 5mm and
height of 5 mm were prepared by photo-crosslinking of solutions in
cavities of Teflon® molds, extracted and dried as described previously.
The compressive properties of the non-porous specimens equilibrated
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in water for 48 hr and water-swollen porous structures prepared by
stereolithography were determined with analogy to ASTM 695 at a
compression rate of 30%/min. The compression modulus was deter-
mined at 17.5% compressive strain. The results are shown as averages
± standard deviation (n = 5).

Phase imaging of the mixed-macromer networks was conducted on a
Bioscope Catalyst AFM with a Nanoscope V controller (Bruker, Santa
Barbara, CA). The AFM was equipped with 150 × 150 µm2 scanner
with a vertical range of 25 µm. For the imaging, a rectangular silicon
nitride cantilever with force constants of approximately 40 N/m was
used. Samples were imaged with 256 × 256 pixels2 in tapping mode in
air, at a scan rate of 1 Hz. Crystallinity of the obtained networks in dry
and hydrated state was investigated by using a Philips X’Pert 1 X-ray
diffractometer employing a Cobalt X-ray tube operated at 40 kV and
40 mA with an Fe incident beam filter. The diffraction patterns were
taken from 10 to 50 °2θ using steps of 0.05 °2θ and a counting time per
step of 4 sec.

8.3 results and discussion

8.3.1 Synthesis and characterization of macromers

The molecular weights of the oligomers and degrees of functionaliza-
tion of the macromers determined by 1H-NMR are listed in Table 8.1.
By changing the molar ratio of monomer to initiator, the molecular
weight of the synthesized oligomers could be adjusted. Assuming that
each hydroxyl group of the 1,6-hexanediol initiates polymerization, the
average molecular weight of the oligomers was calculated from the 1H-
NMR spectra. For the calculation of the Mn of PTMC, the integral peaks

Table 8.1: Obtained molecular weights and degrees of functionalization of
the synthesized macromers.

Macromer Molecular Weight (kg/mol) Degree of functionalization

PTMC 4k 3.9 96%

PTMC 10k 10.1 100%

PCL 4k 3.9 89%

PEG 4k 4.0 95%

PEG 10k 10.0 100%

PDLLA 4k 4.0 100%
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of the repeating –CH2– units at δ 4.23 ppm and δ 2.05ppm were com-
pared with the integral value of the hexanediol –CH2– group at δ 1.43

ppm. Appearance of –C=CH2 and the –CH3 peaks of methacrylate end-
groups at δ 5.57 ppm, δ 6.11 ppm, and δ 1.95 ppm, respectively, indi-
cated that oligomers had successfully reacted with MAAh. For determi-
nation of the degree of functionalization of PTMC macromers, the inte-
gral value of the –CH2– peak of hexanediol at δ 1.43ppm was compared
with –C=CH2 peaks. For PDLLA and PCL macromers, the repeating
units and methacrylate peaks were compared with the –O–CH2– peak
of hexanediol at δ 4.13 ppm. The degree of functionalization of PEG
macromers was determined after addition of trifluoroacetic anhydride,
through comparison of the integral values of the repeating unit –CH2–
with –C=CH2 and the –CH3 peaks of methacrylate endgroups at δ
5.58 ppm, δ 6.12 ppm, and δ 1.95 ppm. High df of at least 90 for all
macromers were observed as shown in Table 8.1.

8.3.2 Mechanical and thermal characterization of networks

The properties of the networks equilibrated for 48 hr in water are
shown in Table 8.2. No melting point of the networks was detected
(which is to be expected from a tightly crosslinked network). The only
observed melting point came from the water.

The Tg of each phase were recorded. The Tg values of -68°C for
network 1 and -69.3°C for network 2 can be attributed to PEG [18].
The Tg values of -23.9°C and -22.1°C for network 1 and network 2,
respectively, can be attributed to PTMC [19]. The Tg values of 33.2°C
(network 1) and 35.4°C (network 2) can be assigned to PDLLA [10].
The Tg value of -47.2°C in network 1 can be associated with PCL [20].
All the values are slightly shifted downward comparing to the values
reported in literature, which can be an effect of the other components

Table 8.2: Thermal and mechanical properties of the water-swollen mixed-
macromer networks.

Network Water uptake (%) Tg (°C) Emod (MPa) ε t (%) σt (MPa) TPSmax (N/mm) Ec (MPa)

1 131 ± 2 -68.0 1.4 ± 0.2 84 ± 22 0.47 ± 0.06 0.18 ± 0.02 1.14 ± 0.09

-47.2

-23.9

33.2

2 178 ± 2 -69.3 1.04 ± 0.04 159 ± 43 0.46 ± 0.07 0.17 ± 0.03 1.3 ± 0.1

-22.1

35.4
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or the presence of water in the networks. The observation of different
values of the Tg indicates phase separation of both networks.

The mechanical properties given in Table 8.2 are outstanding for
hydrogels with such high water uptake (in excess of 130%). Further-
more, the properties of the networks are very similar to those previ-
ously reported [10]. The tensile and tearing strengths could be mea-
sured without any difficulty, whereas, for example, photo-crosslinked
gelatin-methacrylamide networks are too brittle to perform such exper-
iments. These remarkable properties may be due to phase separation
between the crystalline and amorphous components within the net-
works. The water-swollen networks also exhibit excellent compressive
properties with moduli of around 1.4 ± 0.1 MPa, whereas the com-
pression modulus of PEG-dMA networks was 1.0 ± 0.3 MPa. Further-
more, while specimens of PEG-dMA shattered under compression, the
mixed-macromer networks did not fail during the measurements and
could be compressed up to 80%. Additionally, the mixed-macromer
networks obtained their original shape after reequilibration in water.

Figure 8.2: Height (A,C) and phase (B,D) differentiation images of networks
1 (A,B) and 2 (C,D) in the dry state.
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Figure 8.3: Diffraction patterns of networks 1 (A) and 2 (B) and homo-
macromer networks of their components in the dry state. Net-
works 1 (C) and 2 (D) with their crystalline components in hy-
drated state are presented on Figure 2C and D.
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8.3.3 Phase separation of crystalline and amorphous phases within
the networks

To investigate the phase separation in the mixed-macromer networks,
and more specifically the potential separation of the crystalline and
amorphous phases, the surface morphology of the networks was in-
vestigated by AFM.

The use of AFM for the investigation of polymer surface morphol-
ogy is well established. In contact mode, damage for both glassy and
elastomeric polymers is a main concern. Moreover, for elastomers, the
force in contact mode can cause elastic deformation of soft regions
and result in distortion of surface topography. To reduce these effects,
tapping-mode AFM with simultaneous topographical and phase detec-
tion is used. Information about the phase is obtained by detecting the
phase shift between the driving and actual tip response oscillation sig-
nals. These shifts occur as a result of different interactions of the tip
with the surface and with respect to applied forces can show compli-
cated variations. Using tapping-mode AFM also reduces deformation
of imaging material by limiting the time of tip-sample contact. How-
ever, although the forces are low for tapping mode AFM, they can still
have an impact on soft elastomeric surfaces [21].

Images of the phase in this manner are influenced by the differences
in height. The height and phase images of dry networks are shown
in Figure 8.2. Phase images of both networks show that networks are
indeed phase-separated with both networks having a crystalline and
amorphous phase. Network 1 exhibits ribbon-like structures in the
crystalline phase, which are not present in network 2. This suggests
that that presence of crystalline PCL is responsible for the formation
of these structures. Phase images of networks in hydrated state were
not obtained as due to drift of the samples, the cantilever loses contact
during the scanning process. This is probably caused due to drying
and shrinking of the sample.

To investigate the phase separation of the mixed-macromer networks
in the hydrated state, XRD was used. XRD measurements allow for the
determination of the crystallinity, which is based on the relative inten-
sity of specific peaks; in a fully crystalline material, the peaks have
well-defined intensities. In general, narrow sharp peaks on diffraction
patterns correlate with the crystalline phase, while a broad hump at
relatively low diffraction angles generally indicates the presence of
amorphous region [22]. The obtained XRD results correspond with the
amorphous character of PTMC and the (semi)-crystalline character of
PCL and PEG. On the patterns of networks 1 and 2, the peaks from
their individual components are present (Figures 8.3A and B); the net-
work diffraction pattern is a combination of the individual patterns.
The embedding of a stiff isotropic or anisotropic agent can result in
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enhancement of the matrix (higher Young’s modulus) through trans-
fer of stress between the dispersed phases [12]. In fact, the presence of
the crystalline phases can be responsible for the excellent mechanical
properties of these network materials.

In the hydrated state, however, the crystalline phase does not appear
in the networks (Figures 8.3C and D). This is likely due to the high
water uptake of the hydrophilic PEG, which leads to swelling of the
domains in the networks. In network 1, this swelling further prevents
formation of crystalline structures of PCL. Interestingly, we observed
that after drying the networks under vacuum, the crystalline phase
was formed again. This indicates that although the crystalline struc-
tures are not formed, the phase separation still occurs. It can be an
explanation, why even for water-swollen networks, we obtained such
good mechanical properties.

8.3.4 Characterization of scaffolds prepared by stereolithography

Hydrogels with excellent mechanical properties, which can provide a
highly swollen 3D environment, are candidates for application in soft
tissue regeneration applications such as cartilage. For this purpose, the
possibility to form 3D structures is required. To prepare designed struc-
tures at high resolution with good control over the architecture, stere-
olithography is an excellent technique. In this work, stereolithography

Figure 8.4: Water-swollen, cylindrical, porous structures based on mixtures
1 (A) and 2 (B) built by stereolithography.
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Table 8.3: Porosity of extracted and dried built structures based on mixtures
1 and 2 and their compression moduli in the hydrated state.

Mixture 1) Mixture 2

Designed pore size (µm) Intended porosity (%) Porosity (%) Ec (MPa) Porosity (%) Ec (MPa)

1010 60 64.6 ± 0.8 37 ± 8 64.1 ± 1.5 23 ± 7

1006 70 74.3 ± 1.3 27 ± 8 73.3 ± 0.5 40 ± 20

1003 80 80.9 ± 1.2 40 ± 20 83.7 ± 0.3 10 ± 10

634 60 60.9 ± 0.6 110 ± 40 63.3 ± 0.4 90 ± 10

640 70 67.6 ± 0.8 90 ± 20 72.2 ± 1.1 40 ± 10

641 80 70.3 ± 1.2 50 ± 30 78.2 ± 0.6 30 ± 10

319 60 63.8 ± 1.1 100 ± 30 53.4 ± 2.1 170 ± 30

329 70 70.4 ± 2.5 70 ± 50 61.1 ± 1.0 90 ± 20

325 80 68.8 ± 2.5 50 ± 20 67.5 ± 2.3 30 ± 10

was used to obtain 3D scaffolds of mixtures 1 and 2. A series of the
porous 3D cylindrical structures (with gyroid pore architecture) was
designed to determine the mechanical properties of such 3D structures
with different porosities and pore sizes (Figure 8.4). As can be seen in
Table 8.3, the porosities of the prepared structures are very close to the
intended values, which means that the use of mixture 1 and 2 allows
for building with high control over the architecture. Small differences
between design and prepared structures can be the result of shrink-
age, which occurs upon extraction of the diluent [14]. Moreover, for
structures of the small pore sizes (network 2) and high porosities (net-
work 1), slight over-crosslinking was observed. This can be associated
with limitations of the stereolithography machine used. Nonetheless,
we are able to prepare porous 3D hydrogel structures with excellent
mechanical properties. Like the non-porous structures, the structures

Figure 8.5: Extracted and dried meniscus implants based on mixtures 1 (A)
and 2 (B) built by stereolithography.
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do not fail under compression and obtain their original shape after
re-equilibrating in water. The compression moduli ranged from 20 to
170 kPa. These values are comparable to values of the high molecu-
lar weight porous PTMC-based structures [15]. This shows that these
materials can be considered for load-bearing tissues such as interver-
tebral discs or menisci. Using the same pore architectures as for the
cylindrical scaffolds, porous implants were readily prepared (Figure
8.5) showing the potential for application in meniscus repair.

8.4 conclusions
In this work, mixed-macromer networks with excellent mechanical
properties were prepared and their internal phase separation was in-
vestigated.

We have shown that in the mixed-macromer networks, phase separa-
tion indeed occurs. The presence of the crystalline structures strength-
ened the hydrogels due to distribution of the crystallizable domains in
the amorphous matrix. Interestingly, these crystalline domains are not
visible in the hydrated state.

To investigate the applicability of the materials for implants, we pre-
pared designed porous structures with different pore sizes and porosi-
ties by using stereolithography. We have shown that these porous struc-
tures have excellent mechanical properties making them interesting
candidates for load-bearing applications. Designed porous implants
could readily be prepared by using these macromer-mixtures.
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abstract
For biomaterial applications that involve moving parts such as arti-
ficial joints, lubricity is an essential property. Poly(trimethylene car-
bonate) networks are relatively hydrophobic. To create a lubricious
layer, methacrylated poly(ethylene glycol) and methoxy-poly(ethylene
glycol) were grafted onto poly(trimethylene carbonate) networks by
photo-crosslinking.

After conditioning for 24 hours in water, no delamination was ob-
served, showing that the grafted hydrophilic layers were covalently
attached to the poly(trimethylene carbonate) network. The lubricating
properties were assessed by means of friction experiments, and the
friction coefficients with relevant biomaterials were determined. It was
shown that the grafting results in a significant decrease of the friction
coefficients. These results show the potential of this approach to obtain
lubricious materials for application in biomedical engineering.

9.1 introduction
Poly(trimethylene carbonate) (PTMC) is an amorphous, biocompati-
ble and biodegradable polymer [1]. It is prepared by the ring open-
ing polymerization of the trimethylene carbonate monomer (TMC).
High molecular weight TMC-based polymers have excellent mechan-
ical properties with elastic moduli ranging from 4-7 MPa, tensile
strengths of 6-16 MPa and elongations at break between 400-1000%
[2-4]. Furthermore, TMC-based polymers have been investigated for a
wide range of biomedical applications such as (soft-) tissue engineer-
ing, drug delivery, and artificial nerve guides [2-7]. PTMC is a relatively
hydrophobic [8, 9] and has a low water uptake.

In the application of biomaterials that involve moving parts, such as
artificial joints but also sutures and other tubular devices, lubricity is
an essential property [10, 11]. To improve lubricity and decrease fric-
tion, the application of hydrophilic biomaterials such as poly(ethylene
glycol) (PEG) block copolymers [12], alkyl polyglucosides dissolved
in water [13] gelated PVA hydrogel coatings [14] and hyaluronic acid
based materials [15-19] have been proposed.

Often, the application of such lubricating materials can be achieved
through surface modification methods [20]. To achieve covalent bond-
ing, many of these methods require surface activation via a chemical
or physical methods such as plasma- or ozone treatment or UV irradi-
ation [10, 21], followed by the polymerization of the monomers onto
the surface.
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PEG is a water soluble polyether which is non-toxic, non-
immunogenic and biocompatible. PEG is not degraded in vivo, but can
be resorbed and excreted via the renal pathway if the molecular weight
is below 30 kg/mol [22]. These properties together with the ability to
act as a lubricant make PEG an attractive material for surface modi-
fication. Furthermore, PEG has protein- and cell resistant properties
[23] and supresses immunogenic and antigenic acitivity [24] making it
an attractive material for biomedical applications. Grafting PEG chains
onto surfaces of polymers has also been achieved via non-covalent in-
teractions and graft polymerization [10]. A major advantage of covalent
grafting when compared to non-covalent grafting is the higher stabil-
ity of the grafted layer. Covalent grafting prevents delamination and
migration of the grafted layer.

The aim of this study was to graft a PEG based hydrophilic coating
onto hydrophobic PTMC networks by photo-crosslinking and chem-
istry using methacrylated PEG and methoxy-PEG (mPEG).

9.2 materials and methods

9.2.1 Materials

Trimethylene carbonate (TMC) was provided by ForYou Medical
(China). Polyethylene glycol (PEG, number average molar weight
(Mn) = 10 kg/mol) and methoxy-PEG (mPEG, Mn = 5 kg/-
mol) were purchased from Sigma-Aldrich (USA) and dried under
vacuum at 120°C before use. Tris(hydroxymethyl)propane (TMP),
Tin(II) 2-ethylhexanoate (Sn(Oct)2), methacrylic anhydride and 3-
(trimethoxysilyl) propyl methacrylate were also purchased from Sigma-
Aldrich and used as received. Propylene carbonate was purchased
from Merck (Germany). Irgacure®

2959 was provided by CIBA Spe-
cialty Chemicals (Switzerland) and used as received. Ethanol, di-
ethylether and dichloromothane (DCM) were purchased from Biosolve
(the Nethetlands). DCM was dried over calcium hydride (Merck) and
distilled before use.

9.2.2 Macromer synthesis

A three-armed PTMC oligomer was synthesized by ring opening poly-
merization using TMP and Sn(Oct)2 as initiator and catalyst respec-
tively. The monomer (TMC) and initiator (TMP) were charged in a
silanized three necked flask and polymerized for 3 days at 130°C
under argon atmosphere. By controlling the initiator to monomer ra-
tio the Mn of the oligomer could be controlled. The PTMC oligomer,
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PEG and mPEG were dissolved in dried DCM and placed under ar-
gon atmosphere. The oligomers were functionalized for 5 days at RT
using methacrylic anhydride to yield photo-crosslinkable macromers
with methacrylate end-groups. The macromers were purified by pre-
cipitation and subsequent drying. The PTMC macromer (PTMC-tMA)
was precipitated in ethanol, whereas the mPEG and PEG macromers
(mPEG-MA and PEG-dMA) were precipitated in diethylether. The ob-
tained macromers were subsequently characterized by 1H-NMR.

9.2.3 Network formation

A glass slide was, sequentially, dipped into a solution with 3-
(trimethoxysilyl) propyl methacrylate for 2 minutes, rinsed with
ethanol, and dried at 120°C for 30 minutes. Subsequently, the PTMC-
tMA containing 1 wt% Irgacure®

2959 was cast onto the glass slide to
produce a 200 µm thick film. Next, the films were partly crosslinked in
an Ultralum photo-crosslinking cabinet (USA) for 30 s at 365 nm. PEG-
dMA and mPEG-MA were dissolved in propylene carbonate (50/50

wt%). To obtain a hydrophilic coating of approximately 100 µm thick,
the mPEG-MA or PEG-dMA solutions containing 2.5 wt% Irgacure®

2959 were cast onto the PTMC network using a 200 µm casting knife.
After photo-crosslinking for 30 min at 365 nm, the propylene carbonate
was extracted with water.

Figure 9.1: Schematic overview of the friction experiment. The biomaterial
discs were made from stainless steel, PTFE and glass. They were
attached to a spring balance which measured the maximum static
friction force.
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9.2.4 Water uptake

The water uptake of the PTMC networks, the PEG- and mPEG grafted
PTMC networks and the PEG networks was determined. The networks
were placed in water for 24h at room temperature. The water uptake
was calculated using:

Water uptake =
mwet −mdry

mdry
×100% (9.1)

where mwet is de mass of the network swollen in water and mdry the
initial dry mass of the networks. All measurements were performed in
triplicate. The results are shown as averages ± standard deviation.

9.2.5 Water contact angle measurements

Water contact angles of the surfaces of the different materials were mea-
sured using a video based OCA 20 contact angle system (Dataphysics,
Germany). The system was equipped with an electronic syringe mod-
ule. Static contact angles were determined using 4 droplets of 3 µL per
sample. All experiments were performed at room temperature.

9.2.6 Friction experiments

Friction experiments were performed using a spring balance. A
schematic overview of this setup is presented in Figure 9.1. Smooth,
flat discs with a diameter of 2.5 cm were prepared from polytetrafluo-
roethylene (PTFE), glass and stainless steel. The PTMC networks and
PEG- or mPEG grafted PTMC networks were equilibrated in water for
1h. The friction of the discs on the hydrated networks was determined
at room temperature. The discs were attached to the spring balance
and the friction force (Ffriction) was measured as a function of an ap-
plied normal force (Fnormal). The coefficients of friction (µ, dimension-
less) were then determined using [25]:

Ffriction =µ ×Fnormal (9.2)

9.3 results and discussion

9.3.1 Macromer synthesis and network formation

Three-armed hydroxyl-terminated PTMC oligomers were synthesized
by ring opening polymerization using TMP as initiator and Sn(oct)2 as
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Figure 9.2: Structures of macromers used in this study.

catalyst. The dried oligomers were functionalized with methacrylic an-
hydride to obtain macromers with methacrylate end-groups (see Fig-
ure 9.2). The Mn of the PTMC macromer was determined using 1H-
NMR. By comparing the area of the -CH3 peak from the trimethylol-
propane initiator at δ 0.92 ppm to the area of the PTMC methylene
peak at δ 4.24 ppm, the Mn of the macromer was calculated to be 5.1
kg/mol. Successful end-group functionalization of PTMC-tMA, PEG-
dMA and mPEG-MA macromers was confirmed by the appearance of
the peaks from the -CH2=CH2 group of the macromers at δ 6.13 ppm
and δ 5.58 ppm in the 1H-NMR spectra as is shown in Figure 9.3.

Figure 9.3: Characteristic 1H-NMR spectra of a non-functionalized PTMC
oligomer (top) and of a PTMC oligomer functionalized with
methacrylic anhydride (bottom).
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PTMC networks were prepared on functionalized glass slides. A
layer of PTMC-tMA was cast onto the glass and photo-crosslinked
for 30 s. This resulted in a network covalently attached to the glass
but with a low crosslink density and therefore, more importantly, with
remaining double bonds still available for crosslinking. Subsequently,
PEG-dMA or mPEG-MA dissolved in propylene carbonate was cast
onto the PTMC network film. Propylene carbonate is a good solvent for
PTMC and is therefore able to swell the PTMC network. This allows
for the remaining methacrylate double bonds of the PTMC network
to be present at the PTMC/solution interface and react with the dou-
ble bonds of PEG-dMA or mPEG-MA to create a covalently attached
hydrophilic coating on the PTMC network. This concept is shown in
Figure 9.4.

9.3.2 Water uptake

The surface hydrophilicity and water uptake of biomaterials is of great
importance when these materials are used in vivo, as these properties
influence the interactions of the materials with cells and tissues, the me-
chanical properties and their degradation behaviour[8]. In our case, the
PEG-dMA and mPEG-MA coatings rely on water uptake to attain their
lubricious properties. Water uptake of our (grafted) network films was
determined after 24h. As is shown in Table 9.1, PTMC networks had
a water uptake of 5.5 ± 0.2%. PTMC networks with grafted PEG-dMA

Figure 9.4: Schematic representation of the grafting of a lubricious hy-
drophilic coating onto a partly crosslinked PTMC network by
photo-crosslinking.
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or mPEG-MA coatings have much higher water uptakes. PEG-dMA
grafted PTMC networks had a water uptake of 218.6 ± 4.2%, whereas
mPEG-MA grafted networks demonstrated a water uptake of 29.1 ±
2.8%. These water uptakes are not as high as the water uptake of a
non-grafted PEG network, prepared under the same conditions, which
was 470.1 ± 26.7%. This might be explained by the fact that the PEG-
dMA and mPEG-MA layers are covalently attached to the PTMC net-
work, which restricts the capability of the PEG and mPEG part of the
network to swell. Furthermore, the water uptake of the PTMC network
with grafted mPEG-MA is lower than the PEG-dMA grafted PTMC
network. As the coatings had the same thickness after casting, differ-
ence in water uptake could be due to the brush-like structure of the
mPEG-MA layer compared to the network nature of the cross-linked
PEG-dMA.

An important finding was that both the mPEG-MA and the PEG-
dMA grafted (and photo-crosslinked) PTMC films did not delaminate.
Visual observation and firm handling and manipulation of the hy-
drated specimens showed that the mPEG-MA and PEG-dMA coatings
remained were well attached to the PTMC substrate.

9.3.3 Water contact angle measurements

To underline the more hydrophilic nature of the coated PTMC net-
works as compared to non-coated PTMC networks, a series of water
contact angle measurements was performed. The conditioned PTMC
networks had an average water contact angle of 58.9 ± 2.4°. This is sim-
ilar to the conditioned PTMC networks described by Schüller et al. [8].
Initially, their dry PTMC networks have static water contact angles of
93 ± 2°[8], but upon conditioning in water diffusion of polymer end-
groups and/or reorientation of the polymer at the polymer-water in-
terface likely occurs as a result of the uptake of small amounts of water
[2, 9] which decreases the contact angle. Dry PEG-dMA grafted PTMC
networks showed an initial water contact angle of 72.1 ± 3.3°which
within minutes decreases to 0°as water was taken up by the grafted
PEG network. The dry mPEG-MA grafted layer showed an initial con-
tact angle of 39.8 ± 3.1°, which also decreased to 0°. For fully wetted
PEG gel and mPEG brush surfaces, the contact angle is immediately
0°after the droplet came into contact with the grafted surfaces.

Both the water uptake experiments and the contact angle measure-
ments showed that the PEG-dMA and mPEG-MA grafted PTMC net-
work surfaces are much more hydrophilic than the unmodified PTMC
networks.
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Table 9.1: Water uptake and static contact angles of PTMC networks and
PEG-dMA- or mPEG-MA grafted PTMC networks.

Material Water uptake (%)a Contact angle dry (°)b Contact angle wet (°)

PTMC 5.5 ± 0.2 58.9 ± 2.4 n.d.

PEG-dMA-grafted PTMC 218.6 ± 4.21 72.1 ± 3.3c
0

mPEG-MA-grafted PTMC 29.1 ± 2.8 39.8 ± 3.1c
0

PEG 470.1 ± 26.7 n.d. n.d.
a n=3; results are given as averages ± standard deviation.
b n=4; results are given as averages ± standard deviation.
c Initial static contact angle.

n.d. = not determined.

9.3.4 Friction experiments

Coefficients of friction of PTMC and the PEG-dMA and mPEG-MA
grafted PTMC films and relevant biomaterials, were determined by
measurement of the friction force at different normal forces on the dif-
ferent hydrated specimens. An example of the results of such friction
experiments is illustrated in Figure 9.5, from which the friction of stain-
less steel disc on the different PTMC surfaces can be determined. Table
9.2 shows the results for the different biomaterials on the hydrated

Figure 9.5: The friction force in the hydrated state of stainless steel on
PTMC networks (∎) and on PEG-dMA grafted- (◻) or mPEG-MA
grafted (◂) PTMC networks as a function of the normal force.
(±SD; n=3).
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Table 9.2: Friction coefficients of stainless steel, PTFE and glass discs on
PTMC networks and on PEG-dMA- or mPEG-MA grafted PTMC
networks.

Stainless steel PTFE Glass

PTMC 0.26 0.22 0.29

PEG-dMA-grafted PTMC 0.11 0.14 0.03

mPEG-MA-grafted PTMC 0.11 0.09 0.03

PTMC networks and the PTMC networks grafted with PEG-dMA and
mPEG-MA.

For stainless steel, the coefficient of friction on PTMC is 0.26. Both
PTMC grafted with PEG-dMA and mPEG-MA have a much lower fric-
tion coefficient of 0.11. For both PTFE and glass, similar behaviour can
be observed. Friction coefficients of 0.22 and 0.29 for respectively PTFE
and glass on PTMC networks were determined. The PEG-dMA and
mPEG-MA grafted surfaces show much lower coefficients of friction.
For PTFE and glass on PEG-dMA grafted PTMC the frictions coeffi-
cients are 0.14 and 0.03 respectively. For PTFE and glass on mPEG-MA
grafted PTMC networks these values are 0.09 and 0.03. These results
indicate that grafting hydrophilic layers onto PTMC networks leads to
materials with significantly lower friction coefficients.

Note that in this study we made use of PEG and mPEG function-
alized with methacrylic anhydride. The cross-linked PEG-dMA and
mPEG-MA coatings developed in this study are not readily biodegrad-
able. Therefore, it would be of interest to prepare and evaluate methacry-
late functionalized PEG- or mPEG-based block copolymers that con-
tain hdyrolyzable bonds, such as ester- or carbonate bonds, between
the PEG block and the methacrylate end group. These could be pre-
pared by ring opening polymerization of e.g. lactide or trimethylene
carbonate using the PEG component as initiator, followed by methacry-
lation. Photo-crosslinking then results in hydrophilic lubricious coat-
ings that have the additional benefit of biodegradability [26, 27].

9.4 conclusions
In this study we aimed to obtain a lubricious coating on the surface
of PTMC networks by grafting hydrophilic, PEG-dMA and mPEG-MA
onto partly crosslinked PTMC networks. We have shown that it was
possible to covalently attach hydrophilic PEG-dMA and mPEG-MA
onto hydrophobic PTMC networks, as there was no delamination of
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the hydrophilic layers after 24h in water. Successful grafting was also
confirmed by the lower water uptake of the PEG-dMA grafted to the
PTMC when compared to an analogous non-grafted PEG-dMA net-
work.

Grafting PEG-dMA or mPEG-MA onto photo-crosslinked PTMC re-
sults in materials with a much lower friction coefficient when hydrated
than non-modified PTMC networks. This shows their great potential in
preparing biomaterial implants with lubricious surfaces.
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a.1 introduction
In previous work we investigated the in vitro degradation of photo-
crosslinked networks prepared with poly(trimethylene carbonate)
(PTMC) and poly(trimethylene carbonate-co-ε-caprolactone) ( P(TMC-
co-ε-CL) ) macromers [1]. Both types of networks degraded via sur-
face erosion, which is advantageous as network scaffolds prepared
from these materials will maintain their mechanical properties during
degradation [2]. It was found that the PTMC networks degraded at
a relatively low rate, the rate of degradation of P(TMC-co-ε-CL) net-
works was much higher. Therefore, similar to preparing structures by
stereolithography (SLA) with resins based on PTMC-tMA, we investi-
gated the ability to prepare SLA-built structures using a resin based on
P(TMC-co-ε-CL)-tMA.

a.2 materials and methods
The P(TMC-co-ε-CL)-tMA macromers with TMC to ε-CL molar ratios
of 75:25 were prepared as described previously [1]. The molecular
weight (Mn) of the oligomers, the molar ratio between TMC and ε-
CL and the degree of functionalization were determined by 1H-NMR
as reported previously [1].

A resin for use in SLA was prepared from a mixture of 50

wt% P(TMC-co-ε-CL)-tMA and 50 wt% propylene carbonate diluent
that further contained 5 wt% TPO-L photo-initiator (relative to the
macromer) and 0.13 wt% Orasol orange dye (relative to the macromer).

A cubical structure with an internal gyroid pore network archi-
tecture was designed using mathematical modelling software (Vir-
tualmeet, https://sourceforge.net/) and Rhinoceros 4 (Robert Mcneel
and Associates) software. The designed pore size and porosity were
1.2 mm and 84% respectively.

The designed structure was built using an Envisiontec Perfactory 3

SCGA+ Standard UV DLP SLA apparatus. The thickness of the illu-
minated layers was 50 µm, the pixel resolution was 35 × 35 µm2. The
layers were sequentially illuminated for fixed times of 18 s per layer at
a lamp intensity of 180 mW/dm2. The UV light used had a wavelength
of 350–430 nm.

The non-reactive propylene carbonate diluent was removed by ex-
traction in propylene carbonate and ethanol mixtures for 5 days. The
mixtures were refreshed daily. To allow slow shrinkage of the struc-
tures, the ethanol content was increased daily.
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Figure A.1: A designed porous structure with gyroid pore network architec-
ture built by stereolithography using a resin based on P(TMC-
co-ε-CL)-tMA macromers. Scale bar = 1mm.

a.3 results and discussion
The Mn of the oligomers was determined to be 18.8 kg/mol, and the
molar ratio between TMC and ε-CL was 73:27. The degree of function-
alization of the macromer was 100%. Designed 3D structures with a
gyroid pore architecture were prepared using a resin based on P(TMC-
co-ε-CL)-tMA. The structures were extracted in mixtures of propylene
carbonate and ethanol. After extraction and drying, the structures had
dimensions of 7x8x8 mm and an average porosity of 76.3 ± 0.3%. A
built structure is shown in Figure A.1.

a.4 conclusions
Using a resin based on P(TMC-co-ε-CL)-tMA macromers, designed
structures with an internal gyroid pore network architecture could
readily be prepared by stereolithography in a way similar to when
resins based on PTMC-tMA macromers were used.
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b.1 introduction
In young patients meniscus injuries frequently occur as a result of
twisting motions [1]. Meniscus tears are then often located in the avas-
cular inner part of the meniscus, and therefore do not heal sponta-
neously [2]. In the USA, of the 650,000 meniscus related surgeries
which are conducted annually, most involve (partial) meniscectomy [3].
However, 50% of the meniscectomized patients develop osteoarthritis
in the long-term [4]. Currently, the only treatment option for these
patients is meniscal allograft transplantation [5]. While allograft trans-
plantation results in short-term improvement of the knee function, is-
sues such as implant shrinkage and structural remodelling may com-
promise its function in the long-term. Furthermore, the availability is
allografts is restricted.

Recently, we prepared a designed, porous, and biodegradable
goat meniscus implant with mechanical properties close to those
of the natural meniscus by stereolithography using resins based on
poly(trimethylene carbonate) macromers [6]. Here, we prepared a de-
signed, sub-total (without the peripheral rim), porous, human menis-
cus implant in a corresponding manner and investigated the mechani-
cal behavior of the implant in a human cadaveric knee.

b.2 materials and methods

b.2.1 Meniscus implant preparation

A sub-total, porous, human meniscus implant with gyroid pore ar-
chitecture was prepared by stereolithography using a resin based on
a photo-crosslinkable, methacrylate functionalized poly(trimethylene
carbonate) macromer with a molecular weight of 20.0 kg/mol (PTMC-
tMA) and subsequent extraction of the diluent and drying. The ex-
perimental details of the design process, resin composition, implant
preparation and extraction have previously been described [6, 7].

b.2.2 Knee preparation

A cadaveric knee was obtained from the department of Anatomy of
the Radboud university medical center, and it was evaluated based
on anteroposterior and lateral radiographs as previously described [5].
Briefly, the medial meniscus length and width were estimated to make
sure the dimensions did not deviate more than 10% from the dimen-
sions of the implant.
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Figure B.1: Specimen preparation. A) Pressure sensor is placed under the
native meniscus. B) Knee in test setup.

Pressure distribution measurements on the medial tibial condyle
with the native meniscus in place were performed using a K-Scan
4010N sensor placed under the native meniscus (Figure B1A) after the
circumferential meniscus attachment was released. The knee was then
mounted in the compression testing rig in the full extension position
(Figure B1B).

To measure the pressure distribution after an allograft transplanta-
tion, the natural meniscus was sutured to the knee by a standard al-
lograft fixation procedure. To measure the pressure distribution with
the implant, the implant was sutured to the meniscus rim: five sutures
were placed with the knots pointing upwards to prevent artefacts in
the pressure measurements. The fixation of the implant to the knee
was subsequently realized in a similar manner as the allograft. See
Figure B2.

b.2.3 Pressure distribution measurements

After the knee was mounted in the compression testing rig, the knee
was preconditioned by applying 5 loading cycles of 1000N for 50s.
During the 6

th loading cycle, pressure distribution measurements were
taken to determine the peak pressure, mean pressure and contact area.
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Figure B.2: A) The PTMC implant sutured to the peripheral rim of a menis-
cus. B) The implant fixed in the medial compartment of the knee.

b.3 results and discussion

b.3.1 Meniscus implant

A porous, subtotal meniscus implant with gyroid pore architecture
with a porosity of 68% and a pore size of 660 µm was designed to
obtain an implant with optimal mechanical properties, as described
previously [6]. After building by stereolithography and extraction, a
sub-total porous human meniscus implant with gyroid pore architec-
ture and a porosity of 50% was obtained. Figure B3 shows the resulting
sub-total implant after extraction and drying. The suturing of the im-
plant to the peripheral rim of the meniscus could be done easily.

Figure B.3: A designed sub-total porous human meniscus implant with a
gyroid pore architecture after extraction and drying. Scale bar =
1 cm.
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Table B.1: Peak pressures, mean pressures and contact areas on the me-
dial tibial condyle of a cadaveric knee for a native meniscus, af-
ter meniscectomy, allograft transplantation and a PTMC implant
transplantation.

Peak pressure (MPa) Mean pressure (MPa) Contact area (mm2)

Native 1.20 0.47 575

Meniscectomy 2.33 0.78 362

Allograft 2.15 0.58 395

PTMC implant 2.30 0.54 318

b.3.2 Pressure distribution

The pressure measurements were taken during the 6th loading cycle
with 1000 N. The results are presented in Table B1 and Figure B4.

From Table B1 and Figure B4 it is clear that with a native meniscus
the contact area is large and the pressure is evenly distributed across
the tibial condyle. As can be expected, the peak pressure was low, 1.20

MPa [3]. The obtained mean pressure of the native meniscus was 0.47

MPa.
Figure B4 shows that after meniscectomy, the pressure is concen-

trated in the middle of the tibial condyle, with a much higher peak
pressure of 2.33 MPa and a reduced contact area as can be seen in
Table B1. Furthermore, the mean pressure was increased to 0.78 MPa.

With use of the allograft and the PTMC implant, the pressure ar-
eas on the middle of the tibial condyle decrease. See Figure B4. Part
of these pressures are now located on the outside of the condyle.
The contact areas of both the allograft and the PTMC implant remain

Figure B.4: From left to right: the pressure sensor output measured in the
knee with a native meniscus, after meniscectomy, an allograft
and a PTMC implant. (Note: the high pressure points in the left
bottom corner of both the allograft and the PTMC implant im-
ages are artifacts and are therefore excluded when determining
the peak pressures.)
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much lower than in the case of the native meniscus. Compared to the
meniscectomy case, both the allograft and the PTMC implant show
decreased peak pressures of respectively 2.15 and 2.30 MPa. This de-
crease is limited and both peak pressures are still considerably higher
than the peak pressure of the native meniscus. (Note: the high pressure
points in the left bottom corner of both the allograft and the PTMC im-
plant are artifacts and are therefore excluded when determining the
peak pressures.) Both the allograft and the PTMC implant result in
much lower mean pressures of respectively 0.58 and 0.54 MPa. These
values are much closer to the mean pressure of the native meniscus.

From these results it follows that the use of an allograft as well as
a PTMC implant is an improvement when compared to the menis-
cectomy case. It can be expected that the mechanical function of the
porous PTMC implant will further improve upon tissue formation
within the porous implant upon implantation in patients.

b.4 conclusions
A porous, sub-total, human meniscus implant with gyroid pore archi-
tecture was prepared by stereolithography using PTMC-based resins.
The implant could readily be sutured to the peripheral rim of a natural
meniscus.

Subsequent pressure measurements showed that compared to menis-
cectomy, an allograft and the PTMC implant reduced the mean on the
tibial condyle. Although the contact area remained lower than that of
the native meniscus and the decrease in the peak pressures was limited,
the use of an allograft as well as a PTMC implant is an improvement
over the meniscectomy case.

b.5 references
1. Englund, M., F.W. Roemer, D. Hayashi, M.D. Crema, and A. Guer-

mazi,Meniscus pathology, osteoarthritis and the treatment controversy.
Nature Reviews Rheumatology, 2012. 8(7): p. 412-419.

2. Buma, P., N.N. Ramrattan, T.G. van Tienen, and R.P. Veth,Tissue
engineering of the meniscus. Biomaterials, 2004. 25(9): p. 1523-1532.

3. Abrams, G.D., R.M. Frank, A.K. Gupta, J.D. Harris, F.M. Mc-
Cormick, and B.J. Cole,Trends in meniscus repair and meniscectomy in
the United States, 2005-2011. American Journal of Sports Medicine,
2013. 41(10): p. 2333-2339.



b.5 references 183

4. Englund, M., E.M. Roos, and L.S. Lohmander,Impact of type of
meniscal tear on radiographic and symptomatic knee osteoarthritis - A
sixteen-year followup of meniscectomy with matched controls. Arthritis
& Rheumatology, 2003. 48(8): p. 2178-2187.

5. Vrancken, A.C.T., F. Eggermont, T.G. van Tienen, G. Hannink,
P. Buma, D. Janssen, and N. Verdonschot,Functional biomechan-
ical performance of a novel anatomically shaped polycarbonate ure-
thane total meniscus replacement. Knee Surgery Sports Traumatol-
ogy Arthroscopy, 2016. 24(5): p. 1485-1494.

6. van Bochove, B., G. Hannink, P. Buma, and D.W. Gri-
jpma,Preparation of Designed Poly(trimethylene carbonate) Meniscus
Implants by Stereolithography: Challenges in Stereolithography. Macro-
molecular Bioscience, 2016. 16(12): p. 1853-1863. Chapter 5 of this
thesis.

7. Chapter 6 of this thesis.





S S U M M A R Y A N D O U T LO O K

s.1 summary
Tissue engineering scaffolds are porous implants that provide support
for cells and formed tissues. Ideally, these scaffolds are prepared from
materials that are biocompatible, biodegradable and have mechanical
properties that correspond to those of the tissues that are replaced.
Synthetic biodegradable polymer networks are excellent candidates for
such materials due to the ease of tailoring their material properties.
This thesis describes the preparation of methacrylate functionalized
oligomers (macromers) based on trimethylene carbonate, their formu-
lation into processable stereolithography resins and the characteriza-
tion of the resulting photo-crosslinked networks and medical implants.

Chapter 1 briefly describes the scope of the studies and the outline
of the thesis.

In Chapter 2 an introduction into the use of photo-crosslinked net-
works for biomedical application is given. Several synthetic, biodegrad-
able polymers used for the preparation of such networks and the
biomedical applications for which they have been developed are de-
scribed. Several examples of fabrication methods for preparing tis-
sue engineering scaffolds from biodegradable networks are presented.
Resins formulated for stereolithography are introduced.

In Chapter 3 a study into the degradation behaviour of, and tissue
response to photo-crosslinked PTMC networks prepared from PTMC-
tMA macromers with molecular weights of 13.3, 17.8 and 26.7 kg/-
mol is described. By evaluating networks prepared from macromers
with different molecular weights, we were able to assess the effect
of macromer molecular weight on the degradation rate of the net-
works obtained after photo-crosslinking. In a proliferation assay with
synovium-derived cells, these PTMC networks demonstrated good cell
biocompatibility. The in vitro enzymatic degradation behaviour of the
PTMC networks was investigated using cholesterol esterase solutions.
The in vivo degradation was assessed by subcutaneous implantation
in rats. The PTMC networks degraded slowly, both in vitro and in
vivo. Networks prepared from macromers with the higher molecular
weights showed increased degradation rates compared to networks
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prepared from the lowest molecular weight macromers. These pho-
tocrosslinked networks degraded via surface erosion. During the sub-
cutaneous implantation, the tissue response to the networks was char-
acterized by the presence of fibrous tissue and encapsulation of the
implants.

Chapter 4 describes a study into the in vitro degradation properties
of photo-crosslinked networks prepared from P(TMC-co-DLLA)-tMA
and P(TMC-co-ε-CL)-tMA copolymeric macromers. Following the re-
sults obtained in Chapter 3, the copolymeric macromers had a rela-
tively high molecular weight of approximately 30 kg/mol. To assess
the effect of D,L-lactide and ε-caprolactone on the degradation proper-
ties, the contents of D,L-lactide and ε-caprolactone in the macromers
were varied. The enzymatic in vitro degradation of the copolymeric
networks in cholesterol esterase-containing solution was investigated.
Networks prepared from P(TMC-co-DLLA)-tMA macromers degraded
relatively fast via bulk erosion. Increasing the D,L-lactide content re-
sulted in higher degradation rates. Networks prepared from P(TMC-
co-ε-CL)-tMA macromers degraded more slowly via a very well con-
trolled surface erosion process.

Chapter 5 describes the development and application of resins suit-
able for processing by stereolithography using PTMC-tMA macromers
with a molecular weight of 28.9 kg/mol. The resins contained propy-
lene carbonate as a non-reactive diluent, a photoinitiator and a dye to
control the curing characteristics. The challenges in building designed
porous structures with DLP stereolithography are described in detail.
An optimized resin composition of 50 wt% macromer, 50 wt% propy-
lene carbonate, 0.04 wt% dye (relative to the macromer), and 5 wt%
photoinitiator (relative to the macromer) was used to prepare cylindri-
cal 3D porous structures with a gyroid pore network architecture. The
pore sizes and porosities were varied between 300 and 1000 µm and
60% and 80%, respectively. The PTMC network structures obtained had
compression moduli of 85-2320 kPa. Based on computed tomography
imaging data, a porous meniscus implant was designed. The character-
istics of the gyroid pore network architecture were adjusted to prepare
an implant with a compression modulus of approximately 400 kPa.

In Chapter 6 the effect of the pore network characteristics on the
mechanical properties of photo-crosslinked PTMC network films is
described. The network films were prepared by a method involving
salt leaching and by stereolithography. Networks films with a wide
range of porosities, 25-59% and 44-65% for network films prepared
by a salt leaching method and stereolithography respectively, were ob-
tained. The mechanical properties of the porous network films were
much influenced by porosity. The elasticity modulus of the network
films decreased with increasing porosity. It appeared that this decrease
was independent of pore size. For a given porosity, the values of the
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elasticity modulus, maximum tensile strength and toughness of porous
network films prepared by stereolithography were slightly higher than
those of porous network films prepared by the salt leaching method.

Chapter 7 describes the preparation and characterization of tough bi-
modal network films and structures from PTMC-tMA macromers with
molecular weights of 0.7 and 10.3 kg/mol. The bimodal network films
were prepared using 75:25 and 31:69 mixtures of PTMC-tMA 0.7 and
PTMC-tMA 10.3. Compared to their respective unimodal networks, the
bimodal networks had significantly improved toughness and suture
retention strengths. A stereolithography resin was formulated with a
composition of 21.5 wt% PTMC-tMA 0.7 kg/mol and 78.5 wt% PTMC-
tMA 10.3 kg/mol. Designed 3D structures with diamond pore network
architecture could readily be prepared with this resin. Using micro
computed tomography, the effect of swelling of the bimodal PTMC
network structures in propylene carbonate was investigated with re-
gard to pore size and porosity. Interestingly, swelling of the network
structures results in an increase in pore size, but in a decrease in poros-
ity.

In Chapter 8 a study on the properties of mixed-macromer hy-
drogel networks is described. Networks were prepared by photo-
crosslinking two mixtures of PTMC-dMA, PDLLA-dMA, PEG-dMA
and PCL-dMA macromers of different molecular weights. These tough
mixed macromer hydrogel networks could be subjected to tensile and
tear propagation experiments in the swollen state. It was shown that
these networks are phase-separated. Glass transition temperatures of
each individual constituent material could be observed in DSC exper-
iments. Furthermore, AFM and XRD experiments showed that crys-
talline and amorphous phases of the networks were present. Interest-
ingly, the crystalline phase was not visible in the hydrated state. Sub-
sequently, designed 3D porous structures of the mixed-macromers net-
work were prepared by stereolithography. Cylindrical structures with
gyroid pore network architecture and pore sizes and porosities of 300-
1000 µm and 60-81%, respectively, could readily be prepared. These
mixed-macromer network structures had compression moduli between
27 and 170 kPa in the hydrated state.

Chapter 9 describes the grafting of a lubricous coating onto photo-
crosslinked PTMC network films. Relatively low molecular weight
PTMC-tMA macromers of 5 kg/mol were partially photo-crosslinked,
the unreacted methacrylate groups remained available for a subse-
quent grafting. Methacrylate functionalized PEG and methacrylate
functionalized-methoxy-PEG were then cast onto the PTMC network
films and grafted by photo-crosslinking. After 24 hours conditioning
in water, no delamination was observed, showing that the grafted lay-
ers were covalently attached to the PTMC network. Friction experi-
ments were conducted to determine the friction coefficients of the lu-
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bricated networks. Grafting lubricious, hydrophilic coatings onto the
PTMC network films resulted in a considerable decrease of the friction
coefficients.

Appendix A describes a first study on the formulation and applica-
tion of a resin based on P(TMC-co-ε-CL)-tMA copolymeric macromers
for use in stereolithography. The copolymeric macromer molar ratio
between TMC and ε-CL was 73:27, and the molecular weight was 18.8
kg/mol. With this resin, designed 3D porous structures with a gyroid
pore network architecture could be readily prepared in a similar fash-
ion to structures prepared with PTMC based resins.

In Appendix B a pilot study with regard to the mechanical behav-
ior of a porous, sub-total meniscus implant is described. An implant
based on PTMC with a porosity of 50% was prepared by stereolithog-
raphy. After suturing the sub-total implant to the peripheral rim of a
medial meniscus, the implant was fixated in a human cadaveric knee.
The peak pressure, mean preassure and contact area were determined
under compression and compared to those of the natural meniscus,
meniscectomy and an allograft. Compared to meniscectomy an allo-
graft and the implant reduced the peak and mean pressures on the
tibiacondyl. However, the contact area remained lower than that of the
native meniscus.

The work presented this thesis describes the development of PTMC-
based stereolithography resins for the preparation of biodegradable
photo-crosslinked networks and structures for biomedical applications
such as tissue engineering scaffolds. The degradation rates of net-
works prepared from such resins can be adjusted by variation of the
crosslink density or macromer composition when using copolymeric
macromers. Designed 3D network structures with excellent mechani-
cal properties can be prepared using resin formulations based on rela-
tively high molecular weight macromers. However, building structures
by stereolithography with resins based on such high molecular weight
macromers remains a challenge. Networks with good mechanical prop-
erties and high toughness can also be prepared using mixtures of
low molecular weight PTMC macromers that from bimodal networks.
Mixed-macromer hydrogel network structures with excellent mechan-
ical properties could be prepared using resins based on mixtures of
several macromers with different molecular weights.

s.2 outlook
The studies described in this thesis show that photo-crosslinked net-
works based on PTMC macromers are potential biomaterials for
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medical implants. The excellent mechanical properties of these net-
work films and structures, their degradability and applicability of the
macromers in additive manufacturing techniques such as stereolithog-
raphy makes these structures potential candidates for clinical use as
medical implants. However, additional work is required to optimize
both materials and techniques before these network structures can be
used in the clinic.

s.2.1 Photo-crosslinked networks

Photo-crosslinked network structures prepared from degradable syn-
thetic polymers are of interest as medical implants as photo-
crosslinking results in form stable structures tailored mechanical prop-
erties depending on the macromers used [1]. As a result, photo-
crosslinked networks and structures are being considered for a wide
range of applications: from bone implants to soft tissue engineering
implants [1, 2]. The applicability of the photo-crosslinked networks
and structures described is in this thesis is (in part) depending on the
network properties such as the degradation mechanism and mechan-
ical properties. Although most biodegradable networks degrade via
bulk erosion, surface eroding networks are preferred for medical im-
plants [3]. The (co)polymer networks described in this thesis degraded
via either bulk erosion (P(TMC-co-DLLA)) or surface erosion (PTMC
and P(TMC-co-ε-CL)). For the copolymers however, only in vitro exper-
iments were performed, and further research into the in vivo degrada-
tion properties of these copolymer networks may indicate the types of
medical implants for which these copolymer networks can be consid-
ered.

As the strength and resilience of PTMC networks increases with in-
creasing macromer molecular weight [1], networks prepared form rel-
atively high molecular weight macromers are preferred for the prepa-
ration of load-bearing elastic medical implants [4]. This is of great im-
portance regarding the applicability of these implants in the clinic. Our
studies have shown that the toughness of PTMC networks can also be
increased by preparing bimodal networks. An obvious next step is to
investigate the compression properties of bimodal network structures.
The degradation rate of the bimodal networks described in this thesis
can be expected to be low, as the bimodal network used in our studies
were prepared from macromers with relatively low molecular weights.
To increase the degradation rate of these bimodal networks, bimodal
networks prepared from copolymeric macromers should be considered
as well.



190 summary and outlook

s.2.2 Stereolithography

Additive manufacturing is a promising technique for the preparation
of complex, designed and patient specific medical implants [4, 5]. Stere-
olithography is the most widely used additive manufacturing tech-
nique to prepare structures and scaffolds by photo-crosslinking. Our
research shows that the applicability of photo-crosslinkable macromers
in processable resins is not straightforward. Resin prepared from rela-
tively high molecular weight, result in networks that degrade faster [6]
with lower amounts of non-degradable component [7] and increased
strength and resilience [1]. However, the diluent concentration required
to use these relatively high molecular weight macromers is high, re-
sulting in highly swollen, fragile networks during preparation and the
resin viscosity is much higher which makes the resins more difficult
to process in stereolithography [4, 8]. For medical implants, the end
application will determine the required mechanical and degradation
properties of the structures. Structures prepared from bimodal net-
works can be considered as an alternative to structures prepared using
relatively high molecular weight macromers only. The low molecular
weight of the macromers used for bimodal networks results in high
processability in stereolithography, while the bimodal character of the
networks enhances the mechanical strength and toughness. However,
if networks prepared from relatively high molecular weight macromers
are still preferred, rather than attempt to build with these high molecu-
lar weight macromers, SLA may be utilized to prepare a mold that can
be uses as a template onto which the high molecular weight macromers
can be crosslinked. Subsequent crosslinking will then result in a struc-
ture with complex shapes.

The work on stereolithography described in this thesis further shows
that stereolithography is limited in terms of the smallest pore sizes that
can be achieved. This is due to the layer-by-layer building process and
the overcuring associated with this process. Some applications require
micropores with sizes than cannot be reached by stereolithography [9].
It would be of interest to investigate resins which contain for example
salt particles with a small particle size. In this way, structures with
complex shapes and micropores can be prepared.

s.2.3 Meniscus implants

The work described in this thesis was carried out with the overall aim
to develop a functional tissue-regenerating meniscus implant. In sev-
eral chapters we have described the preparation of porous goat and
human meniscus implants by stereolithography. However, the design
of these (porous) implants can still be improved. We have prepared
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implants with a designed, gyroid pore architecture. For meniscus im-
plants however, it would be beneficial to have an anisotropic structure
to guide extracellular matrix deposition to mimic the native meniscus
[9, 10]. This may be achieved by implementing circumferential macro-
pore channels of approximately 200-300 µm into the implant design.
Furthermore, micropores of approximately 10-50 µm are preferred.
However, these micropores cannot be prepared by stereolithography.
To obtain micropores, resins containing leachable components may be
developed.

The prepared meniscus implants will need to be evaluated with
regard to their suitability as meniscus implants. Preferably these im-
plants have an optimal pore structure and are prepared using a
macromer which has the preferred mechanical and degradation prop-
erties. Following the successful pilot experiment described in Ap-
pendix B an in vivo functionality study in a large animal goat modal
should be carried out to look at the effect of the designed implants on
the joint homeostasis.
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S S A M E N VAT T I N G E N
V O O R U I T B L I K

s.1 samenvatting
Draagstructuren voor weefselengineering zijn poreuze implantaten
die ondersteuning bieden aan cellen en gevormde weefsels. Idealiter
zijn deze draagstructuren bereid van materialen die biocompatibel en
biodegradeerbaar zijn en die bovendien mechanische eigenschappen
hebben welke overeenkomen met de weefsels die vervangen worden.
Synthetische biodegradeerbare polymeer netwerken vormen uitstek-
ende kandidaten voor zulke netwerken vanwege de makkelijk aan
te passen materiaaleigenschappen. Dit proefschrift beschrijft de berei-
ding van methacrylaat gefunctionaliseerde oligomeren (macromeren)
gebaseerd op trimethyleen carbonaat, de formulering in verwerkbare
harsen voor stereolithografie en de karakterisatie van de verkregen
gefoto-crosslinkte netwerken en medische implantaten.

Hoofdstuk 1 beschrijft kort de strekking van de onderzoeken en de
hoofdlijnen van het proefschrift.

In Hoofdstuk 2 wordt een introductie gegeven van het gebruik van
gefoto-crosslinkte netwerken voor biomedische applicaties. Verschil-
lende synthetische, afbreekbare polymeren die gebruikt worden om
zulke netwerken te bereiden en de toepassingen waarvoor ze zijn on-
twikkeld worden beschreven. Voorbeelden van fabricatie methoden om
draagstructuren voor weefsel engineering te maken van afbreekbare
netwerken worden gepresenteerd. De samenstelling van harsen voor
stereolithografie worden geïntroduceerd.

In Hoofdstuk 3 wordt een studie beschreven naar het degra-
datie gedrag van, en de weefselreactie op gefoto-crosslinkte PTMC-
netwerken welke bereid zijn van PTMC-tMA macromeren met molecu-
ulgewichten van 13.3, 17.8 en 26.7 kg/mol. Door netwerken te onder-
zoeken welke bereid zijn met macromeren met een verschillend mole-
cuulgewicht waren we in staat om het effect van het molecuulgewicht
van het macromeer op de degradatie snelheid van de netwerken verkre-
gen na het foto-crosslinken te evalueren. In een proliferatie studie met
synovium afgeleide cellen lieten deze PTMC-netwerken een goede cel
biocompatibiliteit zien. Het in vitro degradatie gedrag van de PTMC-
netwerken werd onderzocht met oplossingen van cholesterol esterase.
De in vivo degradatie werd onderzocht door middel van subcutane im-
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plantatie in ratten. De PTMC-netwerken degradeerden zowel in vitro
als in vivo langzaam. Netwerken bereid met macromeren met een
hoger molecuulgewicht hadden een groter degradatie snelheid dan
de netwerken bereid met het macromeer met het laagste molecuul-
gewicht. Deze gefoto-crosslinkte netwerken degradeerden via opper-
vlakte erosie. Tijdens de subcutane implantatie kenmerkte de weefsel
reactie zich door de aanwezigheid van fibreus weefsel en de inkapsel-
ing van de implantaten.

Hoofdstuk 4 beschrijft een onderzoek naar de in vitro degradatie
eigenschappen van gefoto-crosslinkte netwerken bereid met P(TMC-
co-DLLA)-tMA en P(TMC-co-ε-CL)-tMA copolymerische macromeren.
Naar aanleiding van de resultaten beschreven in Hoofdstuk 3 hadden
deze netwerken een molecuulgewicht van ongeveer 30 kg/mol. Om het
effect van de D,L-lactide en ε-caprolacton te kunnen bestuderen werd
de hoeveelheid D,L-lactide en ε-caprolacton gevarieerd. De enzyma-
tische in vitro degradatie van de copolymerische netwerken werd on-
derzocht met behulp van cholesterol esterase oplossingen. Netwerken
bereid met (PTMC-co-DLLA)-tMA macromeren degradeerden relatief
snel via massale erosie. Met een grotere hoeveelheid D,L-lactide ging
de degradatie sneller. Netwerken bereid van P(TMC-co-ε-CL)-tMA
macromeren degradeerden langzamer via een gecontroleerd opper-
vlakte erosieproces.

Hoofdstuk 5 beschrijft de ontwikkeling en toepassing van harsen
welke geschikt zijn voor verwerking in stereolithografie gebruik mak-
end van PTMC-tMA macromeren met een molecuulgewicht van
28.9 kg/mol. De harsen bestonden verder uit propyleen carbonaat
als verdunningsmiddel, een foto initiator en een kleurstof om de
crosslink eigenschappen te controleren. De uitdagingen met betrekking
tot het fabriceren van ontworpen, poreuze structuren met DLP-
stereolithografie worden uitgebreid beschreven. Een optimale hars
compositie van 50 wt% macromeer, 50 wt% propyleen carbonaat, 0.04

wt% kleurstof (relatief t.o.v. het macromeer) en 5 wt% foto initiator
(relatief t.o.v. het macromeer) werd gebruikt om cilindrisch, poreuze
3D structuren met een gyroid poriën architectuur te maken. De porieg-
rootte en porositeit varieerden tussen respectievelijk 300 en 1000 µm
en 60% en 80%. De gefabriceerde PTMC-structuren hadden com-
pressiemoduli van 85 tot 2320 kPa. Gebaseerd op computed tomog-
raphy imaging data werd een poreus meniscus implantaat ontworpen.
De eigenschappen van de gyroid architectuur werden aangepast om
een implantaat te verkrijgen met een compressiemodulus van 400 kPa.

In Hoofdstuk 6 wordt het effect van de porie netwerk eigenschap-
pen op de mechanische eigenschappen van gefoto-crosslinkte PTMC-
netwerk films beschreven. De netwerk films werden bereid met een
methode die het uitwassen van zout met zich meebracht en met stere-
olithografie. Er werden netwerk films verkregen met een grote verschei-
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denheid aan porositeit van respectievelijk 25-59% en 44-65% voor films
bereid door middel van het uitwassen van zout en stereolithografie.
De mechanische eigenschappen van de poreuze netwerk films werden
behoorlijk beïnvloed door de porositeit. De elasticiteitsmodulus van
de netwerk films nam af met toenemende porositeit. Het lijkt erop dat
deze afname onafhankelijk is van de poriegrootte. Voor een gegeven
porositeit waren de waarden van de elasticiteitsmodulus, maximale
treksterkte en de taaiheid van de poreuze netwerk films gemaakt met
stereolithografie een beetje hoger dan die van netwerk films bereid met
een methode die het uitwassen van zout met zich meebracht.

Hoofdstuk 7 beschrijft de bereiding en karaterisatie van taaie, bi-
modale netwerk films en structuren van PTMC-tMA macromeren met
molecuulgewichten van 0.7 en 10.3 kg/mol. De bimodale netwerk films
werden bereid met mixen van 75:25 en 31:69 PTMC-tMA 0.7 en PTMC-
tMA 10.3. Vergeleken met de unimodale netwerken hadden de bi-
modale netwerken significant verbeterde taaiheid en hechtsterkte. Een
hars voor stereolithografie met 21.5 wt% PTMC-tMA 0.7 kg/mol en
78.5 wt% PTMC-tMA 10.3 kg/mol werd geformuleerd. Ontworpen 3D
structuren met een diamant porie architectuur konden zonder proble-
men worden gefabriceerd. Met behulp van micro computed tomogra-
phy werd het effect van zwelling in propyleen carbonaat op de porieg-
rootte en porositeit van bimodale PTMC-structuren bepaald. Zwelling
van de netwerk structuren leidt tot een toename in poriegrootte, maar
een afname in porositeit.

In Hoofdstuk 8 wordt een studie naar de eigenschappen van
gemixte-macromere hydrogel netwerken beschreven. Netwerken wer-
den bereid door het foto-crosslinken van twee mixen van PTMA-
dMA, PDLLA-dMA, PEG-dMA en PCL-dMA macromeren met ver-
schillende molecuulgewichten. Deze taaie gemixte-macromere hydro-
gel netwerken konden in gezwollen toestand onderworpen worden
aan trek- en scheurproeven. Het werd aangetoond dat deze werken
fase gescheiden waren. In DSC-experimenten konden de individuele
glasovergangstemperaturen van alle componenten worden onderschei-
den. Daarnaast lieten AFM- en XRD-experimenten zien dat er een
kristallijne en amorfe fase in de netwerken aanwezig zijn. De kristalli-
jne fase was echter niet zichtbaar in de gehydrateerde toestand. Vervol-
gens werden er ontworpen, poreuze 3D structuren van deze gemixte-
macromere netwerken bereid met stereolithografie. Cilindrische struc-
turen met een gyroid porie architectuur en poriegrootte en porositeit
van respectievelijk 300-1000 µm en 60-81% konden zonder moeite wor-
den bereid. Deze structuren hadden compressiemoduli tussen de 27 en
170 kPa in gehydrateerde toestand.

Hoofdstuk 9 beschrijft het graften van een lubricerende coating op
gefoto-crosslinkte PTMC-netwerk films. PTMC-tMA macromeren met
een relatief laag molecuulgewicht van 5 kg/mol werden gedeeltelijk
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gefoto-crosslinkt waarbij de niet gereageerde methacrylaat groepen
beschikbaar bleven voor het graften. Met methacrylaat gefunction-
aliseerd PEG en methoxy-PEG werden vervolgens aangebracht op de
PTMC-netwerken en gegraft door middel van foto-crosslinken. Na 24

uur in water werd er geen delaminatie waargenomen, wat duidt op co-
valente binding van de gegrafte lagen aan het PTMC-netwerk. Frictie
experimenten werden uitgevoerd om de frictie coëfficiënten te bepalen
van de gelubriceerde netwerken. Het graften van een lubricerende, hy-
drofiele coating op PTMC-netwerken resulteerde een aanmerkelijke af-
name van de frictie coëfficiënten.

Appendix A beschrijft een eerste studie naar de formulering en
toepassing van een hars voor stereolithografie gebaseerd op P(TMC-
co-ε-CL)-tMA macromeren. De copolymerische macromeer mol ratio
tussen TMC en ε-CL was 73:27, en het molecuulgewicht was 18.8 kg/-
mol. Met deze hars kon een ontworpen 3D structuur met een gyroid
porie netwerk zonder moeite worden bereid op eenzelfde manier zoals
bij structuren gemaakt van PTMC-harsen.

In Appendix B wordt een eerste studie naar het mechanische gedrag
van een poreus, subtotaal meniscus implantaat beschreven. Een im-
plantaat gebaseerd op PTMC met een porositeit van 50% werd bereid
met stereolithografie. Nadat het implantaat aan de perifere rand van
een meniscus was gehecht werd het in een knie kadaver gehecht. De
piekdruk, gemiddelde druk en het contactoppervlak werden bepaald
tijdens compressie en vergeleken met de natuurlijke meniscus, een allo-
graft en meniscectomy. Vergeleken met de meniscectomy verlagen een
allograft en het implantaat beiden de piekdruk en de gemiddelde druk
op de tibiacondylus. Het contactoppervlak blijft echter een stuk lager
vergeleken met de natuurlijke meniscus.

Het werk in dit proefschrift beschrijft de ontwikkeling van harsen
voor stereolithografie gebaseerd op PTMC om biodegradeerbare
gefoto-crosslinkte netwerken en structuren voor biomedische appli-
caties zoals weefsel engineering te maken. De degradatie snelheden
van netwerken bereid met deze harsen kan aangepast worden door
variëren met crosslink dichtheid en macromeer samenstelling. Ontwor-
pen 3D netwerk structuren met uitstekende mechanische eigenschap-
pen kunnen gemaakt worden met harsen gebaseerd op macromeren
met een relatief hoog molecuulgewicht. Desondanks blijft het een
uitdaging om netwerk structuren van zulke macromeren te maken
met stereolithografie. Netwerken met goede mechanische eigenschap-
pen en een hoge taaiheid kunnen ook gemaakt worden met mixen van
macromeren met een laag molecuulgewicht die bimodale netwerken
vormen. Gemixte-macromere hydrogel netwerken met uitstekende
mechanische eigenschappen konden gemaakt worden met harsen
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gebaseerd op mixen van macromeren met verschillende molecuul-
gewichten.

s.2 vooruitblik
De studies beschreven in dit proefschrift laten zien dat gefoto-
crosslinkte netwerken gebaseerd op PTMC macromeren potentiele bio-
materialen zijn voor medische implantaten. De uitstekende mecha-
nische eigenschappen van deze netwerk films en structuren, hun de-
gradeerbaarheid en toepasbaarheid van de macromeren in additive
manufacturing zoals stereolithografie maken deze structuren poten-
tiele kandidaten voor klinische toepassingen zoals medische implan-
taten. Er is echter meer werk nodig om zowel de materialen als de
technieken te optimaliseren voordat deze netwerk structuren gebruikt
kunnen worden in de kliniek.

s.2.1 Gefoto-crosslinkte netwerken

Gefoto-crosslinkte netwerk structuren die gemaakt zijn van afbreek-
bare synthetische polymeren zijn van belang voor medische implan-
taten, omdat het foto-crosslinken leidt tot vorm stabiele structuren
met aangepaste mechanische eigenschappen welke afhankelijk zijn van
de macromeren die gebruikt worden [1]. Het resultaat hiervan is dat
het wordt overwogen gefoto-crosslinkte netwerken en structuren te
gebruiken voor uiteenlopende toepassingen: van bot implantaten tot
zachte weefsel engineering implantaten [1, 2]. De toepasbaarheid van
de gefoto-crosslinkte netwerken en structuren die beschreven worden
in dit proefschrift is (gedeeltelijk) afhankelijk van de netwerk eigen-
schappen zoals het degradatie mechanisme en de mechanische eigen-
schappen. Hoewel de meeste biodegradeerbare netwerken degraderen
via buil erosie worden netwerken die degraderen via oppervlakte
erosie geprefereerd indien het gaat om medische implantaten [3]. De
(co)polymeer netwerken beschreven in dit proefschrift degradeerden
via massale erosie (P(TMC-co-DLLA)) of oppervlakte erosie (PTMC en
P(TMC-co-ε-CL)). Echter, met de copolymeren zijn enkel in vitro ex-
perimenten uitgevoerd. Verder onderzoek naar de in vivo degradatie
eigenschappen van deze copolymeer netwerken moet duidelijk maken
voor welke medische applicaties deze netwerken geschikt zijn.

Omdat de sterkte en veerkracht van PTMC-netwerken toeneemt met
het toenemen van het molecuulgewicht van de macromeren [1] gaat
voor elastische en dragende medische implantaten de voorkeur naar
netwerken bereid van macromeren met een relatief hoog molecuul-
gewicht [4]. Dit is zeer belangrijk met betrekking tot de toepassing van
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deze implantaten in de kliniek. Ons werk heeft aangetoond dat de taai-
heid van PTMC-netwerken ook kan worden verhoogd door bimodale
netwerken te maken. Een logische volgende stap is de compressie
eigenschappen van bimodale netwerk structuren te onderzoeken. Om-
dat de macromeren die gebruikt zijn voor de bimodale netwerken
in dit proefschrift een relatief laag molecuulgewicht hebben, is de
verwachting dat de degradatiesnelheid van deze netwerken laag zal
zijn. Om de degradatiesnelheid van dit soort bimodale netwerken te
verhogen zouden deze netwerken van copolymerische macromeren
gemaakt kunnen worden.

s.2.2 Stereolithografie

Additive manufacturing is een veelbelovende techniek voor het fab-
riceren van complexe, ontworpen en patiënt specifieke medische im-
plantaten [4, 5]. Stereolithografie is de meest gebruikte techniek voor
het maken van draagstructuren door middel van foto-crosslinken.
Ons onderzoek heeft aangetoond dat het niet eenvoudig om foto-
crosslinkbare macromeren toe te passen in verwerkbare harsen. Harsen
gemaakt van macromeren met een relatief hoog molecuulgewicht re-
sulteren in netwerken die sneller degraderen [6], een lagere niet-
degradeerbare bestandsdeel hebben [7] en die sterker zijn en een
hogere veerkracht hebben [1]. De hoeveelheid verdunningsmiddel dat
nodig is om deze macromeren met relatief hoog molecuulgewicht te
verwerken in harsen is echter hoog, wat zorgt voor zeer gezwollen en
breekbare netwerken tijdens de fabricatie. Bovendien is de viscositeit
erg hoog wat ervoor zorgt dat de harsen moeilijk verwerkbaar zijn
in de stereolithograaf [4, 8]. Voor medische implantaten bepaald de
uiteindelijke applicatie de gewenste mechanische en degradatie eigen-
schappen van de structuren. Bimodale netwerk structuren kunnen
overwogen worden als een alternatieve voor structuren bereid van
enkel macromeren met een hoog molecuulgewicht. Het lage molecu-
ulgewicht van de macromeren in een bimodaal netwerk zorgt voor
een makkelijke verwerkbaarheid in de stereolithograaf terwijl het bi-
modale karakter van het netwerk zorgt voor een verbeterde mechanis-
che sterkte en taaiheid. Indien netwerken bereid met macromeren met
een hoog molecuulgewicht nog steeds de voorkeur genieten dan kan
overwogen worden om de stereolithograaf te gebruiken om een mal
te maken en de macromeren te crosslinken in de mal in plaats van de
structuren direct te maken in de stereolithograaf. Het crosslinken in de
mal zal resulteren in structuren met een complexe structuur.

Het werk met stereolithografie dat wordt beschreven in dit proef-
schrift laat daarnaast zien dat er een beperking is met betrekking tot
de kleinste poriën die verkregen kunnen worden. Dit komt door het
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laag-voor-laag principe van het bouwen met de stereolithograaf en het
over-crosslinken dat bij dit principe wordt waargenomen. Sommige
toepassingen hebben als vereiste poriegroottes die niet haalbaar zijn
op een stereolithograaf [9]. Het zou interessant zijn om harsen te on-
derzoeken die bijvoorbeeld zout met een zeer kleine korrelgrootte be-
vatten. Op deze manier kunnen complexe structuren met zeer kleine
poriën gemaakt worden.

s.2.3 Meniscus implantaat

Het werk beschreven in deze thesis is gedaan met als uiteindelijk doel
om een functionerend, weefsel regenererend meniscus implantaat te
ontwikkelen. In verschillende hoofdstukken hebben de fabricatie van
humane en geiten meniscus implantaten beschreven. Het ontwerp van
deze implantaten kan echter worden verbeterd. Wij hebben implan-
taten gemaakt met een gyroid porie architectuur. Voor meniscus im-
plantaten is het echter voordelig om anisotrope structuur te hebben die
helpt bij de vorming van extracellulair matrix om een manier die gelijk
aan die van de natuurlijke meniscus [9, 10]. Dit kan worden bereikt
door circumferentiele macroporeuse kanalen van ongeveer 200 tot 300

µm in het ontwerp mee te nemen. Daarnaast zijn microporiën van
10 tot 50 µm gewenst. Deze kunnen niet gemaakt worden met stere-
olithografie. Harsen met uitwasbare componenten kunnen worden on-
twikkeld om toch microporiën te verkrijgen.

Het op deze manier verkregen meniscus implantaat zal moeten wor-
den geëvalueerd met betrekking tot de daadwerkelijke toepasbaarheid
als meniscus implantaat. Het is hierbij gewenst dat dit implantaat een
optimale structuur heeft en bereid is met een macromeer dat resul-
teert in een netwerk met de gewenste mechanische en degradatie eigen-
schappen. Na de succesvolle eerste studie beschreven in Appendix B
zou een in vivo studie gedaan moeten worden in een geiten model om
het effect van het ontworpen implantaat op de gewricht homeostase te
onderzoeken.
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