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6.1 INTRODUCTION

Tissue engineering (TE) as an interdisciplinary field of research aims at restoring,
maintaining, or improving tissue function through applying the principles of biology,
medicine, and engineering science.' Since its emergence in the 1980s, the field of TE
in conjunction with regenerative medicine has been continuing to evolve, for
example, through wound healing,” skin tissue engineering,*® nerve regenera-
tion,”® cardiovascular tissue engineering,” bone and cartilage tissue engineering,'’
and others.'"'?

Cells, scaffolds, and growth-stimulating bioactive factors are generally referred to
as the three key components of engineered tissues in TE.! A common strategy in TE
is combining cells, biodegradable scaffolds, and bioactive factors to replicate natural
processes of tissue regeneration and development.'® The interactions among these
components are imperative to achieve biologically functional engineered tissue. In
human tissue, cells are normally anchorage dependent, residing in an extracellular
matrix (ECM). This ECM generally provides not only structural support and a
physical environment but also bioactive cues and a reservoir of growth factors.'* The
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synthetic scaffolds for an engineered tissue are regarded as a kind of ECM. However,
ECM in native tissues possesses complex compositions and a dynamic nature, which
bring multiple biological functions such as cell adhesion, migration, proliferation,
and differentiation. Ideal scaffolds should therefore mimic the features of the native
ECM of the target tissue. Nevertheless, the complexity of ECM makes it difficult to
mimic exactly the structure and functions of native ECM in synthetic scaffolds.'*

Therefore, the focus in tissue engineering is how to manipulate the process to
integrate the key components of TE, trying to replicate the natural structure of tissue
and mimic the functions of native ECM, at least partially. There are many
technologies developed to achieve these aims. Although these techniques have
succeeded in making biomimetic scaffolds, they have their own limitations. This
chapter reviews the bone TE strategies involved in preparation of scaffolds and
briefly discusses the drawbacks and advantages of these strategies.

6.2 CLINIC NEEDS IN BONE REGENERATION FIELDS

Every year, there are roughly 1 million bone grafting procedures in the United States
and European Union. "> These include indications arising from resection of primary and
metastatic tumors, bone loss after skeletal trauma, failed fracture healing, spinal
arthrodesis, and trabecular voids. In addition, more than 20 million people in the United
States are totally edentulous.'® About half a million children worldwide are born
annually with congenital craniofacial deformities, such as cleft palate and hyper-
telorism.'” Current treatments in clinic are based on autologous and allogeneic bone
grafts.'®% Autografts have been the gold standard of bone replacement for many years
because they provide the patient’s own osteogenic cells, ECM, and essential osteoin-
ductive factors needed for bone healing and regeneration.?'** Because an autograft is
harvested from the patient’s own body, there is a limited supply and morbidity of the
harvest site, and the additional trauma is a concern. Although autograft is highly
efficient for bone repair, the outcome for large bone defects is less predictable.
Allografts could be used as an alternative for treating bone defects. However, allografts
could introduce the possibilities of immune system rejection, pathogen disease
transmission from donor to recipient, and infections after the transplantation.”*

Therefore, biomaterials for bone defects, as an alternative to those two bone
grafts, have been extensively studied to meet the increasing clinical demand.
Currently, all kinds of biomaterials, including metals, ceramics, and polymers,
have been studied for bone regeneration. However, none of these biomaterials,
by themselves, can currently be used for full recovery of the patient. Metals exhibit
poor integration with the tissue at the implantation site because of a lack of
degradability, although they provide mechanical support at the site of the defect.
Ceramics, because of their low tensile strength and brittleness, have limited
application in loading-bearing sites. Polymers have been extensively used in drug
delivery systems but have limitations in bone tissue engineering because of their low
compressive strength and acid degradation products. It is clear that an adequate bone
graft is yet to be found.
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6.3 BONE REGENERATION STRATEGIES AND TECHNIQUES

Scaffolds need to mimic the natural structure of regenerated tissue to obtain optimal
regeneration of biological functions. From a perspective of tissue engineering, cells,
ECM, cell-matrix interactions, and bioactive factors should be involved to achieve
the regenerated functions. For the components mentioned, an appropriate three-
dimensional (3D) scaffold is an essential component for a tissue engineering strategy
because scaffolds provide physical and mechanical support, spatial structure, and an
adequate biochemical environment for cell behavior.'® Scaffolds applied in TE need
essential properties, including pore size, porosity, mechanical properties, and signal
presentation.

Bone is a dynamic, highly vascularized tissue with hierarchic structure in a 3D
configuration.'®> Therefore, the ideal scaffold should mimic the bone structure and
provide a 3D microenvironment for growing new tissue in the scaffold. However, the
coordination of all of these key components in an optimal spatial and time-dependent
fashion will affect the ultimate results of regenerated tissues. There are many
strategies or techniques for making bone constructs for tissue regeneration. From
a fabrication perspective, these strategies can be generally implemented in two
approaches: top down and bottom up.

6.3.1 Top-Down Tissue Engineering

6.3.1.1 Concept Since its emergence in the 1980s,"*> TE began to develop
different approaches for tissue regeneration. The top-down approach represents
the most traditional and typical one. Top-down tissue engineering approach gener-
ally uses well-defined porous scaffolds with tailored properties and signals as a
template to induce desired cell response, leading to engineered tissues and organs.
Specifically, to construct engineered bones, bone-forming cells or stem cells are
seeded onto prefabricated porous scaffolds with controlled release of growth factors
to induce bone formation. The essential properties of the scaffold include porosity,
interconnectivity and pore size, mechanical strength, and biodegradability. Scaffolds
as a template should possess similar functions to natural ECM. Scaffolds must
possess a fully interconnected porous structure and open macropores for efficient
nutrient and metabolite transport. The pores also facilitate the neovascularization of
the construct from the surrounding tissue at the same time. However, the porosity
will affect the mechanical properties that are required to balance the degradability of
the scaffold. The mechanical properties of the implanted scaffold should ideally
match those of living bone, so that no stress shielding or compression or deformation
of the scaffold by the surrounding tissues takes place.**>® Therefore, the extent of
porosity should be balanced with mechanical properties so that they both meet the
demands of a specific regenerating tissue. To further enhance cellular adhesion and
proliferation on the scaffold, the surface could be modified to be osteoconductive.
Many different cell-interacting ligands, such as the RGD cell-adhesive ligand, could
be grafted to the scaffold to provide biological cues for cell growth. The scaffolds
may be used to load growth factors or to serve as a delivery vehicle or reservoir for
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exogenous bioactive molecules to enhance regeneration. Many methods have been
developed to produce scaffolds with adequate properties as mentioned earlier based
on the top-down concept. An adequate processing technique should be performed on
selected biodegradable materials. A description and discussion of these techniques is
given in the following sections.

6.3.1.2 Processing Techniques Many techniques have been developed to prepare
porous ceramic, polymer, or composite scaffolds. Gel casting of foams is an early
developed technique for fabricating ceramic scaffolds with high mechanical
strength.?*=! This technique commonly results in a poorly interconnected pore
structure and nonuniform pore size distribution;** however, these properties can be
improved by using a sol-gel material and a gel-casting hybrid process.>* The ceramic
foam fabricated with this hybrid method exhibited sponge-like structures with uniform
large pores and smaller pores distributed on the walls of the larger pores. The sizes of
big and small pores were within 500-800 and 50-300 wm, respectively.®”

Replication of a polymer sponge is a typical technique for producing ceramic
scaffolds.**> The replication method uses a sacrificial template (e.g., polyurethane
foam) coated by a ceramic (or glass) slurry. After drying the ceramic slurry, the
polymer template is slowly removed by thermal degradation, and the remaining
ceramic is further sintered. The process replicates the macrostructure of the starting
sacrificial polymer foam.?*® However, the low compressive strength of the scaffolds
produced by this method limits their application in the repair of load-bearing bone
defects.’® Ramay and Zhang combined the gel-casting and polymer sponge methods to
produce porous hydroxyapatite scaffolds with high mechanical properties.*> A com-
pressive modulus of 8 GPa and yield strength of 5MPa for the scaffold with
hydroxyapatite (HA) concentration of 50 wt% were achieved.” Fu et al. used a
new method of direct-ink-write assembly of a hydrogel-based ink to fabricate bioactive
glass scaffolds. Porous glass scaffolds with combined high compressive strength
(136 MPa) and porosity (60%) were obtained,***! which were comparable in mechan-
ical properties to those of cortical bone and a porosity comparable to that of trabecular
bone. The template-casting method is another technique that is used to produce porous
ceramic scaffolds*' and polymer scaffolds.**™** Recently, Yang and coworkers
developed a template-casting technique to produce scaffolds with improved porous
structure and mechanical strength. Scaffold composition and architecture were
spatially regulated by controlling bead size and arrangement.*>*’

For producing porous polymer scaffold, solvent casting and particulate leaching is
the best known and most widely used method for the preparation of bone tissue
engineering scaffolds because of its simple operation and adequate control of the
pore size and porosity. After casting a dissolved polymer with a porogen, the
solidified polymer is placed in a water bath to leach out the porogen, thus yielding an
interconnected porous network. In this method, the particle size and amount of the
porogen can be controlled. However, this technique is not applicable to ceramic
scaffolds because the ceramic matrix obstructs complete removal of the porogen in
the leaching step, resulting in a less interconnected network. Ever since Mikos et al.
developed this technique to produce PLLA and PLGA polymer scaffolds,*® many
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researchers have used this technology to produce porous polymeric scaffolds.**~>>
There are many variations to the solvent casting and particulate leaching technique.>*
For example, any water-soluble porogen, different combinations of polymers and
solvents, and varying compositions can be used in the casting step. The porogen can
be also poured into a mold and partially fused using humidity to increase pore
interconnectivity. PLLA and PLGA porous scaffolds have been produced with this
modified method.?>~>” However, this method has some disadvantages; for example,
the use of highly toxic solvents for polymer dissolution and the residual solvent
remaining in the scaffold is a concern, and the residual porogen remaining in the
polymer matrix after the leaching step can lead to enclosed and unconnected cavities.

In the thermally induced phase separation technique, a polymer such as PLLA,
PLGA, or PCL is dissolved in an appropriate solvent (e.g., chloroform, dichloro-
methane) to obtain a homogeneous mixture. Next, the mixture is cooled below the
solvent melting point to induce phase separation.’® Then the mixture is quenched to
form a two-phase solid, and the solvent is sublimated to yield a porous scaffold. The
porosity and architecture of the polymer scaffold in this processing technique are
generally affected by the cooling rate and melting temperature of the solvent.”*®°

Freeze drying can also be used to fabricate scaffolds. An emulsified polymer
solution is poured into a metal mold with the desired dimensions and allowed to
freeze. Then the solvent is removed by freeze drying to yield a porous scaffold.
However, the pores generated by this technique are relatively small.

Major concerns with typical solvent-casting strategies are the use of organic
solvents and the toxicity of the residual solvent remaining in the scaffold after drying.
A modified method is the gas-foaming technique, which does not require the addition
of organic solvents. Compressed polymer disks in a mold are treated with high-
pressure CO, or supercritical CO,.®'~% The nucleation in the polymer occurs when
the pressure quickly decreases, thus forming pores. The pore size can be controlled
by the reduction rate of pressure, but the pores produced by this technique are not
interconnected. The combination of particulate leaching and gas foaming can
improve the interconnectivity of the pores.’'*

Fiber bonding and electrospinning are fiber-fabricating technologies that create
porous scaffolds composed of nano- and microscale biodegradable fibers. Many
biocompatible polymers, such as PGA, PLGA, and PCL, are electrospun into porous
nanofiber scaffolds with high porosities.’*¢’

Rapid prototyping by solid free-form technology (SFF) is used to produce
porous scaffolds with well-defined pore geometry. This technology includes 3D
printing,®®~’* laser sintering,”'~"* and stereolithography with variants.”>’® Using
computer-assisted design (CAD), this technique can produce fully interconnected
porous scaffolds with well-defined pore geometry and complex pore architectures at
the microscale. This technique has advantage over conventional fabrication tech-
niques because the scaffold pore size and geometry can be designed electronically
and mathematically. In a variant of this technique, a sacrificial wax mold is fabricated
by an SFF technique such as fused deposition modeling (FDM). Then an in situ
cross-linkable macromer is injected in the pore volume of the scaffold and allowed to
cross-link by photo- or redox-initiated polymerization, rendering the polymer
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insoluble in organic solvents. Then the infused mold is ether or wax, good solvent for
ether, to leach out the wax, leaving behind a scaffold with well-defined pore
geometry.”” This technique can be used to fabricate porous uncross-linked or
cross-linked polymer and hydrogel scaffolds with well-defined pore geometry.
SFF technology has also been used to fabricate [-tricalcium phosphate
(B-TCP)"® and HA7®™®! scaffolds for bone regeneration. Toughness and strength
in SFF scaffolds can be enhanced by adding a ceramic ink to the polymer phase.®* %

Other techniques for scaffold fabrication exist, such as melt molding and
extrusion, which are not described here. These usually involve semi-industrial
macrofabrication processes and extreme fabrication conditions, which are not
compatible with the microscale environments for cells. However, the end product
can be modified chemically after fabrication for cellular biocompatibility, although
this can be more easily achieved by the previously described methods.

6.3.1.3 Limitations and Challenges The top-down approach using prefabricated
scaffolds has a number of advantages. The materials used are diverse, ranging from
‘ceramics to polymers and hydrogels. These techniques can also produce porous
scaffolds with high mechanical properties by altering the porosity and pore architec-
ture. However, the top-down approach also has certain disadvantages. In this approach,
the scaffold is expected to promote proliferation and differentiation of the cells seeded
in the prefabricated biodegradable scaffold and create ECM. Although ceramic,
polymer, and composite scaffolds fabricated by the top-down approach have been
used as TE scaffolds, these porous biodegradable constructs often lack biological
recognition cues. For example, they often lack osteoinductivity for bone tissue
engineering. Postfabrication cell seeding into porous scaffolds is also inefficient
because the ability of cells to penetrate the central part of the scaffold is limited,
which leads to inhomogeneous distribution of cells in the scaffold and insufficient
vasculature ingrowth. An ideal TE scaffold should mimic the native ECM and promote
cell adhesion, growth, and differentiation.*®*” To achieve this purpose and overcome
drawbacks of the top-down approach, bioactive molecules, including growth factors,
short peptides, and ECM proteins, are deposited, attached, or conjugated to the
scaffold. For example, Jabbari and colleagues have shown that attached of a cell-
adhesive RGD peptide and an osteoinductive peptide derived from bone morphoge-
netic protein 2 (BMP-2) synergistically enhances osteogenic differentiation of bone
marrow stromal cells (bMSCs) and mineralized matrix formation.®® Other efforts made
to improve cell seeding include flow perfusion of the cell suspension inside the scaffold
and using scaffolds with larger pore size.*”' However, despite these advances in
surface engineering, biomimetic design, and conjugation methodologies to modify the
scaffold microenvironment, top-down approaches still have difficulty recreating the
intricate structure characters of tissues at micro- or nanoscale.

6.3.2 Modular Tissue Engineering (Bottom-Up Approach)

6.3.2.1 Concept The bottom-up approach aims to address the challenges of the top-
down approach in mimicking the microstructural features of the tissue from the
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opposite direction. The bottom-up approach builds a single unit at the micro- or
nanoscale that serves as a building block for further assembly to a larger tissue scale.
These modular units can be created in many different ways, such as cell sheeting,
cell-laden microfabrication, or 3D direct cell printing. Then these units can be
assembled to a larger tissue size by self-assembly or layering of cell sheets”” to
mimic the native microstructural repeating functional unit of the bone tissue.
Bottom-up TE creates a more biomimetic engineered matrix at tissue level than
the top-down approach.

6.3.2.2 Processing Techniques Micromolding and photolithography can be used
to generate 3D cell-laden hydrogels. Micromolding of hydrogels provides a poten-
tially powerful method for fabricating micro- and nanostructures.” > Micromold-
ing uses poly(dimethyl siloxane) (PDMS) molds microfabricated into a variety of
shapes and sizes. In the first step, the prepolymer solution with the cell suspension is
molded with PDMS mold. Then the solution is cross-linked by changing pH,
temperature, ionic strength, or photoinitiator to generate a hydrogel with exact
microstructures with the size and shape of the PDMS mold.”® Many types of natural
and synthetic hydrogels can be used for encapsulation of living cells, such as
agarose,”’ chitosan,”® and poly(ethylene glycol).”” Collagen is a natural bio-
compatible and biodegradable material and has been extensively used to simulate
the native ECM in tissues.

Photolithography provides another reliable technique to make microstructural
modules with definite shapes, typically using photomasks with diverse patterns for
patterning multiple cells in specific regions. Using this technology, a prepolymer
solution of a cross-linkable hydrogel with photoinitiator is placed under a mask and
is irradiated with ultraviolet light. The hydrogel cross-links only in the transparent
areas of the mask to generate patterns similar to those of the mask. Khademhosseini
and coworkers have intensively investigated the fabrication of cell-laden microgels
for tissue engineering. They used this technique to create cell-laden microtissues and
microfluidic devices.'® Hydrogels can be patterned to create cellular microstruc-
tures for in vitro cell studies or 3D microtissues with biomimetic structures.

Because the complex architecture of most tissues is organized by assembly of
repeating functional units over several scales, the cell-laden microgel units need to be
assembled to larger structures at tissue level. Bottom-up assembly of cell-laden
microgels has received increasing attention. These assembling techniques include
random assembly,'®" manual manipulation,'®* multilayer photopatterning,'**'%* and
microfluidic-directed assembly.'%*!%

Another approach is lamination of nanofiber layers with a hydrogel precursor
solution followed molding to the final shape and cross-linking. In this approach, thin
layers of nanofibers of PLGA, PLLA, PCL, or other polymers are produced by
electrospinning. Then the fiber layers are laminated by compression molding using a
hydrogel precursor solution containing bMSCs.'°® Then the laminated layer is
wrapped around a cylindrical rod to form a microtubular osteon-mimetic structure
and cross-linked by photopolymerization. The central canal in each microtube serves
as a conduit for vascularization. A set of these microtubes can be adhesively bonded
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to form a macroscale 3D cell-laden construct mimicking the microstructure of the
cortical bone. This technique can potentially overcome the challenges associated
with nonuniform cell seeding and vascularization and nutrient exchange within a
bone-mimetic geometry.

However, these assembling techniques have their own drawbacks; they lack control
over the final structure or lack scalability. Du et al. developed a more controllable
assembling technique, which used hydrophobic effects in water—oil interfaces. Hydro-
philic microgel building blocks microfabricated by photolithography were placed in
hydrophobic medium and a secondary cross-linking reaction was performed.'®
However, this assembly technique exposed the microgels containing cells to the
hydrophobic oil phase during the assembly procedure, which could influence cell
viability.'%'° Additionally, random or uncontrolled structures may form using this
assembling approach. A recent work from Khademhosseini’s group has modified the
two-phase assembly technique using liquid—air interface of a hydrophobic solution to
partially address the scaling-up issue by creating centimeter-scale cell-laden microgel
assemblies.”” However, this modified assembly was still performed in hydrophobic
medium. To address this issue, directed assembly on hydrophilic templates was
developed in the same group to fabricate 3D microgel constructs with a wide range
of shapes and complexities such as tubes, spheres, and casques in 2D and 3D
structures.'%®'% Other assembling techniques, such as physical templating and micro-
fluidic-directed assembly, are also developed.'®!-'%+!1°

Another novel technique in bottom-up TE approach is 3D cell, tissue, and organ
printing. This technique is an attractive scaffold-free, rapid-prototyping based
technology'!" with great potential for constructing delicate 3D tissue-like struc-
tures.''*!3 To engineer a bone tissue, osteogenic cell-laden hydrogels are deposited
on a platform, yielding tissue constructs that consist of bone-forming cells and
matrix at predefined locations within a porous 3D structure.'"!

Recently, Fedorovich et al. demonstrated the retention of spatially organized,
functional osteogenic and endothelial progenitor cells, osteogenic matrix formation
of hMSCs, and formation of erythrocyte-filled blood vessels in printed grafts after in
vivo implantation.''* SangJun Moon developed a bioprinter that used mechanical
valves to print high-viscosity hydrogel precursor solutions containing cells within
collagen, overcoming the problem of loss of cell viability and clogging in traditional
inkjet printing systems.'"

Cell bioprinting provides a potentially powerful technique in mimicking the
native tissue microvasculature and microarchitecture, although the use of these
implants still has limits in non-load-bearing applications. Temporary mechanical
stability could be still required in combination with surgical instrumentation if
applied in clinical environments.

Cell-sheeting techniques represent another bottom-up TE approach in which cells
are grown on a thermo-responsive polymer substrate to secrete ECM and reach
confluency. The confluent cell layer is detached by thermal regulation without
enzymatic treatment, and single cell layers can be laminated into multiple single cell
layers to form a thicker 3D matrix.''® However, it is a challenge to construct thick
tissues by this method because each layer is around 30 wm thick.''”-'!®
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Aside from the techniques discussed, cell aggregates are also a suitable building
block for tissue-like constructs. The cell aggregates can be directly assembled into a
tissue by using the adequate biological cues. Direct seeding of cell aggregates need to
be in the presence of growth factors or other bioactive molecules to facilitate the
dispersion of colonies into a larger cell construct.

6.3.2.3 Limitations and Challenges The bottom-up TE approaches hold great
promise for creating functional repeating tissue units using hydrogels; they also
provide a potential for assembling defined 3D microstructured modules for engineer-
ing tissue macroconstructs, which mimic the complexity of living tissues. However,
random or uncontrolled structures still may form, so fabricating tissue constructs
with biologically relevant length scales using the current setups is challenging.'"”
Because of their high water content, hydrogels usually have poor mechanical
stability. As a result, their use in constructing 3D tissues by bottom-up approaches
is limited in load-bearing bone tissue. In addition, the control of the assembly process
to fabricate 3D constructs with uniform shapes is still a challenge.

6.3.3 Novel Strategy (Integrating Approach)

6.3.3.1 Concept Top-down and bottom-up fabrication strategies have both advan-
tages and disadvantages. The “challenges” of the bottom-up TE highlight the
importance of scaffolds produced by traditional polymer processing techniques,
such as porogen leaching and gas foaming. The lack of functionality of the top—down
constructs underscores the importance of microenvironment for optimal cell growth.
A combination of traditional top-down processes with more recent bottom-up
microfabrication techniques may overcome this drawback and provide distinct
advantages, bringing the field closer to the ultimate goal of complete control
over microarchitecture and porosity in engineered tissues. The key question is
how these two directions can be integrated. New strategies are still required to
overcome the limitations of each of the current TE approaches.

6.3.3.2 Integrating Processes Mata et al. integrated top-down microfabrication
with self-assembling peptide-amphiphile (PA) systems to offer a unique platform in
which both physical and biomolecular elements were combined in a single material
with cell behavior controlled by cell processing. In this integrated approach,
bioactive scaffolds combine biologically instructive nanoscale fibers with topo-
graphical features to establish highly complex tissue structures.'?°

Ouyang et al. assembled a bMSC sheet on a knitted PLLA scaffold for engineer-
ing ligament analogs by a wrapping technique. Their results show that the approach
of assembling bMSC sheets onto a knitted PLLA scaffold is promising for producing
tissue-like and functional ligament analogs.'*'

Sargeant et al. developed a hybrid bone implant material consisting of porous
Ti—6Al-4V foam and self-assembled PA nanofibers. Cells were encapsulated into the
PA solution, and prewet Ti—-6A1-4V foams with 52% porosity were placed in the PA
and cell solution. PA solutions with cells were gelled with CaCl, to form nanofiber
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matrices in Ti—6Al-4V foams. This hybrid bone graft, which integrated self-
assembly of PA nanofibers within pores of metallic foams, has the potential to
induce mineralization and direct a cellular response from the host tissue.'*?
Although the integration of bottom-up and top-down micro- and nanotechnol-
ogies brings new potentials to create tissue regeneration scaffolds with physical and
biochemical hierarchical order from the micro- to macroscale, sophisticated tech-
nologies need to be developed. The major challenge of integration of bottom-up
techniques with more traditional top-down approaches is to create more complex
tissues than are currently achievable using either approach alone by optimizing the
advantages of each technique.'? Currently, there is no integrating technique that can
be used to assemble complex hierarchical structures to meet the requirements of
tissues and constructs, and research is now focused on targeting this problem.

6.4 FUTURE DIRECTION AND CONCLUDING REMARKS

Integration of a top-down TE approach with a bottom-up biological assembly concept
is promising to engineer fully functional tissues and organs with micro- and nano
biomimetic hierarchical complexity. Each approach has its own strengths and weak-
nesses and is suitable for different TE applications. The continuous development of
top-down TE techniques will improve the scaffold’s microstructure, presentation of
cell signaling factors, and the interaction between multiple types of cells. The
improvements in bottom-up approaches will generate novel self-assembling building
blocks and complex larger scale tissue structures. With continued research in these
advanced techniques, bone tissue engineering will advance toward clinical restoration
of tissue function. Advances in top-down and bottom-up approaches will improve
scaffold mechanical properties, cell—cell and cell-matrix interactions, and cell shape
and morphology, leading to the formation of a vascular mineralized matrix in the
damaged tissue and greater integration of the construct with the host vasculature.

REFERENCES

1. Langer R, Vacanti JP. Tissue engineering. Science 1993;260(5110):920-926.

2. Chong EJ, Phan TT, Lim 1J, Zhang YZ, Bay BH, Ramakrishna S, et al. Evaluation of
electrospun PCL/gelatin nanofibrous scaffold for wound healing and layered dermal
reconstitution. Acta Biomater 2007;3(3):321-330.

3. Li B, Davidson JM, Guelcher SA. The effect of the local delivery of platelet-derived
growth factor from reactive two-component polyurethane scaffolds on the healing in rat
skin excisional wounds. Biomaterials 2009;30(20):3486-3494.

4. Huang S, Fu X. Naturally derived materials-based cell and drug delivery systems in skin
regeneration. J Control Release 2010;142(2):149-159.

5. Kumbar SG, Nukavarapu SP, James R, Nair LS, Laurencin CT. Electrospun poly(lactic

acid-co-glycolic acid) scaffolds for skin tissue engineering. Biomaterials 2008;29
(30):4100-4107.



152

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

INTEGRATING TOP-DOWN AND BOTTOM-UP SCAFFOLDING TISSUE ENGINEERING

. Groeber F, Holeiter M, Hampel M, Hinderer S, Schenke-Layland K. Skin tissue engineer-
ing: in vivo and in vitro applications. Adv Drug Deliv Rev 2011;63(4-5):352-366.

. Gingras M, Paradis I, Berthod F. Nerve regeneration in a collagen-chitosan tissue-
engineered skin transplanted on nude mice. Biomaterials 2003;24(9):1653-1661.

. Hontanilla B, Vidal A. Regeneration and repair of peripheral nerves: clinical implica-
tions in facial paralysis surgery. Rev Med Univ Navarra 2000;44(1):35—-46.

. Bouten CV, Dankers PY, Driessen-Mol A, Pedron S, Brizard AM, Baaijens FP. Substrates
for cardiovascular tissue engineering. Adv Drug Deliv Rev 2011;63(4-5):221-241.

Lee SH, Shin H. Matrices and scaffolds for delivery of bioactive molecules in bone and
cartilage tissue engineering. Adv Drug Deliv Rev 2007;59(4-5):339-359.

Karp JM, Langer R. Development and therapeutic applications of advanced biomaterials.
Curr Opin Biotechnol 2007;18(5):454-459.

Langer R, Tirrell DA. Designing materials for biology and medicine. Nature 2004;428
(6982):487-492.

Schonherr E, Hausser HJ. Extracellular matrix and cytokines: a functional unit. Dev
Immunol 2000;7(2—4):89-101.

Chan BP, Leong KW. Scaffolding in tissue engineering: general approaches and tissue-
specific considerations. Eur Spine J 2008;17(Suppl 4):467—479.

Salgado AJ, Coutinho OP, Reis RL. Bone tissue engineering: state of the art and future
trends. Macromol Biosci 2004;4(8):743-765.

Wayne DB, Trajtenberg CP, Hyman DJ. Tooth and periodontal disease: a review for the
primary-care physician. Southern Med J 2001;94(9):925-932.

Black J. Making broken children normal. Special report: gurus of medical tech.
BusinessWeek 2003; July 30.

Yaszemski MJ, Oldham JB, Lu L, Currie BL. Bone Engineering, 1st ed. Toronto: Em
Squared, 1994.

Spitzer RS, Perka C, Lindenhayn K, Zippel H. Matrix engineering for osteogenic
differentiation of rabbit periosteal cells using alpha-tricalcium phosphate particles in a
three-dimensional fibrin culture. J Biomed Mater Res 2002;59(4):690-696.

Simon CG, Jr., Khatri CA, Wight SA, Wang FW. Preliminary report on the biocompatibility
of a moldable, resorbable, composite bone graft consisting of calcium phosphate cement
and poly(lactide-co-glycolide) microspheres. J Orthop Res 2002;20(3):473-482.

Rose FR, Oreffo RO. Bone tissue engineering: hope vs. hype. Biochem Biophys Res
Commun 2002;292(1):1-7.

Petite H, Viateau V, Bensaid W, Meunier A, de Pollak C, Bourguignon M, et al. Tissue-
engineered bone regeneration. Nat Biotechnol 2000;18(9):959-963.

Asahina I, Seto M, Oda E, Marukawa AM, Imranul S, Enomoto S, Bone Engineering, 1st
ed. Toronto: Em Squared, 1999.

Lee S-H, Shin H. Matrices and scaffolds for delivery of bioactive molecules in bone and
cartilage tissue engineering. Adv Drug Deliv Rev 2007;59(4-5):339-359.

Vacanti JP, Langer R. Tissue engineering: the design and fabrication of living replace-
ment devices for surgical reconstruction and transplantation. Lancet 1999;354(Suppl 1):
S132-S134.

Hutmacher DW. Scaffolds in tissue engineering bone and cartilage. Biomaterials
2000;21(24):2529-2543.



REFERENCES 153

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Agrawal CM, Ray RB. Biodegradable polymeric scaffolds for musculoskeletal tissue
engineering. J Biomed Mater Res 2001;55(2):141-150.

Leong KF, Cheah CM, Chua CK. Solid freeform fabrication of three-dimensional scaffolds
for engineering replacement tissues and organs. Biomaterials 2003;24(13):2363-2378.

Sepulveda P, Binner JG, Rogero SO, Higa OZ, Bressiani JC. Production of porous
hydroxyapatite by the gel-casting of foams and cytotoxic evaluation. J Biomed Mater
Res 2000;50(1):27-34.

Chu TM, Halloran JW, Hollister SJ, Feinberg SE. Hydroxyapatite implants with
designed internal architecture. J Mater Sci Mater Med 2001;12(6):471-478.

Wang X, Ruanb J-M, Chena Qi-Yuan. Effects of surfactants on the microstructure of
porous ceramic scaffolds fabricated by foaming for bone tissue engineering. Mater Res
Bull 2009;44(6):1275-1279.

Ramay HR, Zhang M. Preparation of porous hydroxyapatite scaffolds by combination of
the gel-casting and polymer sponge methods. Biomaterials 2003;24(19):3293-3302.
Wang J, Zhao H, Zhou S, Lu X, Feng B, Duan C, et al. One-step in situ synthesis and
characterization of sponge-like porous calcium phosphate scaffolds using a sol-gel and
gel casting hybrid process. J] Biomed Mater Res A 2009;90(2):401-410.

Zhang Y, Zhang M. Three-dimensional macroporous calcium phosphate bioceramics
with nested chitosan sponges for load-bearing bone implants. J] Biomed Mater Res
2002;61(1):1-8.

Ni S, Chang J, Chou L. A novel bioactive porous CaSiO; scaffold for bone tissue
engineering. J Biomed Mater Res A 2006;76(1):196-205.

Chen QZ, Thompson ID, Boccaccini AR. 45S5 Bioglass-derived glass-ceramic scaffolds
for bone tissue engineering. Biomaterials 2006;27(11):2414-2425.

Fu Q, Rahaman MN, Bal BS, Brown RF, Day DE. Mechanical and in vitro performance
of 13-93 bioactive glass scaffolds prepared by a polymer foam replication technique.
Acta Biomater 2008;4(6):1854-1864.

Jo IH, Shin KH, Soon Young-Mi, Koh Young-Hag, Lee Jong-Hoon, Hyoun-Ee K. Highly
porous hydroxyapatite scaffolds with elongated pores using stretched polymeric sponges
as novel template. Mater Lett 2009;63(20):1702-1704.

Fu Q, Saiz E, Tomsia AP. Bioinspired strong and highly porous glass scaffolds. Adv
Funct Mater 2011;21(6):1058-1063.

Fu Q, Saiz E, Tomsia AP. Direct ink writing of highly porous and strong glass scaffolds for
load-bearing bone defects repair and regeneration. Acta Biomater 2011;7(10):3547-3554.
Flautre B, Descamps M, Delecourt C, Blary MC, Hardouin P. Porous HA ceramic for
bone replacement: role of the pores and interconnections: experimental study in the
rabbit. J Mater Sci Mater Med 2001;12(8):679-682.

Lin HR, Kuo CJ, Yang CY, Shaw SY, Wu Y. Preparation of macroporous biodegradable
PLGA scaffolds for cell attachment with the use of mixed salts as porogen additives. J
Biomed Mater Res 2002;63(3):271-279.

Kang HG, Kim SY, Lee YML. Novel porous gelatin scaffolds by overrun/particle
leaching process for tissue engineering applications. 2006;79(2):388-397.

Wei G, Ma PX. Macroporous and nanofibrous polymer scaffolds and polymer/bone-like

apatite composite scaffolds generated by sugar spheres. ] Biomed Mater Res A 2006;78
(2):306-315.



154

45

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

INTEGRATING TOP-DOWN AND BOTTOM-UP SCAFFOLDING TISSUE ENGINEERING

. Liu Y, Kim JH, Young D, Kim S, Nishimoto SK, Yang Y. Novel template-casting technique
for fabricating beta-tricalcium phosphate scaffolds with high interconnectivity and
mechanical strength and in vitro cell responses. J Biomed Mater Res A 2010;92
(3):997-1006.

Kang Y, Kim S, Khademhosseini A, Yang Y. Creation of bony microenvironment with
CaP and cell-derived ECM to enhance human bone-marrow MSC behavior and delivery
of BMP-2. Biomaterials 2011;32(26):6119-6130.

Kang Y, Scully A, Young DA, Kim S, Tsao H, Sen M, et al. Enhanced mechanical
performance and biological evaluation of a PLGA coated beta-TCP composite scaffold
for load-bearing applications. Eur Polym J 2011;47(8):1569-1577.

Mikos AG, Lyman MD, Freed LE, Langer R. Wetting of poly(L-lactic acid) and poly(pL-
lactic-co-glycolic acid) foams for tissue culture. Biomaterials 1994;15(1):55-58.
Holy CE, Dang SM, Davies JE, Shoichet MS. In vitro degradation of a novel poly
(lactide-co-glycolide) 75/25 foam. Biomaterials 1999;20(13):1177-1185.

Hacker M, Tessmar J, Neubauer M, Blaimer A, Blunk T, Gopferich A, et al. Towards

biomimetic scaffolds: anhydrous scaffold fabrication from biodegradable amine-reactive
diblock copolymers. Biomaterials 2003;24(24):4459-4473.

Kim SS, Sun Park M, Jeon O, Yong Choi C, Kim BS. Poly(lactide-co-glycolide)/
hydroxyapatite composite scaffolds for bone tissue engineering. Biomaterials 2006;27
(8):1399-1409.

Luo CJ, Nangrejo M, Edirisinghe M. A novel method of selecting solvents for polymer
electrospinning. Polymer 2010;51(7):1654—-1662.

Dorati R, Colonna C, Genta I, Modena T, Conti B. Effect of porogen on the physico-
chemical properties and degradation performance of PLGA scaffolds. Polym Degrad
Stabil 2010;95(4):694-701.

Agrawal CM, Mckinney JS, Huang D, Athanasiou KA. Synthetic Bioabsorbable
Polymers for Implants, 1st ed. Philadelphia: ASTM;2000.
Yoon JJ, Park TG. Degradation behaviors of biodegradable macroporous scaffolds

prepared by gas foaming of effervescent salts. J Biomed Mater Res 2001;55(3):401—
408.

Murphy WL, Dennis RG, Kileny JL, Mooney DJ. Salt fusion: an approach to improve
pore interconnectivity within tissue engineering scaffolds. Tissue Eng 2002;8
(1):43-52.

Guan L, Davies JE. Preparation and characterization of a highly macroporous bio-
degradable composite tissue engineering scaffold. J Biomed Mater Res A 2004;71
(3):480-487.

Hua FJ, Kim GE, Lee JD, Son YK, Lee DS. Macroporous poly(L-lactide) scaffold 1.
Preparation of a macroporous scaffold by liquid-liquid phase separation of a PLLA-
dioxane—water system. J Biomed Mater Res 2002;63(2):161-167.

Schugens C, Maquet V, Grandfils C, Jerome R, Teyssie P. Polylactide macroporous
biodegradable implants for cell transplantation. II. Preparation of polylactide foams by
liquid-liquid phase separation. J Biomed Mater Res 1996;30(4):449-461.

Lo H, Ponticiello MS, Leong KW. Fabrication of controlled release biodegradable foams
by phase separation. Tissue Eng 1995;1(1):15-28.

Harris LD, Kim BS, Mooney DJ. Open pore biodegradable matrices formed with gas
foaming. J Biomed Mater Res 1998;42(3):396-402.



REFERENCES 155

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Mou Z-L, Zhao L-J, Zhang Q-A, Zhang J, Zhang Z-Q. Preparation of porous
PLGA/HA/collagen scaffolds with supercritical CO, and application in osteoblast
cell culture. J Supercrit Fluids 2011;58(3):398—406.

Salerno A, Zeppetelli S, Maio ED, Iannace S, Netti PA. Novel 3D porous multi-phase
composite scaffolds based on PCL, thermoplastic zein and ha prepared via super-
critical CO, foaming for bone regeneration. Compos Sci Technol 2010;70(13):1838—
1846.

White LJ, Hutter V, Tai H, Howdle SM, Shakesheff KM. The effect of processing
variables on morphological and mechanical properties of supercritical CO(2) foamed
scaffolds for tissue engineering. Acta Biomater 2012;8(1):61-71

Blacher S, Calberg C, Kerckhofs G, Léonard A, Wevers M, Jérome R, et al. The porous
structure of biodegradable scaffolds obtained with supercritical CO, as foaming agent.
In: Llewellyn FR-RJR PL, Seaton N, editors. Studies in Surface Science and Catalysis:
Elsevier;2007, p 681-688.

Whang K, Thomas CH, Healy KE, Nuber G. A novel method to fabricate bioabsorbable
scaffolds. Polymer 1995;36(4):837-842.

Yoshimoto H, Shin YM, Terai H, Vacanti JP. A biodegradable nanofiber scaffold by
electrospinning and its potential for bone tissue engineering. Biomaterials 2003;24
(12):2077-2082.

Lam CXF, Mo XM, Teoh SH, Hutmacher DW. Scaffold development using 3D printing
with a starch-based polymer. Mater Sci Eng C 2002;20(1-2):49-56.

Bergmann C, Lindner M, Zhang W, Koczur K, Kirsten A, Telle R, et al. 3D printing of
bone substitute implants using calcium phosphate and bioactive glasses. J Eur Ceram Soc
2010;30(12):2563-2567.

Fierz FC, Beckmann F, Huser M, Irsen SH, Leukers B, Witte F, et al. The morphology
of anisotropic 3D-printed hydroxyapatite scaffolds. Biomaterials 2008;29(28):3799—
3806.

Eshraghi S, Das S. Mechanical and microstructural properties of polycaprolactone
scaffolds with one-dimensional, two-dimensional, and three-dimensional orthogonally
oriented porous architectures produced by selective laser sintering. Acta Biomater
2010;6(7):2467-2476.

Yeong WY, Sudarmadji N, Yu HY, Chua CK, Leong KF, Venkatraman SS, et al. Porous
polycaprolactone scaffold for cardiac tissue engineering fabricated by selective laser
sintering. Acta Biomater 2010;6(6):2028-2034.

Tan KH, Chua CK, Leong KF, Cheah CM, Cheang P, Abu Bakar MS, et al. Scaffold
development using selective laser sintering of polyetheretherketone—hydroxyapatite
biocomposite blends. Biomaterials 2003;24(18):3115-3123.

Williams JM, Adewunmi A, Schek RM, Flanagan CL, Krebsbach PH, Feinberg SE, et al.
Bone tissue engineering using polycaprolactone scaffolds fabricated via selective laser
sintering. Biomaterials 2005;26(23):4817—-4827.

Dhariwala B, Hunt E, Boland T. Rapid prototyping of tissue-engineering constructs,
using photopolymerizable hydrogels and stereolithography. Tissue Eng 2004;10(9-
10):1316-1322.

Seck TM, Melchels FPW, Feijen J, Grijpma DW. Designed biodegradable hydrogel
structures prepared by stereolithography using poly(ethylene glycol)/poly(p,L-lactide)-
based resins. J Control Release 2010;148(1):34-41.



156

Tl

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

INTEGRATING TOP-DOWN AND BOTTOM-UP SCAFFOLDING TISSUE ENGINEERING

. Jabbari E, Rocheleau D, Xu W, He X. Fabrication of biomimetic scaffolds with well-
defined pore geometry by fused deposition modeling. ASME Int Conf Manuf Sci Eng
2007; Atlanta, GA: ASME Publishing; 2007. p 71-76.

Miranda P, Saiz E, Gryn K, Tomsia AP. Sintering and robocasting of beta-tricalcium
phosphate scaffolds for orthopaedic applications. Acta Biomater 2006;2(4):457—
466.

Michna S, Wu W, Lewis JA. Concentrated hydroxyapatite inks for direct-write assembly
of 3-D periodic scaffolds. Biomaterials 2005;26(28):5632-5639.

Miranda P, Pajares A, Saiz E, Tomsia AP, Guiberteau F. Fracture modes under uniaxial
compression in hydroxyapatite scaffolds fabricated by robocasting. ] Biomed Mater Res
A 2007;83(3):646-655.

Saiz E, Gremillard L, Menendez G, Miranda P, Gryn K, Tomsia AP. Preparation of
porous hydroxyapatite scaffolds. Mater Sci Eng C 2007;27(3):546-550.

Martinez-Vazquez FJ, Perera FH, Miranda P, Pajares A, Guiberteau F. Improving the
compressive strength of bioceramic robocast scaffolds by polymer infiltration. Acta
Biomater 2010;6(11):4361-4368.

Peroglio M, Gremillard L, Chevalier J, Chazeau L, Gauthier C, Hamaide T. Toughen-
ing of bio-ceramics scaffolds by polymer coating. J Eur Ceram Soc 2007;27(7):2679—
2685.

Chevalier J, Gremillard L. Ceramics for medical applications: a picture for the next
20 years. J Eur Ceram Soc 2009;29(7):1245-1255.

Komlev VS, Barinov SM, Rustichelli F. Strength enhancement of porous hydroxy-
apatite ceramics by polymer impregnation. J Mater Sci Lett 2003;22(17):1215-
1217.

Chen G, Sato T, Ohgushi H, Ushida T, Tateishi T, Tanaka J. Culturing of skin fibroblasts
in a thin PLGA—collagen hybrid mesh. Biomaterials 2005;26(15):2559-2566.

Ma Z, Gao C, Gong Y, Shen J. Cartilage tissue engineering PLLA scaffold with surface
immobilized collagen and basic fibroblast growth factor. Biomaterials 2005;26
(11):1253-1259.

He XZ, MaJY, Jabbari E. Effect of grafting RGD and BMP-2 protein-derived peptides to
a hydrogel substrate on osteogenic differentiation of marrow stromal cells. Langmuir
2008;24(21):12508-12516.

Voronov RS, VanGordon SB, Sikavitsas VI, Papavassiliou DV. Distribution of flow-
induced stresses in highly porous media. Appl Phys Lett 2010;97(2):024101.
VanGordon SB, Voronov RS, Blue TB, Shambaugh RL, Papavassiliou DV, Sikavitsas VI.
Effects of scaffold architecture on preosteoblastic cultures under continuous fluid shear.
Ind Eng Chem Res 2011;50(2):620-629.

Alvarez-Barreto JF, Landy B, VanGordon S, Place L, DeAngelis PL, Sikavitsas VI.
Enhanced osteoblastic differentiation of mesenchymal stem cells seeded in RGD-
functionalized PLLA scaffolds and cultured in a flow perfusion bioreactor. J Tissue
Eng Regen Med 2011;5(6):464-475.

Zamanian B, Masaeli M, Nichol JW, Khabiry M, Hancock MJ, Bae H, et al. Interface-
directed self-assembly of cell-laden microgels. Small 2010;6(8):937-944.
Khadembhosseini A, YehJ, Jon S, Eng G, Suh KY, Burdick JA, et al. Molded polyethylene
glycol microstructures for capturing cells within microfluidic channels. Lab Chip 2004;4
(5):425-430.



REFERENCES 157

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Khadembhosseini A, Jon S, Suh KY, Tran TNT, Eng G, Yeh J, et al. Direct patterning of
protein- and cell-resistant polymeric monolayers and microstructures. Adv Mater
2003;15(23):1995-2000.

Yeh J, Ling Y, Karp JM, Gantz J, Chandawarkar A, Eng G, et al. Micromolding of shape-
controlled, harvestable cell-laden hydrogels. Biomaterials 2006;27(31):5391-5398.
Khademhosseini A, Langer R. Microengineered hydrogels for tissue engineering.
Biomaterials 2007;28(34):5087-5092.

Batorsky A, Liao J, Lund AW, Plopper GE, Stegemann JP. Encapsulation of adult human
mesenchymal stem cells within collagen-agarose microenvironments. Biotechnol
Bioeng 2005;92(4):492-500.

Zielinski BA, Aebischer P. Chitosan as a matrix for mammalian cell encapsulation.
Biomaterials 1994;15(13):1049-1056.

Nuttelman CR, Tripodi MC, Anseth KS. Synthetic hydrogel niches that promote hMSC
viability. Matrix Biol 2005;24(3):208-218.

Nichol JW, Koshy ST, Bae H, Hwang CM, Yamanlar S, Khademhosseini A. Cell-laden
microengineered gelatin methacrylate hydrogels. Biomaterials 2010;31(21):5536-5544.
McGuigan AP, Sefton MV. Vascularized organoid engineered by modular assembly
enables blood perfusion. Proc Natl Acad Sci USA 2006;103(31):11461-11466.
Nahmias Y, Schwartz RE, Verfaillie CM, Odde DJ. Laser-guided direct writing for three-
dimensional tissue engineering. Biotechnol Bioeng 2005;92(2):129-136.

Liu Tsang V, Chen AA, Cho LM, Jadin KD, Sah RL, DeLong S, et al. Fabrication of 3D
hepatic tissues by additive photopatterning of cellular hydrogels. FASEB J 2007;21
(3):790-801.

Chung SE, Park W, Shin S, Lee SA, Kwon S. Guided and fluidic self-assembly of
microstructures using railed microfluidic channels. Nat Mater 2008;7(7):581-587.

Du Y, Lo E, Vidula MK, Khabiry M, Khademhosseini A. Method of bottom-up directed
assembly of cell-laden microgels. Cell Mol Bioeng 2008;1(2):157-162.

Xu WJ, Ma JY, Jabbari E. Material properties and osteogenic differentiation of marrow
stromal cells on fiber-reinforced laminated hydrogel nanocomposites. Acta Biomater
2010;6(6):1992-2002.

Du Y, Lo E, Ali S, Khademhosseini A. Directed assembly of cell-laden microgels for
fabrication of 3D tissue constructs. Proc Natl Acad Sci USA 2008;105(28):9522-9527.
Du Y, Ghodousi M, Lo E, Vidula MK, Emiroglu O, Khademhosseini A. Surface-directed
assembly of cell-laden microgels. Biotechnol Bioeng 2010;105(3):655-662.
Fernandez JG, Khademhosseini A. Micro-masonry: construction of 3D structures by
microscale self-assembly. Adv Mater 2010;22(23):2538-2541.

Bruzewicz DA, McGuigan AP, Whitesides GM. Fabrication of a modular tissue
construct in a microfluidic chip. Lab Chip 2008;8(5):663-671.

Fedorovich NE, De Wijn JR, Verbout AJ, Alblas J, Dhert WJ. Three-dimensional fiber
deposition of cell-laden, viable, patterned constructs for bone tissue printing. Tissue Eng
Part A 2008;14(1):127-133.

Mironov V, Visconti RP, Kasyanov V, Forgacs G, Drake CJ, Markwald RR. Organ
printing: tissue spheroids as building blocks. Biomaterials 2009;30(12):2164-2174.
Norotte C, Marga FS, Niklason LE, Forgacs G. Scaffold-free vascular tissue engineering
using bioprinting. Biomaterials 2009;30(30):5910-5917.



158

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

INTEGRATING TOP-DOWN AND BOTTOM-UP SCAFFOLDING TISSUE ENGINEERING

Fedorovich NE, Wijnberg HM, Dhert WJ, Alblas J. Distinct tissue formation by
heterogeneous printing of osteo- and endothelial progenitor cells. Tissue Eng Part A
2011;17(15-16):2113-2121.

Giesser BS. Primary lateral sclerosis. Arch Neurol 1989;46(11):1166-1167.

Shimizu T, Yamato M, Kikuchi A, Okano T. Cell sheet engineering for myocardial tissue
reconstruction. Biomaterials 2003;24(13):2309-2316.

Sekiya S, Shimizu T, Yamato M, Kikuchi A, Okano T. Bioengineered cardiac cell sheet
grafts have intrinsic angiogenic potential. Biochem Biophys Res Commun 2006;341
(2):573-582.

Shimizu T, Sekine H, Yang J, Isoi Y, Yamato M, Kikuchi A, et al. Polysurgery of cell
sheet grafts overcomes diffusion limits to produce thick, vascularized myocardial
tissues. FASEB J 2006;20(6):708-710.

Kachouie NN, Du Y, Bae H, Khabiry M, Ahari AF, Zamanian B, et al. Directed assembly
of cell-laden hydrogels for engineering functional tissues. Organogenesis 2010;6
(4):234-244.

Breithardt G, Borggrefe M, Martinez-Rubio A, Budde T. Pathophysiological mecha-
nisms of ventricular tachyarrhythmias. Eur Heart J 1989;10(Suppl E):9-18.

Ouyang HW, Toh SL, Goh J, Tay TE, Moe K. Assembly of bone marrow stromal cell
sheets with knitted poly(L-lactide) scaffold for engineering ligament analogs. J Biomed
Mater Res B Appl Biomater 2005;75(2):264-271.

Sargeant TD, Guler MO, Oppenheimer SM, Mata A, Satcher RL, Dunand DC, et al.
Hybrid bone implants: self-assembly of peptide amphiphile nanofibers within porous
titanium. Biomaterials 2008;29(2):161-171.

Nichol JW, Khademhosseini A. Modular tissue engineering: engineering biological
tissues from the bottom up. Soft Matter 2009;5(7):1312—-1319.





