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Scaffold design parameters including porosity, pore size, interconnectivity, and mechanical properties have a
significant influence on osteogenic signal expression and differentiation. This review evaluates the influence of
each of these parameters and then discusses the ability of stereolithography (SLA) to be used to tailor scaffold
design to optimize these parameters. Scaffold porosity and pore size affect osteogenic cell signaling and ulti-
mately in vivo bone tissue growth. Alternatively, scaffold interconnectivity has a great influence on in vivo bone
growth but little work has been done to determine if interconnectivity causes changes in signaling levels.
Osteogenic cell signaling could be also influenced by scaffold mechanical properties such as scaffold rigidity and
dynamic relationships between the cells and their extracellular matrix. With knowledge of the effects of these
parameters on cellular functions, an optimal tissue engineering scaffold can be designed, but a proper tech-
nology must exist to produce this design to specification in a repeatable manner. SLA has been shown to be
capable of fabricating scaffolds with controlled architecture and micrometer-level resolution. Surgical implan-
tation of these scaffolds is a promising clinical treatment for successful bone regeneration. By applying
knowledge of how scaffold parameters influence osteogenic cell signaling to scaffold manufacturing using SLA,

tissue engineers may move closer to creating the optimal tissue engineering scaffold.

Introduction

TISSUE ENGINEERING STRATEGIES involving cell/scaffold
constructs represent a promising alternative for the
treatment of bone injuries. However, the nature and extent of
the interactions between cells and the scaffolds are not yet
fully understood. Recent research in bone tissue engineering
has utilized mesenchymal stem cells (MSCs) for the prepa-
ration of cell/scaffold complexes (see Table 1 for a list of
definitions). Because of the capability of MSCs to differenti-
ate into multiple tissues, it is of importance to optimize a
variety of parameters including chemical, biological, and
mechanical cues to induce the osteogenic differentiation of a
scaffold-localized cell population. Progenitor MSCs either
transplanted to scaffolds before implantation or recruited
from surrounding host tissues may differentiate into osteo-
genic lineages through a series of steps including prolifera-
tion, matrix formation, and mineralization.! During these
stages, a variety of growth factors, cytokines, and hormones
are involved and these chemical/biological signals dynami-
cally interact with cell populations to facilitate differentiation
cascades. Bone morphogenetic protein-2 (BMP-2),>” fibro-
blast growth factor,®” transforming growth factor,®” vascu-
lar endothelial growth factor,’®'? and platelet-derived

growth factor’'® are the major osteogenic growth factors,

whereas alkaline phosphatase (ALP) and osteocalcin (OC)
are osteogenic differentiation marker proteins. In addition,
osteopontin (OP), osteonectin, and bone sialoprotein (BSP)
are the important protein components of bone extracellular
matrix (ECM).'*!® Therefore, secreted growth factors from
cells may be closely related to the regulation of osteogenic
differentiation of a scaffold-localized cell population prior to
implantation as well as a recruited cell population from the
surrounding host tissues. Enhanced expression of endog-
enous growth factor genes might facilitate abundant
existence of growth factors in the surrounding microenvi-
ronment, stimulate the osteogenic differentiation of progen-
itor cell population, and finally induce bone regeneration.
In addition to the upregulation of osteogenic signal expres-
sion, the control of dynamic signaling pathways such as
Smad, mitogen-activated protein kinase (MAPK),S’16 Wnt,"”
and the involvement of runt-related transcription factor-2
(Runx2)'®1? and receptor activator of nuclear factor kB li-
gand® might facilitate a tissue-engineered cell/scaffold
construct in bringing about bone tissue regeneration.

The association of many cell/scaffold construction pa-
rameters influences osteogenic signal expression. Among
those parameters, physical construction factors, specifically
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TABLE 1. ABBREVIATIONS AND EXPANSIONS

3DP Three-dimensional printing

ALP Alkaline phosphatase

BMP Bone morphogenetic protein

BSP Bone sialoprotein

CAD Computer-aided design

CARP Computer-aided rapid prototyping

DEF Diethyl fumarate

ECM Extracellular matrix

ERK Extracellular signal-regulated kinase

FAK Focal adhesion kinase

GAG Glycosaminoglycan

HA Hydroxyapatite

MAPK Mitogen-activated protein kinase

MSC Mesenchymal stem cell

NVP N-Vinyl-2-pyrrolodone

oC Osteocalcin

(0] Osteopontin

PDLLA Poly(p,L-lactide)

PEG Poly(ethylene glycol)

PEG-DA Poly(ethylene glycol)-diacrylate

PEG-DMA Poly(ethylene glycol)-dimethacrylate

PEO Poly(ethylene oxide)

PLG Poly(r-lactic-co-glycolide)

PLGA poly(lactic-co-glycolic acid)

PLA Poly(r-lactide)

PLLA Poly(r-lactic acid)

PPF Poly(propylene fumarate)

RhoA Ras homolog gene family, member A

RGD Arginine-glycine-aspartic acid

ROCK Rho-associated, coiled-coil-containing
protein kinase 1

Runx2 Runt-related transcription factor-2

SFF Solid freeform fabrication

SLA Stereolithography

TCP Tricalcium phosphate

scaffold design parameters including porosity, pore size,
scaffold interconnectivity, and mechanical strength (stiff-
ness), have been shown to influence the osteogenic signal
expression and subsequent differentiation of cells seeded on
scaffolds both in vitro and in vivo.?'* Further, it has also
been demonstrated that these properties might impact the
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architecture and the amount of in vivo bone formation.?>2®

Therefore, the demonstrated importance of these scaffold
parameters dictates that an optimal bone tissue engineering
scaffold must be achieved for the stimulation of desired
signal expression and the induction of osteogenic differenti-
ation of the recruited cell population. Along with the com-
bination of other chemical and biological factors such as the
administration of growth factor proteins, the repeated con-
struction of precisely controlled architectures with the opti-
mal design parameters is necessary to achieve an optimal
bone tissue engineering scaffold. Stereolithography (SLA)
represents a promising advanced scaffold-manufacturing
technique to achieve this goal.***' SLA is a rapid prototyping
technique that uses photopolymerization to create three-
dimensional (3D) scaffolds layer by layer to a design speci-
fication that is input via computer.’*>* This method will
enable scaffolds to be reproduced with controlled porosity,
pore size, interconnectivity, and mechanical properties, all of
which greatly influence osteogenic signaling and differenti-
ation. Therefore, this review will (1) discuss the influence of
scaffold construct parameters on in vitro osteogenic signaling
and in vivo bone formation and (2) evaluate SLA as a
manufacturing technology to fabricate scaffolds to meet the
requirements set forth in the literature.

Structural Parameters to Control Cell Signaling
Effect of porosity and pore size on cell signaling

The ability of a scaffold to enhance osteogenic signal
expression and support new bone formation is largely
dependent on the pore size and porosity of the scaffold
(Table 2). Porosity refers to the overall percentage of void
space within a solid, whereas pore size reflects the diameter
of individual voids in the scaffold.*® The importance of
scaffold porosity and pore size can be attributed to the na-
tive structure of bone, which itself is a porous tissue. Cortical
bone is largely a dense structure, but within it exists pores
that give an overall porosity of 10%.*® Porous regions of
cortical bone allow for vascularization and cellular infiltra-
tion of the structure. Conversely, trabecular bone is a highly
porous structure with typical porosity values between 50%
and 90%.°

TABLE 2. THE EFFECT OF POROSITY AND PORE S1ZE ON OSTEOGENIC SIGNAL EXPRESSION AND DIFFERENTIATION

Scaffold materials Function and biological improvements Reference
Collagen-GAG Pore size affects OC, OP, collagen I, and BSP mRNA expression. 41
Improved migration in pore sizes larger than 300 um. 152
Calcium phosphate Higher pore sizes (280 um) result in greater osseointegration. Pore size also affects blood 40
vessel formation.
Bone growth is affected more by pore size than porosity. Larger pore size induces greater 26
bone formation.
B-TCP ALP expression affected by size of pores and porosity of scaffolds. Higher mineralization 21
with higher porosity.
PLGA Pore size and porosity affect spatial distribution of new bone formation in cranial defect. 49
Polycaprolactone Pore sizes between 350 and 800 pm have limited role in bone regeneration after 8 weeks of 50
implantation subcutaneously in mice.
Pore size affects bone formation and type of tissue formed. 27
EH-PEG Pore size affects BMP-2 expression. 45
HA Higher ALP expression of human MSCs in smaller pore sizes (200 um). 23

Higher proliferation in larger pore sizes (500 pm).
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Porosity and pore size have significant ramifications on
the ability of tissue engineering scaffolds to support bone
regeneration for several reasons. First, porosity and pore size
have been shown to affect cell attachment efficiency, which
consequently impacts the cell seeding density, cell distribu-
tion, and cell migration.””'>? These factors have been shown
to affect osteogenic differentiation through changes in sig-
naling distances.”® Moreover, pore size and porosity have a
significant effect on the mechanical strength of a scaffold.
Sufficient scaffold strength to provide mechanical support to
a defect is often required for a hard tissue engineering scaf-
fold such as bone, especially when the bone is load bearing.39
Further, porosity and pore size affect the ability of the scaf-
fold to promote in vivo osteoconduction and vascularization.
Integration of native tissue into a scaffold is fostered through
growth into interconnected pores, and thus both optimal and
minimal pore sizes have been established to support tissue
ingrow’ch.35'40 Finally, pore size and porosity affect in vivo
and in vitro cell signaling, which in turn affects osteoblastic
differentiation of MSCs and the production of ECM pro-
teins 354145

Not only must the optimal bone tissue engineering scaf-
fold support the growth and osteogenesis of a seeded cell
population, it must also support osteoconduction and vas-
cularization from the surrounding tissue.***” Both osteo-
conduction and vascularization are influenced by scaffold
pore size, porosity, and interconnectivity of pores. In scaf-
folds with similar porosities (~50%), it has been established
that pore sizes of at least 40 um are required for minimal
bone ingrowth, whereas pore sizes of 100-350 um are con-
sidered optimal.*** In a study analyzing the effect of pore
size and porosity on bone healing in a critical-sized rat cra-
nial defect, it was shown that smaller pore sizes (100 pm)
induce greater amounts of bone healing than larger pore
sizes (500 um).* This study also found a link to porosity,
scaffold swelling, and degradation. It may be desirable to
have the scaffold size and shape change over time as the
scaffold material is resorbed and to have the regenerated
bone tissue remodel. In these remodeling cases, the material
type and degradation rate should be factored into deter-
mining optimal pore volume, pore geometry, interpore wall
thickness, and porosity. Scaffolds with larger pore sizes were
found to have limited bone growth after about 4 weeks.**°
Thus it was hypothesized that smaller pore sizes may en-
hance continuous host tissue ingrowth. It was also concluded
that pore size influences the location of tissue ingrowth, in-
dicating that porosity and pore size should be tailored to
different bone types and injury sites, a difficult task with
traditional scaffold-manufacturing methods.

In another study, femoral bone scaffolds with pore sizes of
565 pm exhibited higher amounts of bone formation than
scaffolds with pore sizes of 300 um. Within these pore size
groups, porosity was also varied from 40% to 50%, but no
significant change in bone growth was observed, indicating
that porosity may have less of an effect on bone growth than
pore size.”® Despite numerous studies on the topic, there
remains disagreement over the significance of pore size on
in vivo bone formation. In polycaprolactone scaffolds made
with pore sizes of 350, 550, and 800 um, limited differences
were observed in the amount of bone growth after 8 weeks.*
After 4 weeks, the largest pore size group did exhibit greater
bone growth, which could indicate that pore size does
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influence the amount of bone ingrowth, but after 8 weeks,
this influence was no longer discernable. It might be possible
that more dramatic responses to pore size are only seen at
lower pore sizes. For example, it was found that pore sizes of
300 pm induced significantly increased amounts of bone
growth after 4 weeks using polycaprolactone scaffolds in a
rabbit cranial defect, compared with 100, 200, or 400 pm pore
sizes.” The discrepancy between these studies could indicate
that pore size is not the only variable influencing bone
growth. The material type and pore shape as well as the
implant size and surrounding tissue vascularization could
also influence the effects of pore size on bone ingrowth.

Despite these discrepancies, the influence of pore size and
porosity on in vivo bone growth has been noted. Pore size has
been observed to influence not only the osteoconduction of a
scaffold, but also the vascularization, which is crucial to
successful bone formation. In a study utilizing calcium
phosphate ceramics, pore sizes of 140-280 um exhibited fas-
ter vessel formation than pores of 40-140 pm. Also larger
pore sizes had significantly higher capillary density than
small pore sizes. The volume of new bone correlated with
these results as the largest pore size group (210-280 um) had
the most new bone growth.*® Rapid vascularization is im-
portant for bone tissue growth in an implanted scaffold as
cells on the interior portions of the scaffolds will not survive
without a blood and nutrient supply. Oxygen and nutrient
transfer distances are limited to ~200um, making vascu-
larization a concern even in smaller scaffolds.” The degree of
vascularization in a bone tissue engineering scaffold also
influences the mechanism by which bone formation oc-
curs.**>* Hydroxyapatite (HA) scaffolds with pore sizes of
90-120 um were shown to support bone formation by a
process of endochondral ossification where MSCs proliferate
on the scaffold and begin to form cartilage tissue.”®> The
cartilage then begins to become vascularized and is resorbed
by phagocytic cells. MSCs migrate to the site, differentiate
into osteoblasts, and begin to form bone. This process can
lead to highly organized bone structures observed in long
bones.*® Scaffolds with pore sizes of 350 pm were observed to
form bone through intramembranous ossification where
MSCs initially migrate in with vascularization and form new
bone directly without any cartilage formation.>® This type of
bone formation is typical in the cranium and other flat bones.
Pore size can influence the method of bone formation as it
affects the degree of vascularization, which in turn affects the
oxygen present in the tissue and ultimately whether chon-
drogenesis or osteogenesis occurs. Therefore, the effect of
pore size on the mechanism that results in bone formation
underscores the importance of precise control over the pore
size and porosity of the scaffold and pore architecture may
need to be tailored to specific bones for effective tissue en-
gineering.

In addition to in vivo bone growth, it has also been shown
that in vitro cell growth and differentiation on scaffolds are
greatly affected by pore size and porosity. In vivo porosity
and pore size mainly influence bone growth by influencing
the native tissue that invades the scaffold, whereas in vitro
studies have emphasized the influence of pore size and po-
rosity on the migration, proliferation, differentiation, and
signaling of cells within a scaffold.* For instance, Mygind
et al. have shown the effect of pore size on the expression of a
series of osteogenic signals.”> Human MSCs cultured on
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coralline HA scaffolds exhibited lower proliferation rate and
higher degree of differentiation as shown by increased ALP,
OC, and BMP-2 mRNA expression on scaffolds with a
smaller pore size (200 um) as opposed to a larger pore size
(500 pm). The enhancement of osteogenic differentiation and
a lower proliferation rate may both be explained by the
difference in surface area and transport efficiency resulting
from the change in pore size. It might be suggested that a
scaffold geometry with smaller pore size resulted in in-
creasing tortuosity, thereby decreasing transport efficiency of
soluble factors in the aqueous surrounding environments
and limiting the cell infiltration. Subsequently, decreased
proliferation might be observed because of changes in sig-
naling distances by varying the pore geometry that induces a
higher level of differentiation. Another study has also shown
that pore size and porosity influence expression levels of
osteogenic signals. In collagen—glycosaminoglycan (GAG)
scaffolds, greater expression of OC and type I collagen in
MSCs after 21 days of culture was observed in scaffolds with
pore sizes of 151 pm when compared with 96 um.*' More-
over, pore size has also been shown to influence the differ-
entiation of human MSCs on B-tricalcium phosphate (B-TCP)
scaffolds with varying porosities (25%—75%) and pore sizes
(10-600 pm, respectively).?! In this research, no significant
difference was observed in the in vitro osteogenic differenti-
ation between the groups. However, when the samples were
implanted into skin folds of mice, a significantly higher
amount of osteoblastic differentiation was observed as
shown by ALP production in scaffold constructs with 65%
and 75% porosities, with the highest amount observed in
the 65% group. This study indicates that porosity may not
be the sole influence of osteogenic differentiation and that
differences in signal expression might be observed relating
to pore size in vivo even without bone ingrowth from
surrounding tissues.”’ Using an EH-PEG hydrogel fabri-
cated from poly(ethylene glycol)-diacrylate (PEG-DA) and
5-ethyl-5-(hydroxymethyl)-B,-dimethyl-1,3-dioxane-2-ethanol
diacrylate (EHD), the effect of pore size and porosity on the
BMP-2 signaling of human MSCs was investigated in scaf-
folds with pore sizes of 100 and 250 pm.45 In this study, BMP-
2 signaling was upregulated in the scaffolds with 250 pm
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pore size when compared with those with 100 um pore size
with the same porosity on days 4, 8, and 12. This indicates
that pore size has an effect on BMP-2 signal expression.
Further, 50-70-fold increases in BMP-2 expression were ob-
served in 3D porous gels when compared with 2D mono-
layer culture, highlighting the effect of 3D architecture on
signal expression. It was hypothesized that this effect re-
sulted from a concentration of signaling molecules within the
hydrogel, enhancing autocrine and paracrine cell signaling.

Scaffold porosity and pore size can influence in wvitro
growth and differentiation of a seeded MSC population, al-
though these effects are often less-pronounced ways than
in vivo bone growth. Although much research has been done
in this area, further studies are necessary to determine the
optimal pore size for in vitro bone growth and to fully elu-
cidate the effect of pore size and porosity on cell signaling.
For the future of bone tissue engineering, highly controlled
and characterized scaffolds must be created to not only
further evaluate the influence of porosity and pore size, but
also to create scaffolds with reliable geometries to ensure
predictable clinical use.

Scaffold interconnectivity

Another important characteristic of scaffold architecture is
the degree of interconnectivity between the pores of a scaf-
fold. Scaffolds that feature a highly interconnected architec-
ture allow for enhanced communication between cells at
different areas within a scaffold and promote tissue ingrowth
(Table 3). Scaffold interconnectivity has been shown to have a
limited direct effect on MSC signaling and differentiation, but
a profound effect on the morphology of bone formed within a
scaffold.>*°® When human MSCs were seeded on silk con-
structs, no significant differences were observed in ALP ex-
pression and calcium deposition after 4 weeks of culture
between scaffolds with different levels of 1'nterconnec’civi’cy.54
However, significant differences were observed in the degree
of cellular ingrowth in the scaffolds. It was observed that
growth into scaffolds with low interconnectivity was con-
fined to surface pores, whereas highly interconnected scaf-
folds featured homogenous mineralization and a network of

TABLE 3. THE EFFECT OF INTERCONNECTIVITY ON OSTEOGENIC SIGNAL EXPRESSION AND DIFFERENTIATION

Scaffold materials

Function and biological improvements

Reference

PLG

Faster colonization in scaffolds with large scaffold interconnectivity. No change observed in 57

gene expression levels of vinculin, B-actin, OC, or OP with changes in scaffold interconnectivities.

Silk fibroin
protein expression.

Interconnectivity influences morphology of in vitro bone growth of human MSCs but not ALP 54

HA In vitro cell penetration enhanced by large interconnected channels, established minimum channel 55
size of 80 pm for cell penetration.
Enhancement of bone ingrowth observed in channels over 100 um. Micro-computed tomography 60, 61
used to assess bone growth.
Scaffolds manufactured using SFF. Geometry of channels influence in vivo bone growth. 24
Scaffolds formed from mold using SLA. Individual channels should be interconnected for increased 25
bone growth.
HA/B-TCP Osteoblasts could penetrate channels as small as 20 pm but could not form bone until channel 59
diameter reached 50 pm. Also, changes were observed with material type.
Titanium Length and size of pore connection to surface of scaffold influenced the amount of bone ingrowth. 62
PLGA/B-TCP  Scaffolds manufactured using SFF. Macroscopic channels guide bone growth and dictate tissue 28

type produced.
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bone-like tissue. In another study using poly(L-lactide-
co-glycolide), levels of vinculin, B-actin, OC, and OP of human
MG63 cells were similar for scaffolds with varying inter-
connectivities.”” Greater penetration depth was observed in
scaffolds with larger pore sizes and higher interconnectivity,
although these differences diminished after 15 days. This
study suggested that increasing pore size and inter-
connectivity yielded faster colonization of cells and that degree
of interconnectivity should be tailored to bone cells as con-
nective tissues may infiltrate more quickly into smaller con-
nections, resulting in inhibition of bone tissue infiltration.
Scaffold interconnectivity may also affect bone formation and
osteogenic signal expression by affecting the degree of nutrient
diffusion into a scaffold.”® As previously described, bone nu-
trient and oxygen transfer are a concern in any 3D construct.

Degree of interconnectivity is not the sole factor influ-
encing bone ingrowth, as the diameter of channels connect-
ing pores has also been shown to influence cell penetration.
In a study to investigate the effect of channel diameter on cell
penetration in vitro using HA scaffolds and human osteo-
sarcoma cells, it was found that larger channel diameter
resulted in both increasing cell coverage and deeper pene-
tration into the center of the scaffold.’® Further, it was also
found that there was a minimum level of channel diameter
required for cell penetration (82 um).” Similarly, in another
study, human osteoblasts were shown to penetrate channels
over 20 um, but a pore size of 50 um was required to support
new bone formation through the channels.” This study in-
dicated that the minimum channel size might vary with the
dimension and material of a scaffold, as interconnectivity
fosters not only cell infiltration but also vascularization and
nutrient transfer, highlighting the need for controlled scaf-
fold interconnectivity.

Scaffold degradation impacts ingrowth as well, and
therefore, this factor needs to be considered in tandem with
interconnectivity for optimal tissue formation. Because of
the complexity of the network inside of a scaffold, pore
interconnectivity can be difficult to assess, but the use of
micro-computed tomography (CT) to quantify pore inter-
connectivity allows for a more precise definition and better
assessment of scaffold characteristics.®*™*> Precise scaffold
interconnectivity is difficult to create using traditional scaf-
fold fabrication techniques, and thus advanced scaffold
manufacturing may be necessary to achieve repeatable in-
terconnectivity. Advanced manufacturing techniques include
scaffolds made through the use of rapid prototyping, which
is also known as solid freeform fabrication (SFF) and addi-
tive manufacturing. In one example of enhanced scaffold
interconnectivity using SFF, poly(lactic-co-glycolic acid)
(PLGA)-B-TCP scaffolds were fabricated using the commer-
cially available TheriForm™ 3D printing process (3DP).%8 To
test the effect of interconnected continuous channels on bone
ingrowth, scaffolds were manufactured with either macro-
scopic channels or a microscopic porosity gradient. Using a
rabbit cranial defect model, histomorphometric analysis after
8 weeks of implantation demonstrated that scaffolds with
macroscopic channels had a higher new bone area than both
the scaffolds without channels or the defect without any
scaffold. These results indicated that in vivo bone formation
was guided down the channels of the scaffold. Further, the
porosity gradient of the scaffold was shown to dictate the
type of tissue that was produced, as only soft tissue was
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produced outside the radial channels of the scaffold. This
suggests that the precise architecture of a scaffold can be
used to guide tissue growth.?®

By manipulating the porosity and interconnectivity, the
rate of bone tissue regeneration may be enhanced. On the
basis of an in vivo study utilizing HA scaffolds fabricated by
3DP and rabbit cranial defects, it was suggested that the
direction and the extent of void space in the scaffold might
influence new bone formation.>* Histological evaluation
indicated that the channels direct the growth of new bone,
as radial channels penetrating from the sides of the scaffold
were shown to successfully guide bone from the sur-
rounding tissue and axial channels extending inward from
the bottom of the scaffold directed the migrating cells into
the center of the scaffold. This study provided further evi-
dence that in vivo bone growth could be influenced by the
scaffold architecture and interconnectivity. Moreover, a
similar result with respect to controlling in vivo bone
growth through scaffold architecture and interconnectivity
was observed in SLA-fabricated HA scaffolds.®> To inves-
tigate the in vivo performance of channel directions, scaf-
folds with orthogonal or radial channels were implanted
into porcine mandibles. The scaffold architecture was
shown to influence the amount of regenerated bone, as the
orthogonal scaffolds exhibited larger bone growth area than
scaffolds with radially oriented channels. The lack of
interconnectivity between the individual channels might
explain the reduced bone growth in radially channeled
scaffolds. In addition, it appears that the architecture in the
porous regime might influence bone geometry, as bone
formation was integrated throughout the orthogonal HA
scaffolds, whereas the bone in the radial scaffolds formed
an intact piece in the center of the scaffold.*® These studies
may validate the use of scaffold interconnectivity and ar-
chitecture to guide bone growth and enhance in vivo bone
tissue regeneration. Additional work using scaffolds with
highly characterized and controlled interconnectivity should
be completed to further elucidate the connection between
the two.

Mechanical stiffness and mechanosensing

Dynamic cell-ECM interaction may regulate initial cell
attachment, proliferation, differentiation, and osteogenic and
chondrogenic signal expressions. Among a variety of scaf-
fold design parameters, including pore geometry and inter-
connectivity, substrate stiffness (rigidity) is another critical
factor governing cellular behavior in terms of mechano-
transduction and cell-matrix interaction. There have been
many studies of the effect of substrate stiffness on the cellular
behaviors in several tissue types including bone,** the central
nervous system,® the cornea,*® and kidney epithelial cells.®”
Different tissues present characteristic elasticities, ranging
from ~1kPa in the brain to 100 kPa in collagenous bone. The
specific type of cells in each tissue favored to differentiate
into different lineages depending on the scaffold’s mechan-
ical stiffness.®® Recent studies have revealed that the sub-
strate stiffness is directly related to the specific differentiation
cascades that an MSC population undergoes. Therefore, the
mechanical properties of a scaffold could be another critical
parameter in designing the optimal 3D scaffold for bone
tissue engineering (Table 4).
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TABLE 4. THE EFFECT OF MECHANICAL STIFFNESS ON OSTEOGENIC SIGNAL EXPRESSION AND DIFFERENTIATION

Scaffold materials

Function and biological improvements

Reference

Polyacrylamide gel

Tunable stiffness by varying the amount of crosslinker. Proliferation of 22

MC3T3-E1 cells, random motility speed, FAK activity, and mineralization
could be affected by substrate stiffness.

Controlling the ECM stiffness and incorporation of ECM protein may 71
regulate the human MSC differentiation into osteogenic and myogenic

lineages.

PEG hydrogel ECM riggidity may regulate ALP, OC, and BSP expression via MAPK 16, 69
activation. Sequential activation of FAK, RhoA/ROCK, and ERK/MAPK
by controlling ECM rigidity.

2D polystyrene Stiffness-dependent osteogenic signal expression and mineralization in 70
embryonic stem cells.

PEG-fibrinogen hydrogel Modulation of cytoskeletal assembly of smooth muscle cells by varying the 73
stiffness. Synergetic effect of stiffness and RhoA activation on cytoskeletal
contractility.

Polyester copolymer Controllable crosslinking density by varying the composition of copolymer 75
and the type of initiator.

Gelatin/B-TCP B-TCP amount may affect compressive modulus, ALP activity, and OC 77
expression.

PLGA /chitosan Cell adhesion and calcium deposition could be affected by PLGA /chitosan 78
ratio.

Matrigel with microfabricated SU-8 mRNA expression of osteogenic signals of human MSCs may be influenced 80
by embedded SU-8.

Collagen-GAG Tunable compressive modulus of scaffolds through dehydrothermal 88
crosslinking process.

Denser collagen matrix Denser collagen matrix exhibited increased expression of ALP and BSP. 87

It has been investigated that the responses of osteoblast
cell populations could be affected by intrinsic ECM me-
chanical properties.” In this study, polyacrylamide hydro-
gels were functionalized with type I collagen and fabricated
with various Young’s moduli depending on the amount of
crosslinker, N,N’-methylene-bis-acrylamide. The substrate
stiffness ranged from 11.78 to 38.89kPa by varying the
amount of crosslinker from 0.1% to 0.3%. When the collagen
density was low, the proliferation of MC3T3-E1 cells was
higher on a rigid polystyrene substrate than on the softest gel
and the random motility speed of cell migration was also
faster on polystyrene than on a soft substrate. The result
suggested that the modification of ECM mechanical prop-
erties might influence the contractility in the actin cyto-
skeleton, and immature focal contact and cytoskeleton
development in the softest gel could verify this rationale.
Moreover, both focal adhesion kinase (FAK) activity mea-
sured by detecting phosphorylated Y397-FAK and mineral-
ization determined by qualitative Von Kossa staining
demonstrated that signaling mechanisms of cell-ECM and
osteogenic phenotypic differentiation were modulated by the
ECM stiffness. A similar study has shown that cellular re-
sponses to scaffold mechanical properties may regulate the
osteogenic differentiation by modulating the MAPK and
the extracellular signal regulated kinase (ERK) activity.'®®’
The results demonstrated that osteogenic differentiation of
MC3T3-E1 cells cultured on mechanically tunable PEG hy-
drogels could be regulated by substrate rigidity. In particu-
lar, phosphorylation of p44/42 MAPK was enhanced as the
rigidity increased and this regulation of MAPK activity
might be related with upregulation of ALP activity as well as
the OC and BSP gene expression levels.®”® In addition, it was
also found that altered ECM mechanics activates the FAK

activity through integrin-mediated signal transduction.'®
Enhanced FAK activity stimulates Ras homolog gene family,
member A/Rho-associated, coiled-coil-containing protein
kinase 1 activity, and this signal subsequently stimulates the
ERK/MAPK. Finally, Runx2 in a nucleus is activated and
osteogenic gene expression including OC, BSP, and ALP may
be upregulated. This sequential signal transduction triggered
by matrix stiffness would ultimately lead to osteogenic dif-
ferentiation of cells on the substrate material.

Further, stiffness-dependent osteogenic signal expression
was also observed in embryonic stem cells.”’ The expression
levels of osteogenic marker genes including Runx2 and OP
were dependent on the surface Young’s modulus of collagen-
coated polydimethylsiloxane substrates. Upregulation of the
primitive streak and mesoderm precursors including fork-
head transcription factor, Brachyury, Mix 1 homebox-like 1,
cadherin-2, and eomesodermin homolog (Eomes) was ob-
served. In addition, mineralization assessed by alizarin red S
was also positively correlated with the stiffness substrates
from 0.041 to 2.7 MPa.

However, downstream differentiation of cells and changes
in phenotype do not solely depend on mechanical cues that
the cell receives from a scaffold, but also on a combination of
factors of the cell’s physical, chemical, and biological ECM
properties. Rowlands et al. demonstrated that varying sub-
strate stiffness could regulate the human MSC differentiation
into either osteogenic or myogenic lineages.”" In this study,
polyacrylamide gels coated with ECM proteins including
collagen I, collagen IV, laminin, and fibronectin were inves-
tigated. Physiologically relevant stiffness (0.7-80kPa) was
obtained by crosslinker fraction and cultured MSCs exhibited
different levels of Runx2 and myogenic differentiation-1
expressions, which represented osteogenic and myogenic
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transcription factors, respectively. Specifically, the substrate
model with an 80kPa of modulus and a collagen type I
coating showed the highest expression level of both
transcription factors. This might suggest that mechano-
transduction is related to both scaffold stiffness and adhesive
ligand presentation on the ECM. This observation was also
made in 2D gel systems as the osteoblastic function of cells
was altered by changing type I collagen density** and other
ECM protein coatings.

In addition to osteoblastic cells, smooth muscle cells have
been observed to exhibit similar behavior on substrates with
varying stiffness.”® In this study, 3D crosslinked PEG-
fibrinogen hydrogel encapsulating cells exhibited 4.48-
5.41kPa of compressive modulus. This range of stiffness in
the 3D environment appeared to modulate cytoskeletal as-
sembly. From this research, it may be suggested that small
changes in the mechanical stiffness of scaffold materials may
alter the biological functions and phenotype of transplanted
cell populations. Another fundamental finding of this study
was that a synergetic effect between substrate stiffness and
Ras homolog gene family, member A activation appears to
be critical to the regulation of cytoskeletal contractility. As
shown in another study, cell shape and morphology and the
subsequent changes in contractility may regulate the down-
stream cell functions.”*

Crosslinking density. Mechanical properties of 3D poly-
meric scaffolds such as compressive modulus could be
controlled by changing the crosslinking density during fab-
rication or by varying the ratio of composite filler materials.
For instance, crosslinking density of polyester scaffolds fab-
ricated with b,L-lactide, e-caprolactone, and trimethylene
carbonate could be controlled by varying the composition of
copolymers and the type of initiator, and therefore, the
degradation ratio, as well as the compressive modulus, of
scaffolds could also be varied.”” Similar to the modulation of
crosslinking density of 2D gel systems described previously,
the amount (or the ratio) of crosslinker within polymeric
matrices could be used to control the modulus of porous
scaffolds. In addition, a study of poly(propylene fumarate)
(PPF) photocrosslinking characteristics also demonstrated
that mechanical properties could be controlled by fabrication
parameters including the molecular weight of the PPF
polymer, photoinitiator content, and the amount of the
present diester precursor, diethyl fumarate (DEF).”® In this
study, sol fraction, swelling degree, elastic modulus, and
fracture strength were examined based on the factorial de-
sign of three fabrication factors. In particular, the results in-
dicated that varying these factors could control crosslinking
and compressive mechanical properties. Moreover, this
study exhibited the feasibility of PPF/DEF mixture for the
reduction of viscosity to use PPF as an SLA resin material
and the suitability of this polymer network with compressive
strength for trabecular bone replacement. Thus, controlling
the crosslinking density of the polymer network could
change the mechanical stiffness of a scaffold, and this con-
trollability could be utilized in SLA rendering.

Filler incorporation. Another method to control the stiff-
ness of 3D scaffolds is incorporation of fillers into polymeric
scaffold resins. For example, the gelatin scaffold incorpo-
rated with B-TCP also exhibited varying compressive mod-
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ulus from 0.27MPa (no B-TCP incorporation) to 4.97 MPa
(90wt% of B-TCP) depending on the amount of B-TCP par-
ticles.”” The highest ALP activity and OC content of rat MSCs
were observed in 50wt% of B-TCP, and it could be con-
cluded that the composition ratio of composites might
change the compressive modulus of a 3D scaffold and the
expression of osteogenic marker proteins might be related to
this ratio with the threshold up to 50 wt%. Similarly, when
chitosan was incorporated into PLGA polymeric scaffolds,
increasing the chitosan/PLGA ratio resulted in increasing
adhesion efficiency of seeded rat bone marrow stromal cells
as well as increased calcium deposition, which indicated that
the majority of cell population underwent osteogenic dif-
ferentiation.”® In addition to mineral particle incorporation,
microfabricated SU-8 microrods (15x15x100pum) in a 3D
commercialized Matrigel might result in increasing stiffness
of the 3D matrix and influence the fibroblast attachment
pattern.”” Given changes in morphology and cytoskeletal
architecture, the mechano-transduction mechanism might be
altered and the signal expression profiles of human MSCs
cultured in this matrix system exhibited upregulation of
actin related protein (ACTR) and phosphatase and actin
regulator (PHACTR) as well as downregulation of collagen I
and BMP-6 expression.*’

However, incorporation of filler material into polymeric
resin may alter not only the stiffness of composites but also
the surface characteristics including topology, roughness,
passive adsorption of soluble contents, and the overall scaf-
fold’s chemical composition.*"** In addition to changing the
mechanical stiffness by incorporating filler material into
polymeric scaffolds, controlling of physicochemical surface
properties may facilitate the interaction of hosted cell pop-
ulation and a scaffold. Inorganic particle incorporation of
B-TCP or HA provides a biochemical environment that clo-
sely mimics native bone, and this might result in dynamic
interaction of Ca®" ions with the seeded cells® as well as
in vivo tissue regeneration.®™*

Collagen. As collagen is an important ECM protein
found in the native bone, its structural properties have been
researched in bone tissue engineering to lead to skeletal tis-
sue regeneration strategies.®” Therefore, the proper produc-
tion and crosslinking of collagen in the ECM environment
could lead to osteogenic differentiation of recruited cells.®®
The stiffness of the collagen matrix has also shown that it
functionally stimulates implanted cell populations.*”*® The
compressive modulus of collagen-GAG scaffolds could be
controlled by varying the collagen amount as well as by al-
tering the dehydrothermal crosslinking process.®® Specifi-
cally, the 1% collagen-GAG scaffolds that were treated with
a higher crosslinking temperature exhibited increased cell
numbers and metabolic activity up to 7 days after culture.
Another study using a dense collagen matrix showed upre-
gulation of osteogenic signal expression in primary mouse
calvarial osteoblasts.®” Osteogenic differentiation of cells in
the matrix were verified through the observation of in-
creased expressions of ALP and BSP in the first 7 days of
culture in osteogenic supplemented media, which was
compared with culture on a 2D plastic surface.

It might not be concluded that the stiffness or compressive
modulus of scaffolds directly govern the specific signal ex-
pressions that would bring about bone tissue differentiation
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cascades. The complex signal transduction involved in
osteogenesis is dynamically related to cell-cell and cell-ECM
interaction as well as intracellular mechanisms. However,
the combinational approaches of controllable mechanical
strength and other stimulatory factors such as ECM protein
incorporation and topological changes of the substrate sur-
face may allow manipulation of the level of expressions of
osteogenic signals and, eventually, differentiation. Given this
concept, SLA can also be applied to create the tunable stiff-
ness or other mechanical characteristics in 3D bone tissue
engineering scaffolds.

Computer-Aided Rapid Prototyping

Stem cell-based tissue engineering approaches may benefit
from optimization of scaffold design parameters with the aid
of chemical and biological stimuli in order for the stages of
cell proliferation and osteogenic differentiation during
in vitro, as well as in vivo osteogenesis. As discussed earlier,
the architectural parameters, including porosity, pore size,
interconnected channel geometry, chemical properties such
as crosslinking density, and mechanical cues such as stiff-
ness, are important factors for bone scaffold fabrication.
These factors might stimulate cell responses including the
signal expressions facilitating cell differentiation. Because of
the variations observed when altering these factors, it is
necessary to first define the optimal values of parameters to
enhance cellular responses. Then, accurate fabrication and
continuous production of the scaffolds with the optimal ar-
chitectural, chemical, and mechanical parameters could jus-
tify extending the use of bone tissue engineering to clinical
regenerative medicine with improved levels of bone regen-
eration at implanted sites. Therefore, computer-aided rapid
prototyping (CARP) is considered to meet these criteria with
sufficient control in scaffold preparation to provide im-
proved tissue regeneration, proper vascularization after im-
plantation, and sufficient tissue integration with scaffold
degradation. The CARP process produces scaffolds layer by
layer through SFF with design parameters inputted from
computer-aided design (CAD) software. Precise control of

FIG.1. A schematic of the stereolithography
(SLA) process. A laser crosslinks the liquid
polymer at the surface of the polymer

vat, according to specifications inputted in
the computer, by moving in the X and Y
directions. Following completion of a layer,
the elevator lowers the completed scaffold
one layer in the Z direction and the process
repeats.
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these parameters is the most significant advantage of CARP;
thus, when designing a scaffold’s inner architecture, the
ability of the design to influence the forming bone geome-
try should be considered in addition to its effects on osteo-
genesis.89

Another advantage of CARP for the fabrication of scaf-
folds is its feasibility of patient- and defect-specific design of
bone implants.””" SFF includes several types of commer-
cially or readily available techniques that have been utilized
to produce directly implantable tissue-engineered (i.e., re-
sorptive) implants.**> 3D printing (3DP™; Therics, Inc.,
Princeton, NJ) injects a liquid binder, which may contain cells
and/or growth factors, into a powder.”> Fused deposition
modeling (Stratasys, Inc., Eden Prairie, MN) uses an inkjet to
extrude material that is heated just above melting tempera-
ture.”* 3D plotting is another heat-based extrusion tech-
nique.” In selective laser sintering (3D Systems, Rock Hill,
SC), a laser is used to sinter powder, layer by layer, into a
plastic par’c.96 Selective laser melting (MTT, Staffordshire,
UK) uses a laser to sinter metal powders.”” Solidscape
(Merrimack, NH) devices print an implant shape in wax
that can then be replaced with resorbable materials.”® Soft
lithography (Nanoterra, Cambridge, MA)* and electrospin-
ning'® are technologies that can produce very high-resolution
surface features, such as roughness on a scale relevant to cells.

Stereolithography

One of the most researched SFF methods is SLA (3D
Systems), which utilizes a laser to crosslink photo-
polymerizable polymers and fabricate 3D parts by vertical
layering.'”! Figure 1 shows a schematic of SLA fabrication.
The modeling of pore structure in porous tissue-engineered
scaffolds was highlighted elsewhere.” Therefore, SLA is a
useful strategy to fabricate precisely designed scaffolds with
defect site-specific external shape based on a patient’s 3D
CT scan, as well as parameters such as pore size, porosity,
interconnectivity, and mechanical stiffness optimized to in-
fluence osteogenic signal expression and differentiation
(Table 5).
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TABLE 5. RECENT DEVELOPMENT OF STEREOLITHOGRAPY IN BONE T1SSUE ENGINEERING RESEARCH
Scaffold materials Function and biological improvements Reference
PPF Controllable mechanical properties and crosslinking characteristics of PPF/DEF/ 76
photoinitiator mixture.
Initial trial of PPF resin by using a commercialized SLA machine (3D Systems, 101
Rock Hill, SC).
Surface modification after scaffold fabrication. 102
Fabrication of controlled architecture with 250-260 um pore size and 132-143 ym 103
line width.
Utilization of PPF with low number average molecular weight (<800 Da). 102, 106
PDLLA/NVP Fumaric acid monoethyl ester-functionalized PDLLA/NVP could be used with 107
SLA resin material and aid of accelerator/photoinitiator to form 240-350 pm pore
sizes in gyroid structures.
PDLLA Formed scaffold with 73 vol% porosity and 170-240 pm pore size in gyroid 108
structures.
PLLA Used a negative mold fabricated by SLA. Upregulation of OC and BSP mRNA 109
expression in nanofibrous scaffold with microporous surface features.
Polybutylene terephthalate  The inverse trabecular inner structure from a native canine bone tissue was 110
fabricated by SLA. Intensive bone growth in vivo compared with random
porous design of scaffolds.
Collagen/hyaluronic acid Zonal micropatterning in a bulk hydrogel with 500 um thickness. 112
hydrogel
PEOy gelg Cell encapsulation in a PEO gel using SLA. Encapsulated CHO cells were viable 113
on day 2.
PEG-DA Chondrggenic differentiation of MSCs encapsulated in PEG-DMA gel. 114
PEG-DMA Viable human fibroblast encapsulated in PEG-DMA gel. 115
Spatial control of multiple materials including RGD ligands and fluorescently 116, 117
labeled microparticles by SLA.
HA Using a negative epoxy mold fabricated by SLA. 121
In vitro proliferation of bone marrow stromal cells and mineralized bone tissue 98
formation were observed.
Composite fabrication with photocurable acrylate resin. 120, 121

Poly(propylene fumarate)

PPF is one of the most studied biodegradable and photo-
crosslinkable polymers.38'76 With the aid of a photoinitiator,
bis(2,4,6,-trimethylbenzoyl) phenylphosphine oxide, PPF
chains can be crosslinked into networks. Because of the
controllability of PPF photocrosslinking characteristics and
mechanical properties as well as the suitable mechanical
strength of UV-crosslinked PPF networks,”® a mixture of PPF
and DEF has been investigated for use as an SLA resin ma-
terial. DEF is added as a solvent to reduce the viscosity, an
important criterion for a device with moving part. This has
allowed the control of pore size as well as channel and wall
thickness features in the 100 um range.'’’ % Using a com-
mercially available laser curing device, an SLA 250/40 (3D
Systems), the first tissue engineering study to fabricate PPF
scaffolds with controlled geometry designed using CAD
software was published in 2003."°! An example of a CAD file
prior to SLA scaffold fabrication is shown in Figure 2. Figure 3
shows scanning electron microscope (SEM) images of the
morphology of controlled architecture 3D PPF/DEF scaf-
folds with continuous channels, which were fabricated by
a 3D systems Viper HA. In addition, it has been shown that
a PPF/DEF mixture could be applicable to both SLA'0%10*
and other SFF methods such as 3D printing and injection
molding.'® Recent work has demonstrated the feasibility of
surface modification of scaffolds by soaking them in a
concentrated inorganic ion solution.'”* Moreover, controlling
the degradability by varying the molecular weight of PPF
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FIG. 2. An example of a computer-aided design file used
for SLA scaffold fabrication. We refer to this geometry as the
“Plate and Post” scaffold architecture. Dimensions of total
length, plate thickness, gap between plates, post diameter,
and pore diameter are in millimeters.
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FIG. 3. Scanning electron microscope images of SLA-
fabricated poly(propylene fumarate)/diethyl fumarate scaf-
folds. These images illustrate the interconnected channel
geometry of the plate and post scaffold architecture shown in
Figure 2.

during the synthesis could be a clinical advantage facilitating
neobone development and complete resorption of implanted
scaffolds.'®® Given this controllable degradability, PPF
polymer with a low number average molecular weight
(<800 Da) has been researched.'®

Other polymeric scaffolds fabricated by SLA

A series of recent studies investigated the fabrication of
scaffolds with controlled geometry using several types of
resin materials, and in vitro cell attachment was assessed.
Fumaric acid monoethyl ester functionalized with poly(p,L-
lactide) oligomers has been used to create a gyroid archi-
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tecture.'”” N-Vinyl-2-pyrrolodone was used as the accelera-
tor and Lucirin TPO-L was used as the photoinitiator. Initial
in vitro data demonstrated that mouse preosteoblasts could
adhere and spread on this scaffold. Another gyroid scaffold
fabricated with poly(p,L-lactide) has also exhibited M3TC3
cell adhesion on day 1.'% SLA fabrication might also allow
control of surface features of 3D porous scaffolds to provide
a favorable environment for bone tissue formation.'”
Nanofibrous poly(L-lactic acid) scaffolds have been devel-
oped with a micropore structure in the struts that mimics the
morphological function of type I collagen and significantly
increased surface area compared with a solid-walled scaf-
fold. These nanofibrous scaffolds with rectangular channels
were created by using an SLA-fabricated negative mold and
thermal phase separation of poly(r-lactic acid) solution. In-
terestingly, mRNA expression levels of OC and BSP of
MC3T3-E1 cells in fibrous scaffolds were higher than solid-
walled scaffolds after 2 and 6 weeks of culture. Further, one
recent study has revealed the critical importance of 3D po-
rous scaffold structural cues to induce in vivo bone regener-
ation."’ In addition to the importance of the design and
fabrication of accurate morphology of implantable bone
substitutes,'!" it is also essential that the internal geometry
closely mimics the native bone tissue to induce bone in-
growth. The inverse trabecular inner architecture of SLA-
fabricated polybutylene terephthalate scaffolds designed
from micro-CT scans of a native cadaveric canine femur ex-
hibited up to six times higher bone growth into and adjacent
to the scaffolds, compared with simple porous scaffolds.'*
This study emphasized that macroscopic structural charac-
teristic, specifically inner pore architecture, might facilitate
accelerated bone regeneration, specifically inner pore archi-
tecture.

Photopolymerized hydrogels

In addition to controlled design of macroporous scaffolds,
SLA can be applied to photopolymerized hydrogel systems.
For example, 2D patterning on bilayer films has been
achieved via soft-photolithography stamping, and micro-
patterning of interpenetrating polymeric network within 3D
hydrogels of collagen and hyaluronic acid was also investi-
gated. This technique may allow the zonal differential dis-
tribution of several scaffold properties within a bulk
hydrogel, including crosslinking density, swelling degree,
water content, and mechanical stiffness.''

Cell encapsulation within a photopolymerized hydrogel
has also been developed. 3D poly(ethylene oxide) hydrogel
encapsulating Chinese hamster ovary cells were fabricated
using a commercially available SLA process. This hydrogel
system exhibited elastic mechanical property similar to soft
tissues, along with high viability of the encapsulated cells
on day 2.""* PEG can be crosslinked into a hydrogel by the
incorporation of acrylate or methacrylate as photoreactive
and crosslinkable groups. Photoencapsulated MSCs in PEG-
DA hydrogel exhibited chondrogenic differentiation for 6
weeks,''* and encapsulation of human dermal fibroblasts in
PEG-dimethacrylate (PEG-DMA) hydrogel could be also
accomplished with SLA."'® Further, this method can be
applied to functionalization of the PEG hydrogel with
arginine-glycine-aspartic acid ligands for specific localiza-
tion of cells.''® These studies have shown the possibility of
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multimaterial spatial control using SLA. Therefore, an SLA-
fabricated hydrogel containing an encapsulated cell pop-
ulation may be a promising technique for providing
sufficient cell mass for large constructs. Moreover, Mapili
et al. have demonstrated spatiotemporal incorporation of a
variety of materials within 3D PEG-DMA scaffolds fabri-
cated by SLA.' Fluorescently labeled polymer micro-
particles such as fluorescein isothiocyanate (FITC)- or
Cy5-labeled latex particles were spatially patterned in the
scaffold layers. Fibronectin-derived peptides and heparin
sulfate have also been successfully conjugated in the scaf-
fold material. This result illustrated the capability of SLA
for the accurate distribution of multiple factors such as
growth factors within the scaffolds by point-by-point pho-
topolymerization, resulting in a hybrid tissue structure.

HA materials

HA is one of the most intensively researched bioceramics
in bone tissue engineering because of its biocompatibility as
well as physical and chemical similarity to the inorganic
compound in the native bone tissue.''® Although SLA has
been traditionally applied to synthetic polymeric resins to
create 3D complex architectures, recent studies have dem-
onstrated the feasibility of controlled HA scaffold design.
The direct photopolymerization of polymeric resin results in
simultaneous scaffold fabrication, whereas HA scaffolds
with controlled architecture are usually fabricated from a
negative mold prepared via SLA as well as the casting and
subsequent curing of a suspension containing HA, disper-
sant, monomers, and initiators.!'® Goat bone marrow stro-
mal cells seeded onto the HA scaffold fabricated by this
technique showed in vitro proliferation on the exterior sur-
face of these scaffolds over 7 days, and methylene blue/basic
fuchsin-stained histology data indicated that the mineralized
bone tissue was observed after 6 weeks of subcutaneous
implantation in athymic nude mice.”® Another in vivo study
using designed HA scaffolds in a minipig model demon-
strated that the overall shape of regenerated bone tissue may
depend on the architecture of scaffold’s internal channel
geometry.25

Further, HA could be used in composite fabrication
with photocurable acrylate resins.'>'?! In these studies,
micrometer-sized HA particles were incorporated with oly-
gocarbonate dimethacrylate resin material, and simple stir-
ring created homogenous mixture of HA particles and resin
polymers, which blocked the inhibition of photocrosslinking
by solid particles. Although increasing the amount of HA
particles might limit the versatility of SLA fabrication be-
cause of increased viscosity, the result of 4- and 8-week
in vivo studies on distal epiphysis implants in rat femora
exhibited extensive periosteal and endosteal osteogenesis, as
observed by scanning electron microscopy of sectioned tissue
samples."”" In addition, cell attachment measured by propi-
dium iodide staining and proliferation assessed by DNA
contents showed higher levels in composite scaffolds than in
the control olygocarbonate dimethacrylate scaffold."® Simi-
larly, bioactive glass has also been used for the fabrication of
CAD scaffolds with the aid of the combined methods of both
SLA and gel casting.'” An SLA-produced epoxy resin neg-
ative mold with controlled architectures was used to cast a
homogeneous suspension of a glass slurry. This material was
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then cast in this mold. It has been hypothesized that bioac-
tive glass material is biocompatible like HA,'** could control
osteogenic differentiation, and could bring about osteogenic
gene expression.'?*2® These indirect fabrication techniques
using an SLA-fabricated mold and ceramic suspension have
shown the versatility of controlled architecture manufactur-
ing and its application in animal models.

Clinical Approaches Utilizing SLA

Since 1987, 3D CT scans of the skull have been used for
maxillofacial preoperative plarming.127 Indeed, SLA-derived
models have become widely used in the preparation of
surgical guides or for planning the manipulation of boney
and/or soft tissue structures.'”® More recently, CAD tech-
niques have been used to model'**™3! the performance of
inert''" and tissue-engineered implant models that are to be
produced via SFF techniques.

Limitations

The clinical application of SLA-fabricated scaffolds in-
volve several critical steps, including (1) scaffold manu-
facturing based on 3D CT images, (2) virtual surgical
procedure simulation and validation, and (3) the final sur-
gical procedure of implantation.”””!'?132 Specifically, the
first step of scaffold fabrication using SLA includes data
acquisition from CT images of the defect site of patients,
virtual model reconstruction using computer software,
physical 3D scaffold manufacturing using SLA, and 3D
model validation. Therefore, for the successful manufactur-
ing of 3D SLA scaffold architectures, close cooperation of
surgeons and tissue engineers is of critical importance.
However, research into SLA scaffolds remains limited to
fabrication itself and simple in vitro (cell attachment) or
in vivo (animal trial) studies, rather than successful surgical
implantation into defect sites in human clinical trials.
Moreover, a variety of technical limitations remain un-
solved."**"** During the step of image acquisition, CT data
import error may occur when determining the pixel size and
slice thickness, and numerical errors in this step may lead to
incorrect virtual reconstruction. Moreover, other drawbacks
on obtaining CT data from the patient are also reported, such
as inhibition of metal or other implant material on the pa-
tient’s body because of the signal intervention and patient’s
movement during the CT scan. In addition, during the step
of scaffold manufacturing, model stair-step artifact and ir-
regular surface feature may also be found.'®*'35 Further, the
degree of skin contractures can become an issue for surgical
procedures.”'** As obtaining the accuracy of both external
implant surface geometry is critical for fitting the implant
into the defect sites and the inner pore architecture of a 3D
scaffold is related to promoting host tissue ingrowth, the
technical difficulties related to scaffold fabrication will need
to be addressed in the future. Because of these complex
limitations as well as the limited numbers of clinically
available biomaterials for the implantable scaffold fabrica-
tion, the number of reports about surgical implantation using
SLA-manufactured scaffold is few. Clinical use of SLA is
currently restricted to models based on CT images of a pa-
tient’s defect for guidance and planning of surgery, which is
beneficial on preoperative evaluation.**'3*
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The Current Clinical Use of Computer-Aided Design
for Bone Implants

Dean et al. presented CAD of cranial implants™ and the
CAD models that were rendered using SFF were then recast
in implantable materials, such as poly(methyl methacry-
late)®’1% or titanium. The milling of titanium (inert) pros-
thetic cranial plates has been demonstrated'**'*' and the
performance of these implants and standard of care proce-
dures were compared.'** In addition, the level of postoper-
ative complications in patients receiving custom cranial
implants following decompressive craniectomies was also
considered.'*® Research into the use of CAD for hip or knee
implants has also been completed. The advantages of
patient-specific knee implants was discussed; however, the
expense may prevent access to these implants.'** Tt was
suggested that custom hip implants were useful for patients
with distorted anatomy,'** but the benefit of patient-specific
hip implants was also questioned elsewhere.'*® Moreover,
the advantages of custom patellofemoral implants were
found and it was predicted that this work will shift toward
the use of resorbable materials.'*”'*® The use of CAD for
cervical spine drill guides and resorbable, patient-specific
plating has also been studied.'**'>°

Summary

In bone tissue engineering, a series of structural cues in-
cluding pore size, porosity, interconnectivity, and stiffness
have been found to be critical factors in activating osteogenic
signal expression. Successful manipulation and fabrication of
controlled architecture with optimal conditions of construc-
tion parameters may stimulate osteogenic signal expression
as well as subsequent osteogenic differentiation. To this
end, SLA is a promising and feasible strategy for fabrica-
tion of a designed architecture, which may show the best
performance in vitro and in vivo. Recently developed SLA-
manufactured 3D scaffold systems have shown the possi-
bility of clinical implantation. Therefore, controlling the
structural parameters may promise successful integration of
the implants into the surgical sites and enhancement of bone
regeneration. Despite some limitations of a sequential pro-
cedure of the scaffold fabrication by SLA and the surgical
implantation into humans, development in scaffold con-
struction parameters and SLA fabrication is a promising
means for the fabrication of functional bone tissue-
engineered substrates. These constructs facilitate osteogenic
signal expressions and subsequent osteogenic differentiation
of either scaffolds preloaded with cells or scaffold-recruited
cells from surrounding tissues. Therefore, it is suggested that
the following research should be completed to enable suc-
cessful clinical implementation of implants manufactured via
SLA:

1. Scaffold parameters: extensive investigation optimizing
the individual scaffold design parameters and subse-
quent studies to find synergistic versus negative effects
of a combination of individual parameters.

2. Bulk material production: continued development of
human implantable (FDA-approved) biomaterials and
investigation of composite materials.''

3. Tuned SLA fabrication: Achievement of a higher pre-
cision of SLA to control the specific range (less than tens
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of micrometer level) of scaffold architecture, valida-
tion of accuracy of CAD scaffolds, and feasible repro-
duction of the scaffolds.

4. Successful data acquisition from human patients: data
acquisition using clinical visualization techniques and
the transfer of this data to 3D images to reflect defect
sites with higher resolution and minimal error.

5. Clinical applications: more intensive case studies to
accrue clinical information and to direct treatment.
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