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Porous scaffold design for tissue engineering

A paradigm shift is taking place in medicine from using synthetic implants and tissue grafts to a tissue

engineering approach that uses degradable porous material scaffolds integrated with biological cells

or molecules to regenerate tissues. This new paradigm requires scaffolds that balance temporary

mechanical function with mass transport to aid biological delivery and tissue regeneration. Little is known

quantitatively about this balance as early scaffolds were not fabricated with precise porous architecture.

Recent advances in both computational topology design (CTD) and solid free-form falbrication (SFF) have

made it possible to create scaffolds with controlled architecture. This paper reviews the integration of CTD

with SFF to build designer tissue-engineering scaffolds. It also details the mechanical properties and tissue

regeneration achieved using designer scaffolds. Finally, future directions are suggested for using designer

scaffolds with in vivo experimentation to optimize tissue-engineering treatments, and coupling designer

scaffolds with cell printing to create designer material/biofactor hybrids.
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Tissue/organ repair has been the ultimate goal of
surgery from ancient times to the present. Repair has
traditionally taken two forms: (i) tissue grafting and
organ transplantation, and (ii) alloplastic or synthetic
material replacement. Reconstruction using gold
in cranial defects dates back to 2000 Bc, and tissue
grafting has been used since at least the 1660s'. Both
approaches, however, have limitations. Grafting
requires second surgical sites with associated morbidity
and is restricted by limited amounts of material,
especially for organ replacement. Synthetic materials
often integrate poorly with host tissue and fail over time
due to wear and fatigue or adverse body response.
Tissue engineering emerged in the early
1990s to address limitations of tissue grafting and
alloplastic tissue repair?. The concept is to transplant
a biofactor (cells, genes and/or proteins) within a
porous degradable material known as a scaffold. The
biofactors, which include stem-cell and gene-therapy
approaches®®, are used to stimulate tissue repair. Far
from being a passive component, scaffold material
and porous architecture design (here architecture
refers to features 10 to 1,000 micrometres in size) play
a significant role in tissue regeneration by preserving
tissue volume, providing temporary mechanical
function, and delivering biofactors. A successful
scaffold should balance mechanical function with
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biofactor delivery, providing a sequential transition
in which the regenerated tissue assumes function as
the scaffold degrades. This balance often presents a
tradeoff between a denser scaffold providing better
function and a more porous scaffold providing better
biofactor delivery. The architect Robert le Ricolais
stated “The art of structure is where to put the holes”.
For tissue engineering a suitable paraphrase would be
“The art of scaffolding is where to put the holes and
the biofactors”. This paper reviews how integration
of computational topology design (CTD) and solid
free-form fabrication (SFF) have made scaffolds

with designed characteristics possible, and how

these design characteristics have affected scaffold
mechanical and biological performance.

COMBINING MECHANICAL FUNCTION
AND TISSUE REGENERATION

Approaches in scaffold design must be able to create
hierarchical porous structures to attain desired
mechanical function and mass transport (that is,
permeability and diffusion) properties, and to produce
these structures within arbitrary and complex three-
dimensional (3D) anatomical shapes. Hierarchical
refers to the fact that features at scales from the
nanometre to millimetre level will determine how well
the scaffold meets conflicting mechanical function and
mass-transport needs. Material chemistry together
with processing determines the maximum functional
properties that a scaffold can achieve, as well as how
cells interact with the scaffold. However, mass-transport
requirements for cell nutrition, porous channels for
cell migration, and surface features for cell attachment
necessitate a porous scaffold structure. This porous
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structure dictates that achievable scaffold properties
will fall between the theoretical maximum set by the
material and the theoretical minimum of zero predicted
by composite theories”®. The critical issue for design is
then to compute the precise value of mechanical as well
as mass-transport properties at a given scale based on
more microscopic properties and structure.

One way to achieve hierarchical design is to
create libraries of unit cells (a mathematical entity
not to be confused with a biological cell) at different
physical scales that can be assembled to form scaffold
architectures. Such libraries may be created either
using image-based design approaches’’, or using
approaches based on computer-aided design (CAD)'*
7. Homogenization theory, which uses asymptotic
expansion of relevant physical variables to generate
multiscale equilibrium equations'®? can then be
used to compute effective properties based on these
unit-cell designs. By solving unit-cell deformation
under six local strain states, the effective stiffness at a
more macroscopic level C ;™ is computed from the
stiffness at a more microscopic level C 7, and the 3D
spatial arrangement of the microscopic level as given by
the strain localization tensor M, and the volume of
the unit cell (V; .):
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Note that homogenization analysis for elastic properties
may be applied recursively across hierarchical scales

to compute how the smallest features through to

the largest features contribute to overall scaffold

elastic properties.

For mass-transport purposes, the macroscopic
permeability K" is computed based on the average
Stokes’ flow velocity v/ vectors calculated in response
to three separately applied unit pressure gradients:
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As expected, increasing the amount of material
increases elastic properties while decreasing
permeability for a particular scaffold design (Fig. 1).
However, for a given porosity, different scaffold
microstructures will lead to different effective stiffness
and permeability. This analysis further demonstrates
that material/pore arrangement (“putting the
holes”) determines what mechanical properties
may be achieved within the bound set by material
chemistry. Furthermore, effective permeability is only
determined by the 3D pore arrangement.

Going beyond effective property computation
from defined microstructures, topology optimization
approaches'*"*? actually compute new microstructures
to attain desired properties. These approaches have
either been used to optimize functional elastic
properties with a constraint on porosity, or to
maximize permeability with a constraint on desired
elastic properties and permeability. We have used
this technique to design microstructures whose
permeability is maximized for cell migration and mass
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transport, but whose effective linear elastic properties
match those of natural bone tissue (Fig. 2).

The final stage of design is to create the scaffold
architecture within any arbitrarily complex 3D
anatomic defect. This stage draws heavily on commonly
used medical imaging modalities, especially computed
tomography (CT) and magnetic resonance imaging
(MRI), and directly introduces patient medical
information into the scaffold fabrication process. Both
CT and MRI produce structured voxel datasets where
patient anatomy is defined by density distribution. The
anatomic defect shape of interest is isolated from the
CT or MRI scan. At this point, the global anatomic
defect of interest is represented as density data within a
voxel data subset. This data must be used in the design
process. The two primary methods for achieving this
are either by converting the voxel anatomic data into
solid geometric models for use in CAD'*™*¢, or by
directly using voxel database structures in image-based
methods®"°. The defined anatomic defected shape
is then intersected with the microstructure design
database using boolean techniques, resulting in the
final scaffold design. Hierarchical scaffolds with desired
anatomic shape and known functional and mass-
transport properties can be designed by integrating
global anatomic image data with either predefined or
optimized unit-cell architectures. Figure 3 demonstrates
the image-based design technique integrated with
fabrication to produce a final scaffold.

FABRICATION AND PERFORMANCE OF
DESIGNED SCAFFOLDS

Determining how or even if designer scaffolds
can improve tissue-engineering treatment
requires that these scaffolds can be first fabricated
and then tested for mechanical function and
tissue regeneration. Fabrication is a significant
hurdle. Complex scaffold architecture designs
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Figure 1 Modulus versus
porosity and permeability
versus porosity for two
designed spherical pore

and cylindrical pore
microstructures. a, Example

of the spherical pore (top)

and cylindrical pore (bottom)
microstructures. b, Plot

of effective elastic moduli
normalized by base moduli for
spherical pore (dashed line)
and cylindrical pore (solid line).
Results demonstrate that the
modulus increases as expected
with volume fraction, and that
for a given volume fraction

the spherical pore is stiffer. ¢,
Plot of effective permeability
for spherical pore (dashed
line) and cylindrical pore (solid
line). Results demonstrate that
permeability decreases as
expected with volume fraction
and that for a given volume
fraction the cylindrical pore
design is more permeable.
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Figure 2 Example of designed microstructure optimized for maximum permeability with a constraint that effective modulus matches human mandibular condyle bone tissue and
a porosity constraint of 54%. a, Designed unit-cell microstructure. b, Comparison of effective anisotropic moduli for natural bone and designed microstructure. Blue denotes design
moduli and red denotes target moduli. ¢, Resulting anisotropic permeability of designed microstructure. Work of Cheng Yu Lin with the author.
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Figure 3 Image-based procedure for integrating designed microstructure with anatomic shape. a, A CT (as shown here) or MRI scan serves as starting point for designing
scaffold exterior. b, The scaffold exterior shape is created with additional features for surgical fixation. ¢, Architecture image-design is created using CTD. d, Global anatomic
and architecture design are integrated using boolean image techniques. e, SFF is used to fabricate design from degradable biomaterial, in this case SLS was used to fabricate
a PCL scaffold (fabricated scaffold created by Suman Das). f, Final fabricated scaffold fits well on the intended anatomic reconstruction site.

generated using hierarchical image-based or All SFF systems use a triangular facet surface
CAD techniques cannot readily be built using representation of a structure, and build the 3D
conventional techniques. Instead, scaffold structure on a platform that moves to allow layering.
architectures must be built using layer-by-layer Commercially available systems may be categorized
manufacturing processes known collectively as into three major groups based on the way materials are
SFF. A number of articles have reviewed and deposited (Fig. 4). The first group includes laser-based
compared SFF scaffold fabrication methods®~?/, machines that either photopolymerize liquid monomer
so this section will only briefly review SFF (Fig. 4a) or sinter powdered materials (Fig. 4b). The
techniques, instead concentrating on how designer  second major group actually prints material, including
scaffolds have performed, and future directions printing a chemical binder onto powdered material
for their use in tissue-engineering therapies. (Fig. 4c) or directly printing wax (Fig. 4d). The third
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major group is of nozzle-based systems, which process
material either thermally or chemically as it passes
through a nozzle (Fig. 4e,f). This class of systems
include the Bioplotter, which is the only commercial
machine developed to print biological cells as well

as a range of biomaterials. Numerous studies have

used both commercial and custom-built systems for
scaffold fabrication using both direct and indirect
methods®*, including combining SFF with traditional
scaffold-processing techniques to fabricate hierarchical
scaffolds with micrometre to millimetre features*’-*. As
fabrication feasibility has been amply demonstrated, the
critical issue becomes how designer scaffolds perform
with regard to traditional scaffolds.

Providing adequate mechanical support is a
critical scaffold requirement. If the scaffold cannot
provide a mechanical modulus in the range of hard
(10-1,500 MPa)* or soft tissues (0.4-350 MPa)*!, then
any nascent tissue formation will probably also fail
due to excessive deformation. Scaffolds made using
traditional polymer-processing techniques, such as
porogen leaching™* or gas foaming™, have maximum
compressive moduli of 0.4 MPa, well below hard tissue
or most soft tissues. Designed scaffold architecture has
clearly made improvements in scaffold mechanical
performance. Three-dimensional printing (3DP) has
been used™ to fabricate discrete phase composite
scaffolds from b,L-polylactic-polyglycolic acid (PLGA)/
L-polylactic acid (L-PLA) in one phase and a L-PLGA/
tri-calcium phosphate mixture in the second phase.
Peak polymer/ceramic phase elastic modulus and yield
strength were 450 MPa and 13.7 MPa, respectively.

A fused deposition modelling nozzle technique was
developed™ for polycaprolactone (PCL) that produced
scaffolds with porosity ranging from 48% to 77%, and
compressive moduli and yield strength ranged from 4
to 77 MPa and 2.58 to 3.32 MPa, respectively. A laser
technique, selective laser sintering (SLS), was used™

to fabricate PCL scaffolds that had porosity ranging
from 37-55%, compressive moduli ranging from 52 to
68 MPa, and strength ranging from 2.0 to 3.2 MPa. The
measured mechanical modulus correlated well with
image-based finite-element predictions, demonstrating
that scaffold mechanical modulus could be predicted by
image-based design. PCL scaffolds were also fabricated
to match mandibular condyle anatomic designs

(Fig. 5). In addition to direct scaffold fabrication, SFF
has been used to fabricate scaffold moulds for casting
biomaterials. Hydroxyapatite (HA) has been cast”

into printed wax moulds, creating scaffolds with

pores between 366 and 444 pm having compressive
modulus and strength of 1,400 + 400 MPa and

30 + 8 MPa, respectively.

For soft-tissue applications, a group of researchers
from the University of Twente and IsoTis engineered
scaffolds by depositing poly(ethylene glycol)-
terephthalate (PEG/PBT) fibres with the Bioplotter**-.
The scaffolds had orthogonal pore structures ranging in
size from 185 to 1,683 pm. Scaffold static and dynamic
moduli were 0.05-2.5 MPa and 0.16-4.33 MPa,
respectively, within the range of native cartilage values
(0.27 static, 4.10 dynamic). Saito et al.®! created a wavy
fibre scaffold architecture design with varying fibre
pitch angles fabricated from PCL using SLS. They
demonstrated compressive moduli ranging from 4
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Figure 4 Schematics of SFF systems categorized by the processing technique. a,b, Laser-based
processing systems include the stereolithography system, which photopolyermerizes a liquid (a) and
the SLS systems, which sinter powdered material (b). In each system, material is swept over a build
platform that is lowered for each layer. ¢,d, Printing-based systems, including 3D printing (c) and a wax
printing machine (d). 3DP prints a chemical binder onto a powder bed. The wax-based system prints
two types of wax material in sequence. e,f, Nozzle-based systems. The fused deposition modeller
prints a thin filament of material that is heated through a nozzle (e). The Bioplotter prints material that
is processed either thermally or chemically (f). The Worldwide Guide to Rapid Prototyping (C) Copyright
Castle Island Co. All rights reserved. http://home.att.net/~castleisland/.
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Figure 5 Examples of PCL
scaffolds directly fabricated
using SLS. a, Mandibular
condyle design and PCL
scaffold fabricated by SLS.

b, Two views of bone growth
into PCL scaffold. White is bone
image and blue is scaffold
image. Work from Suman
Das, Paul Krebsbach, Jessica
Williams, Rachel Schek, Brock
Partee, Colleen Flanagan and
the author.
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to 17 MPa tensile moduli 20 to 70 MPa, and ultimate
strains ranging from 8% to 35%, all for scaffolds with
the same 70% porosity. These moduli and ultimate
strain values are within the range of most soft-tissue
values. They also demonstrated that selected fibre
designs would exhibit nonlinear stress-strain curves
similar to soft tissues because of fibre contact.

A number of architectural characteristics
including porosity, pore size and permeability play
a significant role in biological delivery and tissue
regeneration. Here again, the ability to rigorously
control scaffold architecture can provide significant
insights into how scaffold architecture and material
affect tissue regeneration. As a first step, numerous
research groups have demonstrated that SFF scaffolds
support cell attachment in vitro®'5374454% and single
tissue regeneration in vivo*>*%63¢4 Designer scaffolds
are now being used to specifically study architectural
influence on tissue regeneration. Two groups®** found
no significant difference in bone growth for 500 um
and 1,600 pm pores for PLGA scaffolds made by a
3D printing technique. Our group® used designed
HA scaffolds with pore diameters ranging between
400 um and 1,200 um in a minipig mandibular defect
model and HA scaffolds with 300 pm and 800 um to
deliver human gingival fibroblasts transduced with
BMP-7 in a mouse model. We found significant bone
growth on designed scaffolds for all pores, with no
statistical difference between pore sizes. This contrasts
results using non-SFF scaffolds, where optimal pore
diameters ranging from 200 um to 600 um have been
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suggested. However, unlike the single pore diameter
in the designed scaffolds, non-designed scaffolds have
a range of pore sizes, which may explain the different
results. Optimally designed PPF/TCP scaffolds with

a modulus of 140 MPa have been used to deliver
BMP-7 transduced human gingival fibroblasts in

a mouse model®”. Empty scaffolds degraded to a
modulus of 38 MPa after eight weeks but scaffolds
delivering transduced cells had a modulus of 65 MPa
at eight weeks after bone regeneration. Malda et

al.®® compared cartilage regeneration for designer
orthogonal pore scaffolds and those made by porogen
leaching, both seated with chondrocytes. They found
that the designed scaffolds exhibited significantly
higher glycosaminoglycan content, a significant
component in articular cartilage matrix. Their

results demonstrated significantly higher oxygen
diffusion and cartilage matrix regeneration in the
designed scaffolds. This difference could be attributed
to many factors, including better cell seeding in

the scaffold interior, lower oxygen gradients, and
better cell aggregation in the designed scaffolds™.
Finally, using image-designed and SFF polymer/
ceramic composites, a multiple tissue interface

of bone and cartilage was engineered by seeding
BMP-7 transduced cells on the ceramic portion and
porcine chondrocytes on the polymer portion®. This
demonstrated the capability of interfacing designed
scaffolds to create tissue interfaces.

To date, biofactors have been seeded or positioned
into designed scaffolds using techniques, which
although effective, offer virtually no control over exact
3D positioning of or the use of multiple biofactors.

The ultimate solution is to simultaneously print the
biofactors with the scaffold material. Owing to the
hostile processing environment required for most
materials, cells are printed in hydrogels. Commercially
available ink-jet printing heads have been converted

to print cells and proteins, and their viability has been
demonstrated for printing Chinese hamster ovarian
cells®7!. The Bioplotter has been used to print viable
cells in agar (reported in ref. 72). Chondrocytes were
printed within alginate in the shape of knee meniscus™,
and was the first demonstration of cells printed in an
anatomic shape. These studies, though very preliminary,
demonstrate that printing viable cells is feasible.

PRESENT AND FUTURE

Hierarchical computational techniques have allowed
design of 3D anatomic scaffolds with porous
architecture that balances function and mass transport.
SFF has allowed fabrication of scaffolds with controlled
architecture from polymer, hydrogel, ceramic and even
metal biomaterials. These scaffolds have significantly
better mechanical properties than scaffolds processed
using other methods. These improved mechanical
properties are especially important for bone-tissue
engineering, which has much greater stiffness and
strength than other tissues. However, even for soft
tissue, scaffolds made using traditional methods often
are not adequate mechanically. The need for adequate
scaffold mechanical properties, coupled with a wide
range of scaffold base-material properties, necessitates
the ability to control scaffold mechanical properties
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through architecture topology design. Although initial
steps have been made in linking CTD and SFE future
work must determine how closely designed scaffolds
can attain desired mechanical properties as a function
of material and SFF processing method.

Designer scaffolds have achieved higher bone and
cartilage regeneration compared with other scaffolds,
probably due to high interconnected porosity. The
benefits of interconnected porosity include improved
cell seeding and channels to guide cell migration
and tissue ingrowth. Cell guidance is important not
only for bone and cartilage regeneration, but is also
believed to be critical for neural regeneration™. In
addition, the ability to seed multiple cell types on
composite scaffolds has opened the door to multiple
tissue and tissue-interface regeneration®*“. However,
despite these initial studies, much remains to be
investigated regarding the effect of designed scaffold
architecture on tissue regeneration. For example, does
increased permeability enhance tissue regeneration?
Is there an optimal material for regeneration of
specific tissues? How should multiple materials be
interfaced to generate tissue interfaces? Answering
these and other questions requires in vivo experiments
using scaffolds made with controlled characteristics.
Designer scaffolds would make a significant impact
on tissue-engineering treatments solely by addressing
these issues, which cannot be resolved using scaffolds
not having designed architecture.

Although current design/fabrication occurs
at scales above 100 pm, future work should also
strive to incorporate micrometre- and nanoscale
features. Currently, integration of micrometre or
tens of micrometre feature sizes occurs during post-
processing steps**. Integration of micrometre- and
nanoscale features into designed scaffolds could
improve both mechanical properties through
toughening mechanisms and tissue regeneration
through improved control of cell adhesion. However,
near-term advances in this area will probably
occur through post-processing or a combination of
nanofabrication techniques with indirect SFE.

The ultimate designer material/biofactor hybrid
would have computationally optimized 3D structural
and biofactor topology with the material and biofactor
fabricated simultaneously. This depends first on
elucidating, through experiments with designed
scaffolds, how scaffold structure and biofactor affect
tissue regeneration. Second, it depends on advancing
biofactor printing techniques in conjunction with
other SFF material processing technology. Although
hydrogel techniques are optimal for biofactor printing,
hydrogels do not possess the functional characteristics
needed for reconstruction of hard tissue and most soft
tissue. Therefore, advances in this area may come from
multiple nozzle systems providing separate processing
of biofactors and scaffold materials but allow deposition
on the same platform. Culmination of such efforts
in the coming decades could lead to pre-packaged
designer tissue replacements created from patient
medical informatics (images and medical history) and
printed with 3D distributions of materials, cells, genes
and proteins optimized for tissue regeneration.

doi: 10.1038/nmat1421
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Figure 6 Cartilage regeneration by chondrocyte delivery on designed Bioplotter-fabricated PEG/PBT
scaffolds is superior to PEG/PBT scaffolds made by porogen leaching. a, Bioplotter-fabricated PEG/PBT
scaffold. b, PEG/PBT scaffold fabricated by porogen leaching. ¢, Cartilage matrix (red areas) generation
in Bioplotter scaffold after 21 days in a mouse. Insert shows scaffold implanted without chondrocytes.
d, Cartilage matrix (red area) generation after 21 days in scaffold made by porogen leaching. Insert
shows control scaffold implanted without chondrocytes. Reprinted from ref. 61. Copyright (2005), with
permission from Elsevier.
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ERRATUM

Porous scaffold design for tissue engineering
SCOTT J. HOLLISTER

Nature Materials 4, 518-524 (2005)
In this Progress Article, the caption for Figure 6 was incorrect; the correct wording is below.

Figure 6 Cartilage regeneration by chondrocyte delivery on designed Bioplotter-fabricated PEG/PBT scaffolds is superior to PEG/PBT
scaffolds made by porogen leaching. a, PEG/PBT scaffold fabricated by porogen leaching. b, Bioplotter-fabricated PEG/PBT scaffold.

¢, Cartilage matrix (red areas) generation in Bioplotter scaffold after 21 days in a mouse. Insert shows scaffold implanted without
chondrocytes. d, Cartilage matrix (red area) generation after 21 days in scaffold made by porogen leaching. Insert shows control scaffold
implanted without chondrocytes. Reprinted from ref. 60. Copyright (2005), with permission from Elsevier.
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