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The technologies employed for the preparation of conventional tissue engineering scaffolds restrict the
materials choice and the extent to which the architecture can be designed. Here we show the versatility
of stereolithography with respect to materials and freedom of design. Porous scaffolds are designed with
computer software and built with either a poly(p,.-lactide)-based resin or a poly(p,.-lactide-co-e-cap-
rolactone)-based resin. Characterisation of the scaffolds by micro-computed tomography shows excellent
reproduction of the designs. The mechanical properties are evaluated in compression, and show good
agreement with finite element predictions. The mechanical properties of scaffolds can be controlled by
the combination of material and scaffold pore architecture. The presented technology and materials
enable an accurate preparation of tissue engineering scaffolds with a large freedom of design, and
properties ranging from rigid and strong to highly flexible and elastic.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The preparation of porous structures on the micron-level with
full freedom of design is still a challenge. One application is in tissue
engineering, where porous biodegradable structures serve as
temporary supports for the regeneration of tissue [1]. Such scaf-
folds should comply with the surrounding native tissue, which
imposes requirements on properties such as stiffness, strength,
biocompatibility and biodegradability [2]. Besides the properties of
the material, also the pore architecture of a scaffold is of great
influence on its functionality. The architecture influences
mechanical properties, cell adhesion and proliferation, transport
phenomena and degradation behaviour.

Conventional scaffold fabrication techniques such as salt-
leaching, gas-foaming and phase-separation followed by freeze-
drying allow the tuning of only a few parameters like porosity and
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pore size [3]. Advances in rapid prototyping techniques have
significantly improved the control over the whole design of three-
dimensional (3d) solid and porous structures [4,5]. Among these
techniques are selective laser sintering [5,6], fused deposition
modelling (or 3d fibber plotting) [7], 3d printing [8] and stereo-
lithography [9]. The latter is particularly versatile with respect to
the freedom of design and scale: sub-micron structures [10] to
decimetre-sized objects [11] can be built. The working principle of
stereolithography is based on spatially controlled solidification of
a liquid photo-polymerisable resin. Using a computer-controlled
laser beam or digital light projection, and a computer-driven
support platform, a 3d object can be constructed in a layer-by-layer
fashion. Structural parameters such as porosity and pore size, and
even gradients thereof, can be freely varied. While by using fibre
plotting methods little variation in patterning of structures is
possible, and laser sintering is limited by the need to process small
and monodisperse particles of semi-crystalline polymers, stereo-
lithography requires a photo-sensitive polymer formulation. The
availability of suitable resins is very limited, which in general leads
to non-degradable addition-type polymer networks.

When fabricating medical implants such as tissue engineering
scaffolds, biodegradability is essential. A degradable photo-poly-
merisable system can be obtained by chain-crosslinking
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hydrolysable oligomers with reactive end-groups [12,13]. For
example, poly(p,.-lactide) (PDLLA) functionalised with methacry-
late groups can be crosslinked to form rigid polymer networks [14].
With values of the elasticity modulus of approximately 3 GPa, poly
(p,L-lactide) polymers are one of the few biodegradable polymers
with mechanical properties that approach those of bone (the E-
modulus of bone is 3—30 GPa [3]). They have been applied in
resorbable bone fixation devices clinically and for use in bone tissue
engineering. The ring-opening polymerisation of cyclic esters
(lactones) and cyclic carbonates is very versatile, and allows the
preparation of oligomers and macromers of a wide variety of
resorbable materials. Introducing e-caprolactone (CL) by co-poly-
merisation reduces the glass transition temperature and flexible
rubber-like networks are obtained [15]. Copolymers of lactide and
caprolactone have successfully been applied in tissue engineering as
well [16]. In this paper we will show how to design biodegradable
porous structures with refined architectures and prepare these by
stereolithography at high-resolution. Also, we will show in which
ways the mechanical properties of these scaffolds can be tailored.

2. Materials and methods
2.1. Design of porous architectures

The cube architecture was designed using Rhinoceros 4.0 CAD software
(McNeel). Starting from a solid cube measuring 830 x 830 x 830 pm?>, a porous
construct was obtained by removal of rectangular beams with cross-sections of
530 x 530 um? in the three directions. This results in a cubic unit cell with 150 pm
thick struts and a porosity of 70%. K3DSurf v0.6.2 software (http://k3dsurf.
sourceforge.net) was used to generate CAD-files that describe the surfaces of
gyroid (G) and diamond (D) architectures. The following trigonometric functions
with boundary conditions x, y = [-6m,67] and z = [-127,127] were used:

G: cos(x)-sin(y) + cos(y)-sin(z) + cos(z)-sin(x) — 0.60 = 0

D: sin(x)-sin(y)-sin(z) + sin(x)-cos(y)-cos(z) + cos(x)-sin(y)-cos(z)
+ cos(x)-cos(y)-sin(z) — 042 =0

To obtain porous structures with porosities of approximately 70%, offset values
of —0.60 for the gyroid- and —0.42 for the diamond architecture are required. The
gradient in pore size and porosity of the gyroid structure presented was introduced
by adding the term —0.032 z to the equation for z-values of [—12,0]. With this
linear term, the porosity is designed to gradually decrease from 70% at the mid-
section to 30% at the bottom end of the structure. Rhinoceros software was used to
scale the CAD-files of all three architectures to the desired dimensions. The
5 x 5 x 10 mm? designs were scaled-up by a factor 1.28, anticipating the shrinkage
upon extraction of non-reactive diluent from the built structures. Envisiontec Per-
factory RP2.0 software was used to slice the 3D CAD-files. The stack of bitmaps
generated, is the input for the layer-by-layer building process.

2.2. Macromer synthesis

Hydroxyl-terminated oligomers were synthesised by ring-opening polymeri-
sation (130 °C, 40 h) of p,i-lactide (DLLA, Purac Biochem) using 1,6-hexanediol
(Sigma—Aldrich) as initiator and stannous octoate (Sigma—Aldrich) as catalyst. P
(DLLA-co-CL) oligomers were synthesised in a similar way, using an equimolar
mixture of p,L-lactide and e-caprolactone (CL, Sigma—Aldrich). The monomer-to-
initiator ratio was adjusted to yield oligomers with a molecular weight of 5 kg mol~"
(molecular weights were confirmed by 'H-NMR analysis). The termini of the olig-
omers were reacted with methacrylic anhydride (Sigma—Aldrich) in the presence of
triethyl amine (Sigma—Aldrich) (both in a 20 mol % excess) in dried dichloro-
methane for 5 d to yield methacrylate end-functionalised lactide macromers. After
precipitation from isopropanol, washing with water and freeze-drying, pure mac-
romers with a degree of functionalisation of 92—99% (determined by 'H-NMR
analysis) were obtained.

2.3. Fabrication of porous structures

The resins used for stereolithography consisted of 58 wt% PDLLA macromer, 40 wt
% dry N-methylpyrrolidone (NMP, Fluka) as a non-reactive diluent, 2 wt% ethyl-2,4,6-
trimethylbenzoylphenylphosphinate (Lucirin TPO-L photo-initiator from BASF), 0.2
wt% Orasol Orange G dye (Ciba SC) and 0.1 wt% a-tocopherol inhibitor (Fluka). A
commercial stereolithography apparatus (Envisiontec Perfactory Mini Multilens SLA)

was employed to build designed structures. The building process involves subsequent
projections of 1280 x 1024 pixels, each 32 x 32 um? in size. Layers with a thickness of
25 um were cured by irradiating for 30 s with blue light (intensity 16 mW cm2).
Uncured excess resin was washed out and the diluent, non-reacted macromer and
photo-initiator were extracted from the structures with acetone. The extracted
structures were then dried at 90 °C for 2 d under a nitrogen flow.

A similar resin, containing camphorquinone instead of Lucirin TPO-L and chlo-
roform instead of NMP, was used to prepare porous structures by a salt-leaching
process. This resin did not contain a dye. The resin was mixed with NaCl particles
sieved to sizes of 425—710 pm, brought into tubular polypropylene moulds
(inner diameter 14 mm) and cured by irradiation through the tube wall with a Kerr
dental light (mono-chromatic blue LED light, wavelength 470 nm, intensity
1000 mW cm~2) for 40 s. The specimens were frozen in liquid nitrogen, cut to the
desired dimensions, and post-cured by heating to 90 °C for 12 h. The salt-containing
composites were extracted in acetone for 2 d, and the salt fraction was leached out
with water during a period of 7 d. Then, the porous structures were dried at 90 °C for
2 d under a nitrogen flow.

2.4. Analyses of the porous structures

Structural analysis was performed by micro-computed tomography (uCT) using
a GE eXplore Locus SP scanner (General Electric) at 14.3 um resolution. Scanning was
done at an X-ray tube voltage of 80 kV, a current of 80 A and an exposure time of
3000 ms. No filter was applied. After reconstruction using the Feldkamp algorithm,
thresholded isosurface images were obtained (GE MicroView software). The soft-
ware was also used to generate pore size distribution maps of the structures. In these
3D matrices, size values are assigned to pore voxels. These sizes correspond to the
diameter of the largest sphere that can be fitted in the pore space and contain that
particular pore voxel. The maps were used to calculate porosities, pore size distri-
butions, pore surface areas and pore accessibility curves (Mathworks Matlab 2008).
In determining the porosity gradient curve (Fig. 4), the porosity at a particular
scaffold height was determined by taking the pore volume fraction of every indi-
vidual voxel plane. The accessibility of the pore networks was quantified by first
thresholding the pore size distribution maps to exclude pores smaller than a certain
diameter, then the remaining pore volume fraction connected to the exterior of the
structure was determined. This was repeated for a range of diameters. To compare
the built structures with the software designs, the latter were evaluated in the same
manner as well. For this, the stacks of bitmaps used in the layer-by-layer fabrication
of the structures by SLA, were also imported into the uCT analysis software.

To model and predict the mechanical behaviour of structures with different
designed pore architectures, numerical simulations were conducted. First the
compressive response of solid PDLLA and P(DLLA-co-CL) network specimens built by
stereolithography was evaluated. Mechanical testing in compression was done using
a Zwick Z020 universal tensile tester in a range of compression rates. The bulk
properties of each material were described mathematically using a constitutive
model. The model was implemented into finite element software code (ABAQUS),
which then allowed simulating and predicting the deformation characteristics of the
designed porous structures. See Supporting Information for details on the devel-
opment of the constitutive models and the finite element analysis.

Nuclear magnetic resonance spectroscopy ('H-NMR) was performed on
networks swollen in deuterated acetone using a Varian 600 MHz apparatus
equipped with a high-resolution probe operating under magic angle spinning (HR-
MAS) conditions.

3. Results and discussion
3.1. Design and fabrication of porous structures

PDLLA and P(DLLA-co-CL) dimethacrylate macromers with
a molecular weight of 5 kg mol~! were dissolved in a non-reactive
diluent together with other resin components and used in the
stereolithography rapid prototyping process. Fig. 1 gives an over-
view of the designed and built architectures. Three sophisticated
porous architectures were designed: a cube, a diamond, and
a gyroid architecture. The cube architecture is an anisotropic
lattice-like structure, similar to those that many rapid prototyping
methods are restricted to. With the stereolithography technique
used here, each layer is built using a distinct pattern of 1.3 x 10°
light pixels that can be switched on or off independently. This
allows for the fabrication of complex structures such as the dia-
mond and gyroid architectures. Their surfaces are defined by trig-
onometric implicit functions, where the spatial variables are
symmetrically ordered within the trigonometric terms. The func-
tions are triply periodic and are uniquely defined by their unit cell
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Fig. 1. Visualisations of the different porous architectures. Columns: (1) CAD-designs of the repeating unit cells (2) CAD-designs of assemblies of 6 x 6 x 12 unit cells (3) photos of
the built structures (4) visualisations obtained by pCT-scanning of the built structures. All structures measure approximately 5 x 5 x 10 mm.

[17]. They closely approximate the minimal surfaces of Schwarz and
Schoen [18,19], of which the mean curvature is zero at every point.
Addition of an offset value to these implicit functions allows
designing porous structures with diamond or gyroid architectures
and specific porosities. The functions employed are presented in
the experimental section.

For the different architectures, space-filling computer models
can be generated from assemblies of the respective unit cells.
Models consisting of 6 x 6 x 12 unit cells were then built by ster-
eolithography using a resin based on PDLLA or P(DLLA-co-CL)
macromers and a non-reactive diluent. Upon removal of the diluent
by extraction and drying, the structures shrink by 22%. This
shrinkage is homogenous and reproducible, and could be
compensated for by adjusting the dimensions of the design.
Furthermore, to enable precise control over the depth of curing in
the layer-by-layer stereolithography fabrication process, a dye is

required to attenuate the light intensity. In our setup photo-poly-
merisation is induced by blue light, and in the resin an orange dye
was used. This determines the colour of the structures built.

For comparison, porous structures with similar average pore
sizes and porosities were prepared by a conventional porogen
leaching method. Especially salt-leaching is a widely used method
to prepare tissue engineering scaffolds. The PDLLA-based resin
containing dispersed salt particles with sizes ranging from 425 to
710 pm was photo-polymerised, and porous structures were
obtained upon leaching with water. In this case the presence of dye
is not required.

The porous structures were analysed by micro-computed
tomography (uCT), of which visualisations are shown in the most
right column of Fig. 1. The uCT images precisely match the designed
models of the different architectures. It is clear that the structure
prepared by salt-leaching is much less regular.
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3.2. Analyses of built structures

To assess the accuracy of the stereolithography technique,
a gyroid scaffold built from the PDLLA material was compared to
its computer aided design. The graphical data obtained by pCT
scanning was superimposed on the CAD data, enabling both
visual and quantifiable comparisons. Fig. 2 shows merged
images of the gyroid design (in grey) and uCT data (in orange)
both in three dimensions and in two dimensions. It can be seen
that over the whole porous structure the designed and built
architectures nearly coincide, indicating a very high accuracy of
the technique. In the right of the figure, a cross-section of the
uCT data of the built structure is depicted as a semi-transparent
overlay over the CAD cross-section, showing exactly where the
two match. Except for slight shearing of the built structure in
the counter-clockwise direction and some overcure, the
computer aided design is very well reproduced. When expressed
in pixels, the agreement of the CAD and the pCT images of the
built structures is 95%.

From pCT data of built scaffolds, structural parameters such as
porosities, pore sizes and specific surface areas (surface area of
pores per overall volume) can be assessed. For the different archi-
tectures, the determined values are compared to those of the cor-
responding designs in Table 1. The designs were evaluated in the
same manner as the built structures. It can be seen that the results
match those of the designs well.

Although scaffolds with relatively small pore sizes provide high
surface areas for cells to adhere to and to proliferate on, larger pores
that allow for vascularisation, tissue ingrowth and adequate
nutrient transport are required as well. For in vivo bone tissue
engineering for example, minimum pore sizes of 300 pm are
needed for capillary formation to occur. For larger sizes, several
studies revealed no statistical difference in bone ingrowth and bone
formation in scaffolds with pores up to 800 pm in size [20]. The
stereolithography technique presented here allows for the
controlled preparation of scaffolds with pore sizes in the optimal
range for (bone) tissue engineering.

The pore size distributions of the built gyroid design and the
prepared salt-leached structure, which is a typical scaffold used in
tissue engineering, are compared and depicted in Fig. 3. The data is
visualised as an indexed colour-map and quantitatively presented

as a histogram. The relatively narrow pore size distribution of the
built gyroid structure results in a very even colouring in the indexed
colour maps. These pore size distribution maps can also be used to
assess the interconnectivity of the pores in a quantitative manner.
Using an algorithm that mimics mercury porosimetry, the perme-
ation of spheres of different diameters through the pore network is
simulated. For a given sphere size, this simulation will allow to
determine the volume of pores that is accessible for that sphere.
This therefore represents the fraction of the pore volume that is
connected to the exterior of the scaffold by channels with diame-
ters larger than that sphere.

These resulting accessibility curves are also depicted in Fig. 3.
Here too, clear differences between the gyroid construct and the
salt-leached structure can be observed. The built gyroid structure
shows a very steep decrease in accessibility at pore sizes close to the
average pore size value, whereas accessibility of pores in the salt-
leached scaffold decreases gradually already from pore sizes much
smaller than the average size. This implies that the interconnections
between the pores are much smaller than the pores themselves. In
contrast, the pore space throughout the gyroid structure consists of
channels with approximately equal diameters. This leads to the high
accessibility observed for spheres with diameters up to the average
pore size. The resulting high permeability ensures good transport
properties, which is important in tissue engineering.

3.3. Mechanical properties of porous structures

The influence of the pore architecture on the mechanical
properties of the structures was analysed as well. Fig. 4a compares
the compressive response of porous PDLLA structures with cubic
and gyroid pore architectures at similar porosity (approximately
67%). In the porous structures with cube architecture, a high stiff-
ness is observed as result of the alignment of the vertical struts with
the compressive force. The Young’s modulus is 324 + 39 MPa for
structures with a porosity of 64 4+ 5%. The gyroid architecture is
characterised by curved surfaces; these porous structures exhibit
less rigid behaviour (169 4+ 21 MPa at 69 =+ 2% porosity).

Finite element simulations of the compression experiments
were conducted using the different CAD unit cells. For this, the
stress-strain responses of bulk PDLLA and P(DLLA-co-CL) were first
determined using solid specimens that were also fabricated from

I designed and built
P designed (but not built)

built (but not designed)

Fig. 2. Superimposed 3d image of the gyroid computer aided design (in grey) and the pCT visualisation of the built structure (in orange). b: Semi-transparent overlay of a cross-
section of the CAD (grey) and the pCT (orange) data. The overlapping area is shown in dark orange. Scale bars are 1 mm.
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Table 1

6913

Comparison of structural parameters of the designed and built porous structures as determined by pCT.

Porosity [vol %]

Pore size [um] Specific surface area [mm']

architecture Design Built? Design® Built® Design Built?
Cubes PDLLA 66 64 +5 622 + 164 537 +171 3.87 4.44 + 0.08
Diamond PDLLA 68 68 +2 398 + 57 378 + 74 6.56 7.10 + 0.44
P(DLLA-co-CL) 67 +3 352+ 94 732 + 055
Gyroid PDLLA 68 69 +2 453 + 55 455 + 71 5.34 533 +£0.19
P(DLLA-co-CL) 69 +3 462 + 81 5.54 + 0.16
Salt-leached PDLLA — 77 +£7 — 353 + 143 — 124 £ 41

a
b

average + standard deviation (n = 3).

volume average =+ standard deviation of the pore size distribution (n = 3).

the resins by stereolithography. Two different constitutive models
were then used to capture the experimentally observed behaviour
and were implemented into a finite element software code (see
Supporting Information). Direct comparison shows excellent
agreement between the model predictions and the experimental
results. As numerical analyses allow us to predict the mechanical
behaviour of porous structures a priori, it is now possible to opti-
mise scaffold designs with respect to their mechanical properties.

The figure also shows that for gyroid architectures, stress and
strain are much more homogeneously distributed throughout the
structure than for cube architectures. A tissue engineering scaffold
with gyroid architecture will expose adhering cells to more equal

mechanical stimuli throughout the structure. As cells respond to
deformation of the matrix to which they adhere [21], this could be
beneficial.

Compression data of gyroid structures of similar porosity built
from rigid PDLLA and from flexible P(DLLA-co-CL) are shown in
Fig. 4b. The difference in the bulk elastic modulus of the different
polymer networks (respectively 2.5 x 10% and 2 MPa) is reflected in
the global stiffness of the approximately 70% porous structures
(respectively 165 and 0.12 MPa). The structures show markedly
distinct mechanical behaviour: while the PDLLA gyroid structures
yield plastically at approximately 5% strain and 6 MPa stress, a same
structure built from the copolymer can be reversibly deformed up
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to 70% strain and 0.43 MPa stress with little hysteresis. The
mechanical behaviour of the latter structures was unaffected for at
least 1000 cycles (Fig. 5). Intermediate mechanical properties can
be obtained by adjusting the copolymer composition, allowing for
the preparation of designed structures that are suitable for the
engineering of a wide range of tissues.

3.4. Mathematically defined tissue engineering scaffolds

Ordered porous structures such as the built gyroid and diamond
architectures, are envisaged to be very well suited for use as scaf-
folds in tissue engineering [22]. The good accessibility of pores and
resulting high permeability of the scaffold will facilitate the seeding
of cells [23] and the transport of nutrients and metabolites, either
during in vitro culture or after implantation in the body. Further-
more, scaffold morphology is a key factor determining tissue
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Fig. 5. Overlay of stress-strain diagrams from cyclic compression (loading-unloading
with a strain rate of 30% min~') of a 69% porous P(DLLA-co-CL) gyroid structure. Cycle
1, 100 and 1000 are depicted.

formation, as the pore network initially provides the spatial
template for cell adhesion and proliferation and the deposition of
extra-cellular matrix [24].

In specific cases, scaffolds with defined but non-uniform charac-
teristics are desired. Bone tissue for example, varies spatially in
structure and composition. In load-bearing bone, the properties of the
tissue progressively vary from those of cortical bone to those of
trabecular bone. In the engineering of other tissues, optimal conditions
for cell culturing can differ from those of bone. To repair osteochondral
defects, tissue constructs comprising both bone and cartilage are to be
engineered [25]. For this, structures in which gradients of properties
such as permeability and stiffness exist are desired [26].

A gradient in size and volume fraction of the pores can be
introduced by adding a linear term to the mathematical equation
used to describe the pore architecture [27]. To part of the design of
a scaffold with gyroid pore architecture, such a term was added. The
scaffold was then built by stereolithography using the PDLLA-based
resin. Fig. 6 shows a pCT-visualisation of the resulting scaffold. It is
clear that the top half of the structure is much more open than the
bottom part, where a gradient in pore size and porosity can be seen.
The right part of the figure is a quantification of the average porosity
as a function of the height of the scaffold, as determined by pCT.
These results are compared to the original design. The graph shows
that the porosity gradually decreases from the middle of the struc-
ture downwards. This gradient in porosity and pore size will resultin
a stiffness and permeability gradient as well.

The overall porosity of the built structure is somewhat lower than
designed. This is also the case for the isotropic gyroid structures
presented in Fig. 2. It is likely that local warming up of the resin due
to the intensity of the light and the exothermic polymerisation
reaction has resulted in overcure. At lower porosities the absorbed
energy per volume is relatively high, and deviation from the design
is more pronounced. Fig. 6 also shows that the effect of overcure is
minimal at the boundaries of the structure, where heat can be
exchanged with the surrounding non-illuminated resin.

In the photo-initiated polymerisation in stereolithography, the
conversion of reactive end-groups is incomplete. After swelling the
polymer networks in deuterated acetone, conversions of 85—95% could
be determined by high-resolution NMR spectroscopy (see Fig. 7 for an
example spectrum). The unreacted double bonds remain available for
subsequent covalent functionalisation. These can be used, for example,
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Fig. 6. Built PDLLA scaffold with gyroid architecture showing a gradient in porosity and pore size. a: uCT visualisation. b: Change in the average porosity with scaffold height (solid

line) in comparison with the designed porosity (dotted line).

to adjust the hydrophilicity of the networks or to immobilise cell-
adhesive peptides at the surfaces of the porous structures [28].
Although we demonstrated here the suitability of the stereo-
lithography technique for the preparation of tissue engineering
scaffolds, mathematically defined porous structures can be useful
in many other applications as well. Tight control over the pore size
distribution can lead to materials with photonic band gap proper-
ties [29], thermal, acoustic or electrical insulating characteristics, or
to mechanical materials that exhibit negative Poisson ratios [30].
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Fig. 7. "H-NMR spectra (600 MHz) of a PDLLA macromer and network with acetone-dg

as solvent or swelling agent. High-resolution spectra of networks were obtained under

magic angle spinning conditions. Here, peaks a; and a; correspond to the vinyl protons

of unreacted methacrylate groups in the network.

4. Conclusions

We have shown that stereolithography fabrication methods can
be used to accurately prepare tissue engineering scaffolds with
designs that can be modelled, allowing optimisation of the prop-
erties of the structures. By varying the composition of the macro-
mers and the pore architecture, scaffolds with a large range of
mechanical properties can be obtained.
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