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Objective — To develop an integrated approach for
engineering craniofacial scaffolds and to demonstrate that
these engineered scaffolds would have mechanical properties
in the range of craniofacial tissue and support bone
regeneration for craniofacial reconstruction.

Experimental Variable — Scaffold architecture designed to
achieve desired elasticity and permeability. Scaffold external
shape designed to match craniofacial anatomy.

Outcome Measure — Final fabricated biomaterial scaffolds.
Compressive mechanical modulus and strength. Bone
regeneration as measured by micro-CT scanning, mechanical
testing and histology.

Setting — Departments of Biomedical Engineering, Oral/
Maxillofacial Surgery, and Oral Medicine, Pathology and
Oncology at the University of Michigan.

Results — Results showed that the design/fabrication approach
could create scaffolds with designed porous architecture to
match craniofacial anatomy. These scaffolds could be
fabricated from a wide range of biomaterials, including titanium,
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degradable polymers, and degradable calcium phosphate
ceramics. Mechanical tests showed that fabricated scaffolds
had compressive modulus ranging 50 to 2900 MPa and
compressive strength ranging from 2 to over 56 MPa, within the
range of human craniofacial trabecular bone. In vivo testing of
designed scaffolds showed that they could support bone
regeneration via delivery of BMP-7 transduced human gingival
fibroblasts in a mouse model. Designed hydroxyapatite
scaffolds with pore diameters ranging from 400 to 1200 microns
were implanted in minipig mandibular defects for 6 and

18 weeks. Results showed substantial bone ingrowth (between
40and 50% at 6 weeks, between 70 and 80% at 18 weeks) for all
scaffolds, with no significant difference based on pore diameter.
Conclusion — Integrated image-based design and solid free-

form fabrication can create scaffolds that attain desired

elasticity and permeability while fitting any 3D craniofacial

defect. The scaffolds could be manufactured from degradable
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polymers, calcium phosphate ceramics and titanium. The

designed scaffolds supported significant bone regeneration for
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Introduction

Tissue engineering approaches to craniofacial skeletal
reconstruction evoke the general principles of using
porous scaffolds that deliver biofactors (cells, genes and
proteins) to regenerate natural tissue. Craniofacial
scaffolds must also fulfill the typical requirements for
mechanically functioning tissues of enhancing tissue
regeneration through biofactor delivery while main-
taining temporary mechanical function until the tissue
can bear load (1, 2). However, craniofacial scaffolds
must fit very complex three-dimensional (3D) anatomic
defects that can be much more complicated than those
in the appendicular skeleton. Thus, the three basic
requirements for craniofacial skeletal scaffolds are:

1. Fit complex 3D anatomic defects.

2. Provide temporary load bearing until tissue forms.

3. Enhance tissue regeneration through biofactor
delivery.

Requirements 2 and 3 are coupled, leading to addi-
tional obstacles for scaffold engineering. A scaffold

all pore sizes ranging from 300 to 1200 microns. These results
suggest that designed scaffolds are clinically applicable for
complex craniofacial reconstruction.

Key words: craniofacial; fabrication; image-based design;
solid free-form; temporomandibular joint; tissue engineering

which can optimally deliver biofactors is extremely
porous, while a scaffold that can provide temporary
load bearing has typically small or no porosity. Cra-
niofacial scaffolds must therefore fit complex anatomic
defects, be porous enough to effectively deliver bio-
factors, and be dense enough for a long enough period
to bear mechanical forces until the regenerate tissue
can carry forces.

An engineering process that can fulfill the three
requirements must be able to provide rigorous control
over both scaffold exterior shape and interior porous
architecture. This process should include design tech-
niques that can utilize patient image data to create
exterior shape and at the same time optimize porous
scaffold architecture to provide the right balance
between load bearing and biofactor delivery. This
process should also include the capability to fabricate
the undoubtedly complex 3D structures that will result
from the design process.

Each of the three craniofacial scaffold requirements
alone is complex. Furthermore, although definition of
exterior shape may be gleaned by combination of

Orthod Craniofacial Res 8, 2005/162-173 ‘ 163



Hollister et al. Engineering craniofacial scaffolds

image data and surgical experience, the load bearing
and regeneration requirements are more difficult to
define. For example, the desired target for load bearing
capability has not been experimentally determined,
and it is likely to differ between anatomic sites. One
measure of load bearing capability is the mechanical
properties of native craniofacial tissue. It has been
suggested that scaffold mechanical properties should
be equivalent to those of native tissue (2) or should
match at least some minimum value of native tissue
(3). However, even with this measure there is little or no
experimental data to suggest what percentage of native
tissue mechanical properties that scaffold should
possess, even if the focus is primarily on craniofacial
bone and cartilage tissue.

For craniofacial bone, a wide range of elastic prop-
erties have been obtained, depending on species, age,
anatomic location, and dentition. Anisotropic elastic
moduli range for human mandibular cortical bone
range from 11 000 to 30 000 MPa for mandibles with
and without dentition (4-6). Anisotropic elastic moduli
for human mandibular trabecular bone have been
found to range from 120 to 450 MPa for the mandibular
condyle (7, 8) and from 114 to 910 MPa for the man-
dible from the mid-line to the ramus (9). Macaque
monkey mandibular cortical bone has anisotropic
elastic moduli ranging from 9000 to 24 000 MPa (10),
while mandibular cortical bone of canines was found to
average 7500 MPa and be isotropic (11).

Obviously, craniofacial soft tissues are much more
compliant than bone, but exhibit the same variability.
One of the most widely studied craniofacial cartilage
tissues is the temporomandibular joint (TM]) disk.
A recent review by Detamore and Athanasiou (12)
found widely varying ranges for TMJ disk compressive
modulus, with human TM]J disks having compressive
moduli ranging from 1.8 to 60 MPa. Relative to TM]J
disk cartilage, much less is known about the mechan-
ical properties of mandibular condyle fibrocartilage.
From Mao’s group at the University of Illinois-Chicago,
Hu et al. (13) found mature rabbit mandibular condyle
fibrocartilage to have elastic moduli ranging from 0.9 to
2.5 MPa depending on anatomic location within the
mandibular condyle, while Patel and Mao (14) found a
narrow range of 0.9-1.2 MPa for 7-day-old rabbits.
Thus, craniofacial cartilaginous tissues have exhibited
elastic moduli ranging from 0.9 to 60.0 MPa. These
elastic measurements, although complex in and of
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themselves, greatly simplify the true poroelastic
behavior of cartilaginous tissues. Thus, depending on
the definition of load carrying capability, scaffolds may
need to exhibit elastic moduli ranging from 100 to
30 000 MPa for bone, and from 0.9 to 60 MPa for cra-
niofacial cartilage tissues, a range of two orders of
magnitude for bone and three orders of magnitude for
cartilage.

A number of approaches for engineering craniofacial
tissues have been reported that combine scaffolds with
biofactors (see e.g. 15-17). These approaches have used
hydrogel scaffolds or polymer scaffolds that have been
made using traditional polymer processing techniques
like porogen leaching or gas foaming. In general, these
techniques have been able to successfully generate
tissue in non-load bearing applications (18). However,
the regenerate tissue has rarely been evaluated with
regards to its mechanical performance nor have scaf-
folds with appropriate mechanical properties in the
range of craniofacial tissues been used for craniofacial
tissue engineering.

The purpose of this paper is to present an approach
for engineering craniofacial and TMJ scaffolds that can
fulfill the three basic requirements for successful
in vivo tissue reconstruction. As such, it reviews an
approach developed by our research groups over the
last 4 years designing, fabricating and testing scaffolds
for craniofacial reconstruction. This approach includes
an image-based computational design method that can
design any complex 3D anatomic shape as well as
incorporating optimization approaches that achieve a
balance between biofactor delivery and load bearing.
This approach also includes a fabrication method that
can create these scaffolds from the entire range of
currently used biomaterials including metals, ceramics,
polymers and composites thereof. Finally, we present
initial in vitro and in vivo test data demonstrating that
these designed scaffolds
mechanical properties and also support bone and
cartilage regeneration needed to reconstruct craniofa-
cial structures.

can provide adequate

Scaffold design

An approach for craniofacial scaffold design must in-
clude the capability to design scaffolds that fit
anatomic defects defined from clinical imaging data



and the capability to design porous scaffold architec-
ture that can balance load bearing and biofactor
delivery requirements. To address these issues, we have
developed an image-based design approach for
designing tissue engineering scaffolds (1, 19). In image-
based design, a master global image database is used to
define the anatomic shape. This global image database,
is then used as a template in which to position the
porous architecture design. A second set of image
database, termed local image database, are then used
to define the porous scaffold architecture design. One
local image database is created for each separate por-
ous microstructure design, enabling the creation of
scaffolds with heterogeneous structure. Although we
typically use only two hierarchical database structures,
local and global, this technique can readily be extended
to handle any number of structural hierarchies, ranging
from the nanometer scale to the tens of centimeter
scale. The limitation is computational memory to
handle the voxel data sets and the resolution of current
fabrication systems, which currently extend only to the
100-micron range.

The global image design database can be created
directly from a CT or MR image of a patient. The image
resolution is first interpolated down to the desired lo-
cal image design database resolution. The user can
then selects the tissue defect region to be reconstruc-
ted and assigns this region a specific density value
between 1 and 255. This density value will then serve
as a flag indicating the 3D volume to be reconstructed.
This reconstruction region selection may be carried
out in standard image processing software like ANA-
LYZE™ (Analyze Direct, Inc., Lenexa, KS, USA) or
Interactive Data LanguageTM (IDL; Research Systems,
Inc., Boulder, CO, USA). The base reconstruction re-
gion is now represented by a single density value
within a voxel data set. This density value within and
immediately adjacent to the base reconstruction
region can then be modified to add adjunct surgical
fixation regions and a heterogeneous region for map-
ping the designed microstructure.

Once the global image design database is created, the
next question is how to design the porous microstruc-
ture. The specific requirements that pertain to scaffold
microstructure design are the need for temporary load
bearing (requirement 2) and the need to enhance tissue
regeneration through biofactor delivery (requirement
3). Requirements 2 and 3 would dictate the scaffold
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architecture be as dense as possible for load bearing
and as porous as possible for biofactor delivery, an
obvious conflict. Therefore, we must be able to create
an architecture design that balances the need for load
bearing and biofactor delivery. Achieving balance
means that we must be able to least compute a priori
how scaffold architecture will affect load bearing and
biofactor delivery, and preferably, achieve the optimal
compromise between these two requirements. How-
ever, ‘load bearing’ and ‘biofactor delivery’ are qualit-
ative terms for which we need specific quantitative
measures if we are to perform computational design.
Therefore, we have proposed the use of stiffness (more
precisely, elastic modulus) as a measure of load bear-
ing, and porosity and permeability as a measure of the
capability to deliver biofactors. Although porosity is an
indicator of how much space is available for seeding
biofactors, it provides no indication whether the scaf-
fold pores are connected, which is critical for increasing
cell nutrition and allowing connected tissue growth.

Associating elastic modulus with load bearing and
porosity/permeability with biofactor delivery is only a
first step in quantitatively designing scaffolds that
adequately balance load bearing and biofactor delivery.
The next important step is the capability to compute
effective scaffold modulus, porosity and permeability
based on a proposed microstructure design. To make
design more tractable, we will design locally periodic
scaffold architectures based on a single unit cell (not to
be confused with a biological cell, but rather a 3D
mathematical entity). Local scaffold porosity may be
easily calculated from a unit cell image design by
simply dividing the number of voxels with solid
material by the total number of voxels. To compute
scaffold effective elasticity and permeability, we use a
computational implementation of homogenization
theory (20-22). The results for elasticity show that the
effective stiffness matrix [C*"] is a function of the base
scaffold stiffness matrix [C], and a matrix that quanti-
fies how the scaffold material is arranged in 3D space,
(M]:

[Cer] :ﬁ/ C] [M]dV (1)

6x6 v 6x6 6x6
where V is the volume of the unit cell. The results for
permeability [K°T] show that it depends only on the
average fluid velocity v of the porous structure:
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Fig. 1. Examples of designed architecture based on geometric equa-
tions: (a) interconnecting porous cylinders, and (b) interconnecting
porous spheres.

o 1 V(in V§1 Vo1
(K] = V] / Vo Uy V| dV (2)
33 v Lves U U
3x3

Solving equations (1) and (2) gives us a quantitative
measure of how a particular architecture will contrib-
ute to scaffold load bearing and biofactor delivery
performance. We developed two interconnected por-
ous architecture designs, one being an interconnected
spherical pores and the other being interconnected
cylindrical pores (Fig. 1).

Homogenization calculations of the effective moduli
(Fig. 2a, normalized for the base moduli) and the per-
meability (Fig. 2b) demonstrate two important facts.
First, with increasing volume fraction there is an
increasing effective modulus, but decreasing per-
meability for both designs. This demonstrates the trade
off faced in tissue engineering when trying to design
scaffolds concurrently for load bearing (associated with
modulus) and biofactor delivery (associated with per-
meability and interconnected porosity), namely that
enhancing one design parameter comes at the detri-
ment of the other design parameter. The second
important fact is that the two different scaffold archi-

tectures demonstrate different stiffness for the same
porosity as well as different permeability at the same
porosity. This indicates within a given porosity chan-
ging architecture design will change both the load
bearing and permeability characteristics of a scaffold.

The fact that modulus and permeability change
inversely with porosity and that each are affected by
scaffold architecture make it difficult to achieve target
values for either through an ad hoc trial and error
process. It is more efficient to utilize a mathematical
algorithm that can sort through the various design
combinations to find the right balance. This is the
process of optimization. In optimization, we seek to
minimize or maximize an objective function, which
may be subject to constraints. In scaffold architecture
design, we may seek to minimize the different between
the scaffold modulus and a desired tissue target mod-
ulus, subject to the constraint that the scaffold must
possess a desired level of porosity for biofactor seeding
and delivery. An example scaffold optimization prob-
lem may be written formally as:

Cscaffold _ Cdesired 2
Min < Cdesired )

Subject to: Scafford Porosity > Desired Porosity

where C**!d js the designed scaffold stiffness and
cdesieed s the desired target stiffness. There are many
ways to write a scaffold optimization problem, equa-
tion (3) being just one example.

We have developed two approaches to optimizing
scaffold architecture, termed Restricted Architecture
Topology Optimization (RATO, 1) and Full Architecture
Topology Optimization (FATO, 23). In RATO, we
characterize a class of architecture topology using a
limited number of design parameters, hence the term

] Fig. 2. Effect of designed architecture on

] scaffold elastic modulus and permeability.
(a) Elastic modulus (normalized to the base
material modulus) increases with increased
volume fraction. The interconnecting sphere
provides a stiffer scaffold than the inter-
connecting cylinders for any given porosity.
S (b) Permeability (normalized to a maximum
N permeability of 6) decreases with increasing
1 volume fraction. The interconnecting cylin-
ders provide greater permeability than the

(a) (b)
0.4F 7 1.0 . .
0.3F 4 08f
2 i o8l
0.2F E I
: 104
0.1F E [
E 1 02[
0.0E ] :
0.0 L L
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‘restricted’. For example, this class may be a set of
interconnecting orthogonal cylinders that are charac-
terized by the three cylindrical diameters. The effective
moduli and permeability may then be computed using
homogenization finite element analysis for the whole
set of design diameters. A function is then fit between
the effective moduli and pore diameter as well as
effective permeability and pore diameter. This function
may be fit using a polynomial and then run through a
MATLAB™ numerical optimization routine to find the
pore diameters that allow the scaffold to best fit stiff-
ness, porosity, and permeability requirements. Using
this approach, we (25) have had success designing
scaffolds to match target stiffness values for orthogonal
moduli, but typically only when a high base bio-
material modulus (>2 GPa) is assumed. A second
drawback is that it is difficult to match the complete
directional or anisotropic bone stiffness of nine con-
stants with only three design parameters.

Due to drawbacks in RATO, we developed a Full
Architecture Topology Optimization (FATO) technique
that would enable de novo scaffold architecture opti-
mization without presumed topology (23). In this
approach, a voxel database is used with each voxel
having a potential volume fraction between 0 and 1.
The material stiffness of an individual element is as-
sumed to follow a power law with C = Gy as.p”, where p
is a coefficient >1. Based on the distribution of material
density and local stiffness C, an effective stiffness ten-
sor can be calculated using equation (1) after solving
the elasticity homogenization equations. The homog-
enization solver is embedded into an optimization
scheme with the Method of Moving Asymptotes (24) to
update the density in each element. FATO provides a
more flexible method of creating architecture with a
capability of meeting a wider range of elastic constants.
Figure 3 demonstrates a typical architecture created

(a)

Fig. 3. (a) Example of an FATO architecture
designed to match the anisotropic elastic
moduli of minipig mandibular condyle tra-
becular bone. (b) Comparison of native
condyle bone anisotropic moduli (blue) with
designed scaffold anisotropic moduli (red).
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using FATO and the close match with native bone
elastic properties of minipig mandibular condyle tra-
becular bone.

Once a designed architecture is created, and the
global density image database is in place, we can
perform simple Boolean operations to merge the
image design databases. The density distribution from
the global image design database is used to generate
voxel locations into which the architecture image
design voxel densities are substituted. The final result
gives a designed scaffold that matches desired
anatomic shape with microstructure designed to pro-
vide desired elastic, porosity and permeability char-
acteristics. An example showing the entire design
process for a Yucatan minipig mandibular condyle
scaffold is shown in Fig. 4.

Scaffold fabrication

The scaffold designs created in the proceeding section
are very complex 3D structures. In addition, increased
design flexibility requires the capability to use mate-
rials with a wide range of material properties. Both of
these requirements necessitate a sophisticated fabri-
cation process that can make complex 3D structures
from a range of biomaterials. Traditional machining or
polymer processing techniques cannot make the
complex structures created using image-based design
techniques. Therefore, we use a set of technologies
known as Solid Free-Form Fabrication (SFF). SFF
techniques (see e.g. 25, 26) build structures using a
layer by layer additive process and have been used to
build a wide range of biomaterials. We use SFF tech-
niques either to directly build the biomaterial scaffold,
or to build a mold into which a biomaterial can be
cast.

(b)
500.000
450.000
400.000
350.000
300.000
250.000
200.000
150.000
100.000
50.000
0.000

Stiffness of microstructure

O Target properties @ Design properties

Modulus (MPa)

E11 E22 E33
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Global anatomic design

Fig. 4. Integrated image-based scaffold
design process shown for a minipig man-

Integrated design

dibular condyle. The process begins with a
CT or MR scan. A global image-design dat-

abase is then created with surgical attach-
ments. Next, a scaffold architecture is
designed. Finally, the global anatomic and
architecture data sets are combined to yield

Architecture design

the final design which matches the original
defect very well.

Although directly building the biomaterial scaffold
on an SFF system is most desirable in terms of speed, it
is often difficult as the biomaterial must be tailored to
work with a particular machines building process. Our
collaborative group has built two biomaterial scaffolds
directly. First, we have built polycaprolactone (PCL)
scaffolds directly on an SLS system (27). This technique
uses powdered PCL within the SLS system and sinters
the PCL particles together. Using this technique, we
have been able to build complex anatomic scaffolds
with designed architecture, including a Yucatan mini-
pig mandibular condyle that matches closely the ori-
ginal condyle shape and includes a collar for surgical
fixation (Fig. 5a). We have also, in collaboration with
the Fraunhofer Institute for Laser Technology in
Aachen Germany, have fabricated optimized scaffold

Fig. 5. Examples of scaffolds directly fabricated using SFF tech-
niques. (a) The minipig mandibular condyle scaffold from Fig. 4 build
directly from PCL. (b) A spinal fusion cage built directly from tita-
nium.
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architectures for spine fusion directly from titanium
(Fig. 5b).

A second approach to scaffold fabrication is indirect
SFF. In this method, a mold is built from a design file
and a biomaterial is cast into the mold (28, 29). The
advantage of indirect SFF is that a wider range of bio-
materials can be used for fabrication, including
the construction of composite biomaterials. The
disadvantage is significant increase in labor required to
build the scaffolds. Using indirect SFF, we have fabri-
cated scaffolds from hydroxyapatite (HA), tri-calcium
phosphate (TCP), HA/TCP composites, polylactic acid
(PLA), polyglycolic acid (PGA), polylactic/polyglycol-
ic acid copolymers (PLGA), polypropylene fumarate/
tri-calcium phosphate (PPF/TCP), and polycaprolac-
tone (PCL). We have demonstrated the ability to build
optimized designs, composite material and local/global
porous scaffolds.

Structural and mechanical evaluation of
designed scaffolds

There are two important questions concerning the
actual fabricated scaffold load carrying capability rel-
ative to design characteristics. First, does the fabricated
scaffold architecture actually match the design archi-
tecture? This is important because one failure of a
fabricated scaffold to match designed performance
could result from a mismatch between the actual
architecture and the designed architecture. Second, do
the actual fabricated scaffold mechanical properties



match the designed properties? If the designed archi-
tecture closely matches the fabricated architecture and
the mechanical properties do not match, then the
mismatch in scaffold properties could be attributed to a
base material property in the actual scaffold that differs
from the base property used in the scaffold design.

Our group has primarily utilized micro-computed
tomography (uCT) scanning to evaluate fabricated
scaffold architecture. For composite osteochondral
scaffolds, we (29) have demonstrated using pCT that
these scaffolds have truly interdigitated interfaces. To
more rigorously examine how well the fabricated
structure replicates the design structure, we can take a
uCT scan of the actual fabricated structure and com-
pare this directly to the scaffold design as the original
scaffold design is also defined by image voxels. This
comparison is done through image registration, where
an algorithm matches one image data set to a second
image data set using optimization algorithms. Using
the image registration algorithm in ANALYZE™
(http://www.analyzedirect.com/), we have been able to
register an actual fabricated scaffold ¢CT voxel data set
with a design voxel dataset. Subtracting the images
shows that the designed titanium scaffold replicates the
design well. Discrepancies can be seen do to particulate
attachment on pore surfaces during the sintering pro-
cess. Finally, the uCT scan/registration process can be
used to assess structural changes during degradation,
pinpointing precisely where material is lost. This can be
readily done for in vitro degradation testing where the
scaffold is placed in simulated body fluid at 37°C, and
then periodically removed and uCT scanned. Results
for PPF/TCP scaffold show areas of bulk degradation
where the scaffold material density changes but not the
geometry (Fig. 6).

In vitro mechanical evaluation should be done in
concert with structural evaluation to best assess what

Fig. 6. Use of uCT scanning to assess scaffold degradation. (a) Scan of
initial scaffold before degradation tests. (b) Scan after 12 weeks of
in vitro degradation showing areas of radiolucency indicating deg-
radation.

Hollister et al. Engineering craniofacial scaffolds

determines scaffold mechanical performance initially
and after degradation. In vitro mechanical testing is
also important for evaluating computational models
and improving scaffold design. A key component of
scaffold mechanical testing is to utilize standard test
specimens so that different scaffold designs and
materials may be compared from different studies.
There are a number of American Standards for Testing
Materials (ASTM) and International Standard Organ-
ization (ISO) standards that govern mechanical speci-
men shape and procedures for both time 0 and deg-
radation testing of biomaterials. In both cases, testing
the in vitro behavior of scaffold architecture requires
fabrication of the architecture within the test specimen
geometry. We have done this for both compressive and
tensile testing specimens (Fig. 7).

We have tested a range of biomaterials, both solid
and porous, in compression, including HA, HA/TCP,
PLGA, PPF/TCP, titanium, and PCL. Solid material
testing is important for determining the upper bound
of stiffness and strength, and to use as input for the
optimization process. The mechanical properties of
solid polymers depend on composition, molecular
weight, and processing technique. The compressive
properties of solid ceramics depend on composition as
well as on sintering temperature. Represented com-
pressive stiffness and modulus values for solid 50/50
PLGA, HA, PCL, and PPF/TCP are shown in Table 1.

Of course, solid biomaterials are not utilized for tis-
sue engineering therapies but rather porous scaffolds.
It is therefore critical to determine the mechanical
properties of porous scaffold architectures. To date, we
have performed compressive testing on scaffold archi-
tectures made from HA, PPF/TCP, PCL, 50/50 PLGA,
and titanium with porosity ranging from 50 to 70%
(Table 2).

The values for stiffness and strength for the polymer
and polymer/ceramic composites range from 55 to
337 and 2 to 10 MPa, respectively, both of which are
in the low to middle range for human trabecular bone
structure reviewed in the Introduction. These results
indicate that designed scaffolds will have sufficient
load bearing properties for porosity below 60%. In
addition, porous scaffold properties will also differ
with different base stiffness, a reflection of different
molecular weights for polymers, different sintering
temperatures for ceramics, and the different process-
ing techniques.
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() (b)

Table 1. Compressive modulus and strength of solid polymer and
ceramic biomaterials used for craniofacial tissue engineering
scaffolds

Compressive Compressive
Material modulus (MPa) strength (MPa) Reference
50/50 PLGA 3103 + 50 128 + 1.7 30
PCL 122 £ 13 1.7+ .5 27
PPF/TCP 543 + 60 722 + 143 Current paper
PPF 250 + 40 419 +6.3 Current paper
TCP 14.0 31

PPF molecular weight: 3000 Da, weight percent: 23%.

Table 2. Compression modulus and strength for designed porous
polymer, ceramic and titanium biomaterial scaffolds used for cra-
niofacial reconstruction. The strength notation for titanium of > 56
indicates that the material did not fail at 56 MPa which was the limit
of the material testing system

Scaffold Porosity ~ Modulus Strength

material (%) (MPa) (MPa) Reference
50/50 PLGA 50 337 £+ 129 10.2 30

50/50 PLGA 70 90 + 50 2.0 30

PCL 50 55+ 3 2.3 0.1 27

HA 39 1400 + 400 308 28

PPF/TCP 45 100 5 Current paper
Titanium 45 2700 £ 900  >56* Current paper
TCP 3.5 31

In vivo tissue regeneration on designed scaffolds

The ultimate goal for scaffolds is to serve as a founda-
tion for craniofacial skeletal tissue regeneration. Even if
scaffold mechanical properties are adequate for tem-
porary load bearing, failure to achieve enough tissue
regeneration for functional support will ultimately still
lead to mechanical failure. Therefore, it is important to
determine in vivo tissue regeneration characteristics.
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Fig. 7. Example of scaffold architecture m-
echanical test specimens fabricated to meet
ASTM testing standards: (a) compressive test
specimen, and (b) tensile test specimen.

Large animal models like minipigs are the ultimate test
for functional tissue regeneration. However, due to
expense and logistic difficulties of performing studies
with the hundreds or thousands of large animals
necessary to test the multitude of scaffold design vari-
ations, it is expedient to use small mouse and rat
models. These models are easier to use in large num-
bers, but do not present the functional and volume
challenges of large animal models that are needed to
evaluate treatments for human application. Therefore,
we have adopted a strategy of using a mouse model to
screen a large number of scaffold design variables, and
then testing the most promising scaffold design con-
figurations in a large animal model.

There are a tremendous number of hybrid scaffold/
biofactor variables that can affect tissue regeneration.
These include the biofactor that is delivered, whether it
is recombinant proteins, DNA plasmid, DNA delivered
through viral vectors, progenitor or stem cells or com-
binations. In addition, the biofactor carrier (here we
distinguish carrier, which only delivers the biofactor,
vs. scaffold, which plays a mechanical role in addition
to defining the 3D volume in which tissue grows),
which includes hydrogels, polymer sponges, or ceramic
particles can also affect biofactor activity and tissue
regeneration. Finally, the scaffold itself may affect tis-
sue regeneration either through cell-material interac-
tions that can affect cell adherence and differentiation
or through design in which the porous architecture can
influence cell migration within that scaffold and
nutrient/waste diffusion to/from cells within the scaf-
folds. Determining the best combination of biofactor/
carrier/scaffold will depend upon performing relevant
experiments in which all of these design variables can
be rigorously controlled.

To date, we have studied how carriers, scaffold
material and scaffold architecture affect bone regen-
eration. In terms of carriers, Schek et al. (32) found that



Fig. 8. Bone regenerate on three different
scaffold materials using BMP-7 transduced
human gingival fibroblasts in an immuno-
compromised mouse model: (a) HA, (b)
PPF/TCP, and (c) PCL (white areas indicate
where scaffold was removed for histological
processing).

Fig. 9. Example of bone growth in designed
HA scaffolds in a Yucatan minipig mandib-
ular defect model. (a) Micro-CT scan slice
showing bone (gray) penetrating through
entire scaffold (white). (b) Bar graph show-
ing total bone ingrowth between 70 and 80%
at 18 weeks for pore sizes between 400 and
900 microns. No significant difference is
seen between pore sizes.

fibrin gel loaded with viral vector carrying BMP-7 genes
produced more bone in mouse quadriceps muscles
then either collagen gel or virus in media. Subsequently
using fibrin as a carrier, we have delivered human
gingival fibroblasts transduced with BMP-7 from HA,
PPF/TCP, and PCL scaffolds. All scaffold materials
showed the capability to support bone formation in
these models (Fig. 8). In a study on pore size, we found
no statistical difference in the amount of bone formed
in HA scaffolds with 300 or 800 um pores. Taken
together, these results suggest that the carrier is the
most important factor in bone regeneration and scaf-
fold material and especially pore size (for pores ranging
from 300 to 800 um) may play secondary roles.

We have also examined pore size and geometry issues
using designed HA scaffolds in a Yucatan minipig man-
dibular defect model. In this study, we created three
different pore designs, including a circular pore, square
pore and circular strut, each with three different pore
sizes for a total of nine designs. Pore diameters for the
circular and square pores were 400, 600 and 900 ym and
for the circular strut were 600, 900, and 1200 um. Scaf-
folds were fabricated from HA using an indirect SFF
approach and were 8 mm in diameter and 6 mm high.
We implanted 20 empty scaffolds of each design for 6-
and 18-week time points for a total of 720 scaffolds.
Scaffolds were uCT scanned upon retrieval. Results
indicated robust ingrowth at both 6 and 18 weeks, with
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bone occupying 40-50% of available pore volume at
6 weeks and 70-80% of available pore volume at
18 weeks (Fig. 9). No statistically significant difference
was noted in total bone fill based on either pore size or
pore geometry. Measuring bone penetration as bone fill
in the innermost 1.5 mm of the scaffold, no significant
difference was found between pore sizes or pore geom-
etry at 18 weeks with innermost ingrowth ranging from
55 to 75%. At 6 weeks, pore sizes >600 ym had an
innermost ingrowth of 10-16%. However, the 400 ym
pore diameter design showed significantly less bone
penetration, with innermost ingrowth of 4-8%. These
results demonstrate that overall bone ingrowth did not
depend on pore sizes between 400 and 1200 yum. Bone
penetration may take longer in pore sizes of 400 um.
Although in contrast to other studies that have postula-
ted an optimal pore size for bone ingrowth (references),
it is important to note that these studies used scaffolds
without controlled pore architecture. The reported pore
diameter was a mean pore size, with a sizable distribu-
tion of pore sizes. Furthermore, the pore connectivity in
these previous studies was not rigorously controlled.

Discussion and conclusions

In this paper, we have presented an approach for
engineering craniofacial reconstruction scaffolds that is
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a key part of a systematic approach for craniofacial
tissue engineering. This approach integrates compu-
tational design, scaffold fabrication, scaffold structural
and mechanical evaluation and in vivo tissue regener-
ation tests to develop scaffold/biofactor constructs that
meet the anatomic shape, temporary load bearing and
tissue regeneration requirements for craniofacial tissue
engineering. Within this approach, we have demon-
strated that image-based computational design tech-
niques can be used to design scaffold architecture to
meet both desired elastic properties for load bearing
and permeability and pore interconnectivity require-
ments for tissue regeneration. We also demonstrated
that these optimized architectures could be designed
within any complex anatomic shape. Using SFF tech-
niques, we have shown that complex designed scaffolds
could be fabricated from a wide range of biomaterials
including titanium, calcium-phosphate ceramics, and
degradable polymer. These fabricated scaffolds exhibit
mechanical stiffness/strength in the lower range of
human trabecular bone, except for designed porous
titanium which was in between cortical and trabecular
bone. Scaffolds designed for degradation can retain
mechanical stiffness/strength at significantly higher
values than other designed scaffolds.

Designing and fabricating scaffolds with rigorously
controlled architecture also allows more detailed
experiments that test how both scaffold architecture and
material affect tissue regeneration, as each can be varied
independently. To date, we have extensively studied
pore size (between 300 and 1200 ym) and material
affects on bone regeneration. In both small and large
animal models, there was significant bone regeneration
in all pore sizes ranging from 300 to 1200 uym, with no
pore size being statistically different. Also, bone regen-
eration was found to occur in a number of materials,
including HA, PPF/TCP, and PCL. These results suggest
that pore size and material may not play as significant of
arole in tissue regeneration as carrier and biofactor.

Craniofacial reconstruction by tissue engineering
requires complex synergy of a multitude of biofactor,
carrier and scaffold factors to provide constant func-
tion through to functional tissue. The ability to control
as many variables as possible is necessary to determine
the optimal treatment regimen. Although we have
demonstrated the capability to control scaffold mater-
ial and architecture variables, these must be rigorously
tested in functional models to determine what scaffold

172 | Orthod Craniofacial Res 8, 2005/162-173

materials and architecture are best for tissue regener-
ation. For example, although scaffolds can be engin-
eered to match some percentage of native tissue stiff-
ness/strength, biomaterial limitations make it difficult
to exactly match native tissue values. The question then
becomes whether mechanical properties attainable
through material synthesis and design are adequate for
functional in vivo loading. This can only be tested in
large functional animal models.

A second but equally critical question is how the
scaffold will affect tissue regeneration through biofac-
tor delivery. We have found that pore sizes in the range
of 300-1200 mm do not have a significant influence on
bone regeneration in that we see robust bone forma-
tion for all these pore sizes. Other factors, including
porosity and permeability (a measure of pore con-
nectivity) must be tested to determine if there is an
optimal value for these parameters. This again will
require the use of scaffolds with rigorously controlled
architecture tested in both small and large animal
models. We do now have the integrated engineering
platform in place to test all of these questions con-
cerning load bearing and tissue regeneration. Fur-
thermore, these engineering techniques can create
scaffolds that are suitable for use in clinical applica-
tions. The continued concurrent engineering and
testing of scaffold/biofactor hybrids will optimize the
approach for human patients.
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