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Abstract: Understanding cell behavior inside complex, three-dimensional (3D) microenvi-
ronments with controlled spatiotemporal patterning of physical and biochemical factors
would provide significant insights into the basic biology of organ development and tissue
functions. One of the fundamental limitations in studying such behavior has been the inability
to create patterned microenvironments within 3D scaffold structures. Here a simple, layer-
by-layer stereolithography (SL) method that can precisely pattern ligands, extracellular-
matrix (ECM) components, and growth factors, as well as controlled release particles inside
a single scaffold, has been developed. The process also allows fabrication of predesigned
internal architectures and porosities. Photocrosslinkable poly(ethylene glycol) dimethacrylate
(PEGDMA) was used as the basic structural component of these microfabricated scaffolds.
PEG acrylates, covalently modified with the cell adhesive peptide arginine-glycine-aspartic
acid (RGD) or the ECM component heparan sulfate, was incorporated within the scaffolds to
facilitate cell attachment and to allow spatial sequestration of heparan-binding growth factors.
Fluorescently labeled polymer microparticles and basic fibroblast growth factor (FGF-2) were
chosen to illustrate the capability of SL to spatiotemporally pattern scaffolds. The results
demonstrate that a precise, predesigned distribution of single or multiple factors within a
single 3D structure can be created, and specific internal architectures can be fabricated.
Functionalization of these scaffolds with RGD is demonstrated, and heparan sulfate allows
efficient cell attachment and spatial localization of growth factors. Such patterned scaffolds
might provide effective systems to study cell behavior in complex microenvironments and
could eventually lead to engineering of complex, hybrid tissue structures through predesigned,
multilineage differentiation of a single stem-cell population. © 2005 Wiley Periodicals, Inc. J Biomed
Mater Res Part B: Appl Biomater 75B: 414—-424, 2005
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INTRODUCTION

In recent years significant milestones have been achieved in
the field of tissue engineering. One of the fundamental lim-
itations in current efforts, however, has been the inability to
produce multiple tissue types (e.g., bone, cartilage, ligaments,
muscles, etc.) in a predesigned fashion inside a single scaf-
fold structure."? Although stem cells have been shown to
differentiate into a variety of cell types, simultaneous con-
struction of hybrid tissue structures within a single three-
dimensional (3D) environment resembling the complex ar-
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chitecture of organs are yet to be reported. The basic barrier
in creating such structures is a lack of knowledge on how
stem cells behave and differentiate under spatiotemporally
distributed biochemical and physical microenvironments,
similar to those encountered during organ development.
Most patterning techniques to study cell behavior have
been developed for two-dimensional (2D) surfaces.’™ Al-
though these studies have provided tremendous insights into
a variety of cellular processes and interactions, cell behavior
within controlled 3D microenvironments have not been stud-
ied. Currently, most 3D scaffolding techniques only allow us
to incorporate biofactors in bulk, that is, the factors are
distributed randomly throughout the matrix. Even recent at-
tempts in free-form fabricated scaffolds®~ or scaffolds with
multiple sustained released factors'® have only reported bulk
incorporation. Complex spatial patterning along with tempo-
ral distribution of signaling molecules in the immediate mi-
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croenvironment of stem cells, a hallmark of native tissue
development, has yet to be engineered and studied.

The two fundamental steps toward achieving patterned
microenvironments inside scaffold structures are (a) creating
localized concentrations (or gradients) of multiple growth
factors by controlled spatial incorporation while preventing
their diffusion to surrounding areas and (b) creating a tem-
poral gradient of growth factors, that is, being able to pre-
cisely deliver several growth factors in a physiologically
relevant time sequence. This article presents efforts to
achieve micropatterned scaffold structures by a layer-by-
layer microfabrication approach, with photopolymerizable
poly(ethylene glycol) (PEG) -based hydrogels and polymer
microparticles. The goal is to create precise, predesigned
spatial distribution of multiple entities inside a single scaffold
and to mimic the physiological environment from which a
single progenitor population can differentiate into multiple
tissue lineages.

A laser-based, layer-by-layer, stereolithography approach
for photocrosslinking biofunctionalized, acrylated PEG
monomers carrying soluble and entrapped particles to achieve
spatial patterning has been developed. Photocrosslinked hy-
drogel-based scaffolds, both degradable and non-degradable,
have been widely investigated for musculoskeletal tissue
engineering. Several researchers have demonstrated that
PEG-based hydrogels can be successfully used to culture
chondrocytes and osteocytes for bone- and cartilage-specific
tissue regeneration.®''™'> Others have developed hydrogels
(using synthetic or natural polymers) having specific func-
tionalities and degradation characteristics for a similar pur-
pose.'™'® Osteogenic differentiation of mesenchymal stem
cells (MSCs) within PEG-based hydrogels has also been
demonstrated by Nuttelman et al.'® and Anseth et al.”® How-
ever, most of these approaches use bulk encapsulation of cells
and factors to create either bone or cartilage. Recent efforts to
create hybrid structures have been reported with the use of in
vitro derived osteocytes and chondrocytes (from MSCs) fol-
lowed by incorporation of those precursor cells in different
layers prior to in vivo implantation.>'?* Attempts to direct a
single stem cell population into multiple lineages within a
single scaffold structure by creating patterned growth factor
distribution have not yet been reported. In addition, PEG-
based scaffolds with designed internal structures and poros-
ities for cell seeding and subsequent study of progenitor cells
in complex microenvironments are yet to be demonstrated.

A key concept in creating localized patterning of biofac-
tors is the ability to prevent or control their diffusion into
surrounding areas. In native tissue such spatial patterning is
created by various extracellular matrix (ECM) components
that bind to and sequester specific growth factors. It was
hypothesized that functionalizing the patterned scaffolds with
ECM components (e.g., heparan sulfate) would allow the
entrapped growth factors in specific regions to be seques-
tered, thereby maintaining the spatial patterning. Components
of the ECM not only play a significant role in cell adhesion
and migration but also support optimal cell differentiation
through molecular signaling by creating local concentration

gradients of growth factors (reviewed by Taipale and Keski-
Oja23). Orban, Marra, and Hollinger2 discussed the need for
tissue-engineering scaffolds to incorporate factor-immobili-
zation concepts, because local concentrations of growth fac-
tors play a key role in directing lineage-specific differentia-
tion of progenitor cells. Highly charged glycosoaminoglycans
(GAG), for example, heparan sulfates in the ECM, bind to
soluble signaling molecules, thereby preventing diffusion and
creating local concentrations and optimal signaling, espe-
cially for basic fibroblast growth factor, FGF-2.*7° Here it
is shown that heparan incorporation into PEG scaffolds can
create localized concentrations of growth factors, thereby
producing predesigned spatial patterning.

It is further demonstrated that polymer microparticles can
be spatially incorporated within the scaffolds, thereby pro-
viding evidence that eventually controlled-release carriers
with various release kinetics can be used to create temporal
patterns along with spatial distributions. Murine marrow stro-
mal cells were successfully incorporated within these pat-
terned structures by direct seeding on arginine-glycine-aspar-
tic acid (RGD)-functionalized scaffolds. For the short term,
such predesigned structures could be a valuable tool to study
stem-cell differentiation in complex microenvironments and
might eventually enable complex tissue structures to be fab-
ricated from a single progenitor population.

MATERIALS AND METHODS

PEGDMA Solutions and Photoinitiators

Poly(ethylene glycol) dimethacrylate (PEGDMA, n = 1000,
Polysciences, Inc.), was dissolved in phosphate-buffered sa-
line (PBS) to form either 10-20% (w/v) or 100% (w/v)
solutions. The photoinitiator, 2-hydroxy-1-[4(hydroxye-
thoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, Ciba
Geigy), was used to generate free radicals for the induction of
chain polymerization, with a concentration of 0.05 wt % for
the lower-concentration PEGDMA solutions (10-20% w/v)
or 0.07 wt % for the 100% (w/v) PEG solution. The photo-
initiator was first dissolved in PBS at a maximum concentra-
tion of 0.7 wt % to ensure complete solubility, and subse-
quently added to the PEGDMA solutions.?' Prepared macro-
mer solutions were kept in a dark environment to inhibit the
precrosslinking of the polymer by incidental exposure to
ambient light.

Pretreatment of Glass Coverslips

Surfaces of glass coverslips were modified with an organosi-
lane to covalently bond the hydrogel upon polymerization,
thereby promoting a strong adhesion with the hydrogels
when rinsed with PBS or placed in buffered solutions/cell
medium.** Surface-tethered methacrylate groups, which co-
valently attach to the acrylate groups of PEGDMA upon
photopolymerization, were created on the surface of glass
coverslips by first immersing the slides in a solution of 3:1
ratio of 30% (w/v) H,0, in distilled water and H,SO,. The
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Figure 1. Experimental setup of the laser-based layer-by-layer ste-
reolithography process for fabrication of patterned scaffolds. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

hydroxylated slides were then immersed in 1 mM solution of
3-(trichlorosily)propyl methacrylate in a 4:1 solution of hep-
tane and carbon tetrachloride. All chemicals were purchased
from Sigma-Aldrich, unless otherwise noted.

Microfabrication of PEG Scaffolds with a Frequency-
Tripled Nd:YAG Laser

With the use of a 100% (w/v) PEGDMA solution with
photoinitiator, 3D scaffolds were fabricated in an experimen-
tal setup with the third harmonic wave of an Nd:YAG laser
(A = 355 nm, Surelite from Continuum, Figure 1), which
generated nanosecond pulses. The laser energy was measured
to be ~10 mJ/pulse. Macromer solutions were placed on a
manually operated 3D micromanipulator stage. The stage

Q

carrying the liquid macromer solutions was translated in the
x-y direction at a scanning speed of approximately 50 wm/s in
order to create predesigned patterns within a single layer of a
tissue-engineering scaffold. The unpolymerized solution was
washed off with PBS. This process is repeated for each
different macromer solution composition to create single- or
multilayered patterned scaffolds.

Fluorescently labeled latex microparticles (5.47 um CyS5,
0.93 wm FITC, and 1.0 wm TRITC, Bangs Laboratories, Inc.)
were added to the macromer solutions at varying concentra-
tions (ranging from 1% to 10% v/v) prior to crosslinking in
order to show the capabilities of this laser setup not only to
encapsulate the particles during polymer crosslinking, but to
pattern them in a predesigned fashion. Vertical patterning,
that is, in the z direction, was achieved by creating two-
layered scaffolds. Macromer solution containing Cy5-labeled
particles was selectively polymerized in a grid-type geome-
try. The unpolymerized solution was washed off extensively,
and a second macromer solution containing FITC-labeled
particles was polymerized over the first layer in the same
geometry. These constructs were analyzed with the use of
either a confocal microscope (Leica SP2 AOBS), or scanning
electron microscopy (Phillips 515 SEM). Z slices obtained by
confocal fluorescence microscopy were reconstructed to cre-
ate 3D images of the entire scaffolds.

RGD and Heparan Conjugation to PEG

Figure 2 shows the reaction scheme for functionalizing the
scaffold material. A well-characterized fibronectin-derived
peptide, YRGDS (tyrosine-arginine-glycine-aspartic acid-
serine, Bachem Biosciences Inc., Torrance, CA), was reacted
in equimolar amounts with acryloyl-PEG-N-hydroxysuccin-
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Figure 2. Reaction schemes detailing the conjugation of heparan and RGD to acrylated polyethylene
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imide (acryl-PEG-NHS, M, 3400, Nektar Therapeutics
Inc.)."*!'® Sodium bicarbonate buffer (pH 8.2) (200 uL) was
added to acryl-PEG-NHS, which, in a drop-wise fashion, was
added to the YRGDS solution (I mg/mL in sodium bicarbon-
ate buffer). Conjugation was completed in a dark environ-
ment for 3 h at room temperature. Peptide-modified PEG-
acryl was frozen in liquid nitrogen, lyophilized for 24 h, and
stored in a dessicator at —20°C until further use.

To create a heparan moiety onto PEG acrylates, ethyl-
enediamine (EDA) was first reacted in excess with acryl-
PEG-NHS at a 5:1 molar ratio to yield acryl-PEG-NH,,
similar to the method for RGD conjugation. The reaction was
completed for 3 h at room temperature in a dark environment
followed by extensive dialysis (Tube-o-dialyzer, MWCO
1000, Geno Technologies, St. Louis, MO) of unreacted EDA.
Samples were frozen and lyophilized for 24 h. Periodated
heparan (Celsus Laboratories Inc.) was reacted in equimolar
amounts for 3 h in a dark environment with acryl-PEG-NH,
to yield acryl-PEG-heparan in the presence of 50 mM
NaBH;CN as the reducing agent. Heparan, containing alde-
hyde moieties, undergoes Schiff-base reactions with organic
amines, and if treated with NaBH;CN, the Schiff-base inter-
mediate is reduced to its corresponding amine, forming an
irreversible bond. Dialysis (Tube-o-dialyzer, MWCO 1000,
Geno Technologies, St. Louis, MO) was performed to elim-
inate the reducing agent, and the product was lyophilized and
stored in a dessicator at —20°C until further use.

Cell Culture

Murine OP-9 marrow stromal cells (a gift from T. Reid,
University of Toronto) were cultured in Minimum Essential
Medium-Alpha (Gibco Invitrogen Corp.) supplemented with
20% fetal bovine serum, 30 mM sodium bicarbonate (Sigma-
Aldrich Co.), 2 mM L-glutamine (Gibco Invitrogen Corp.), 50
pg/mL  penicillin—streptomycin (Gibco Invitrogen Corp.),
and 100 mM of B-mercaptoethanol (Sigma-Aldrich Co.).
Cells were passaged every 2-3 days.

An amine-reactive fluorescent dye, CellTrace™ Far Red
DDAO-SE (Molecular Probes, Eugene, OR) was used as a
cell tracer to study cell attachment onto RGD-modified scaf-
folds. The succinimidyl ester reactive group of the dye forms
a covalent attachment to primary amines that occur in pro-
teins and other biomolecules on the inside and outside of
cells. Because the fluorescent tag is inherited by daughter
cells even after multiple divisions, cells were labeled in
culture before their use in cell-attachment studies. Addition-
ally DAPI (Molecular Probes, Eugene OR) was also used to
stain for cell nuclei. All cell staining were performed accord-
ing to manufacturer’s protocol.

Cell Attachment to RGD-Modified Hydrogels

Acryl-PEG-RGD at a concentration of 5.0 mM was added to
a 100% (w/v) PEGDMA solution with 12959 as the photo-
initiator. Single-layered scaffolds (2 X 2 X 0.5 mm?, L X W
X H) with defined porosities were fabricated. The scaffolds
were UV sterilized overnight in a cell-culture hood prior to

cell seeding. Parafilm was placed in a nontreated cell-culture
plate in order to form a hydrophobic surface when seeding the
cells, and the scaffolds were placed on top of the film.
Fluorescently labeled murine bone-marrow stromal cells
(OP-9) were seeded on both the unmodified and RGD-mod-
ified constructs at a density of 2 X 10%/scaffold using 200 uL
of medium. Medium was added to the culture plate after a 4-h
seeding period. The scaffold-cell constructs were cultured for
24 h, and then rinsed with prewarmed PBS to remove non-
immobilized cells. Cells were fixed onto the scaffolds using
4% paraformaldeyde (pH 7.3) solution for 4 h at 37°C. DAPI
was used to stain for cell nuclei upon fixation. The scaffolds
were imaged with confocal fluorescence microscopy and
critical-point dried for SEM (Phillips 515) analysis.

FGF-2 Binding to Heparan-Modified PEG

On separate methacrylate-treated coverslips, thin-layered hy-
drogels were fabricated with the use of 10% (w/v) PEGDMA
with photoinitiator and 10% acryl-PEG-heparan. Each thin-
layered hydrogel encapsulated 2 ug of FGF-2 (R&D Sys-
tems). Unbound FGF-2 was allowed to diffuse out of the
hydrogels overnight while incubating in PBS at 37°C. The
PBS solution in which the substrates were submersed was
replaced three times during a 24-h period of incubation to
remove released FGF-2. To evaluate for FGF-2 binding to
heparan-modified hydrogels, immunostaining was performed
with the use of primary anti-FGF antibody, biotinylated-
secondary antibody, and streptavidin-FITC. The binding
times for the antibodies and streptavidin-FITC were 1 h each.
Fluorescence microscopy was used to detect FGF-2 immobi-
lization within the hydrogels.

To test for FGF-2 binding in the multilayered models, a
two-layered hydrogel construct was polymerized with the use
of a UV lamp (365 nm, intensity ~4 mW/cm?) anda 3 X 3 X
1 mm?® plastic molding. The first layer, with 20% (w/v)
PEGDMA and 0.05 wt% 12959 solution, was partially poly-
merized by exposure to the UV light for 4 min. The second
macromer solution, which had 5.0 mM acryloyl-PEG-heparan
and 2 pg of FGF-2 in addition to the 20% PEGDMA solu-
tion, was polymerized over the first layer by exposure to UV
light for 10 min. The hydrogel construct was then placed in
PBS buffer (pH 7.4) for a period of 3 days. The construct was
transversely sliced, and immunostaining was completed, as
described previously, to evaluate for FGF-2 binding.

RESULTS

Microfabrication of Single- and Multilayered Scaffolds
with Precise Internal Features

The laser-based stereolithography method was used to create
polymer scaffold structures with specific pore/channel dimen-
sions. FITC-labeled latex microparticles were incorporated
into the macromer solution prior to laser exposure in order to
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Figure 3. Confocal microscope images and SEM micrographs show scaffolds with precise internal
geometries can be fabricated with the use of the stereolithography method. (A)-(C) Confocal micro-
scopic images showing scaffolds formulated with 100% (w/v) PEGDMA, 0.07 wt % Igracure 2959, and
1% (w/w) FITC-labeled latex particles. Size bar shown is equal to 200 um. Scaffold dimensions for
each scaffold (A-C) are listed in Table I. SEM micrographs in (D) and (E), formulated in the same
concentrations of PEGDMA and 12959, represent a single-layer scaffold and a multilayered scaffold,
respectively. In order to differentiate the layers within a single scaffold during SEM analysis, the first
layer of (E) was polymerized to have a thicker wall dimension then the second layer. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

demonstrate the ability to incorporate controlled-release car-
riers or biomolecules within the scaffold, as well as for easy
visualization using confocal fluorescence microscopy. Porous
scaffolds were fabricated with line spacings (center to center)
of 300, 400, and 500 wm, respectively. As shown in Figure
3(A-C), precise and highly controlled internal architectures
can be generated during scaffold fabrication. Pores (channels)
of sizes ~175, 300, and 350-400 wm were achieved with the
use of the indicated line spacing within a single 3D scaffold
layer. As evident, highly uniform pore distribution was
achieved with the use of this technique. Table I shows the
detailed geometrical characterization of the scaffolds. The
data also demonstrate that biofactors and microparticles can
be easily incorporated within the scaffold walls during the

fabrication process. It is to be noted that the horizontal walls
are slightly narrower than the vertical ones. This is because
the x-direction movement of the stage is computer controlled
at 50 wm/s, whereas the movement in the y direction is
manually controlled to achieve an equivalent speed. Minor
discrepancies in laser scanning speed could create such dif-
ferences in wall thickness (a slower speed results in a thicker
polymerized area).

Figure 3(D) shows a scanning electron micrograph of a
representative, single-layer scaffold, whereas Figure 3(E)
demonstrates the ability to create multiple layers. The two-
layer scaffold shown in Figure 3(E) also provides evidence
that layers with various wall thickness and dimensions can be
created by this approach.

TABLE I. Geometric Characteristics of the Microfabricated Scaffolds Shown in Figure 3(a-c)

Distance Between Center of Lines

Measured Wall

Theoretical Measured Measured Pore Size Thickness
Scaffold A 300 um ~350pum ~175pumX175um ~140pum,200um
Scaffold B 400 wm ~450pum ~300mX350pum ~90um,120pwm
Scaffold C 500 wm ~565um ~350umX425um ~100um,200um
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Figure 4. Laser-based SL can create predesigned, spatially patterned scaffold structures. Scaffolds
shown here are formulated with 100% (w/v) PEGDMA and 0.07 wt % 12959. (A) Decreasing amounts
of TRITC-labeled latex particles that are linearly patterned in a gradient form. The concentrations from
left to right are 10%, 5%, and 2.5% (w/w) of particles in macromer solution. The graph below shows
the intensity profile indicating decreasing fluorescence (and hence particle concentration) from left to
right. (B) and (C) Spatial patterning with either FITC- or Cy5-labeled latex particles, as well as the
capability of the laser SL to create uniform, precise channels (pores) within a scaffold. (D) A 3D
reconstruction of a multilayered scaffold with confocal z slices. The individual slices through the
scaffold are shown in (E) as a composite picture. The channel porosity within this particular multilay-
ered scaffold was measured to be approximately 400 um.

Predesigned Spatial Patterning of Scaffold Structures
Can Be Achieved with Laser Fabrication

A key feature of this stereolithography method for scaffold
fabrication is its ability to create predesigned spatial patterns of
single or multiple molecules and particles. The ability and flex-
ibility of this technique has been demonstrated with the use of
both single-layer (2D) and multilayer (3D) structures as well as
in structures with precise internal architectures. As shown in

Figure 4(A), TRITC-labeled latex particles can be spatially
patterned within a single polymer layer in a decreasing particle
concentration (10%, 5%, and 2.5% w/w). The line graph indi-
cates the fluorescence intensity (and hence a measure of particle
concentration) across the polymer layer and demonstrates the
feasibility of creating gradients of single growth factors as well
as controlled-release particles within the scaffold. Figure 4(B)
demonstrates patterning of multiple agents in a single layer. Cy5
or FITC-labeled particles were incorporated in the macromer



420 MAPILI ET AL.

solutions prior to laser exposure. Each pattern (line) was written
with the laser, and the unpolymerized polymer-particle solution
was washed off prior to polymerization of the second line using
a different polymer-particle solution. This shows the ability of
this fabrication process to create precise and predetermined
distribution of multiple factors.

Figure 4(C) provides evidence on the feasibility of com-
bining internal porosities and architectures along with spatial
patterning inside a scaffold. A scaffold was fabricated with
the use of FITC-labeled particle-carrying polymer as well as
polymer without the presence of any other agents. As shown,
a predesigned quadrant pattern was created with the use of the
stereolithography method in which the particles were specif-
ically sequestered in quadrants 1 and 4, whereas no factors
were incorporated in quadrants 2 and 3. In addition, channels
of dimension 100 wm were created during the fabrication
process.

Figure 4(D,E) demonstrates the ability of this process to
create multilayered, 3D structures with spatially distributed
factors. Either Cy5 or FITC-labeled polymer microparticles
were incorporated within each layer during photopolymeriza-
tion with the laser while creating uniform pores of dimension
400 pwm. Figure 4(D) shows a stacked-confocal picture (3D
reconstruction) whereas Figure 4(E) is a collage of confocal
slices through vertical sections of the scaffold. This suggests
that both lateral (C) and vertical (D,E) patterning and can be
achieved with the use of this method of scaffold fabrication.

Heparan Functionalization Allows Effective
Sequestration of FGF-2

In order to maintain spatial patterning of soluble growth
factors inside a scaffold structure, it is critical to sequester the
factors in their intended regions and control the diffusion of
the growth factors within and across the spatial region. ECM
components are known to participate in sequestration and
localization of certain growth factors. Here it is demonstrated
that covalent conjugation of heparan to PEGDMA prior to
scaffold fabrication provides efficient binding of basic fibro-
blast growth factor (FGF-2) and localization in both single
and multilayered scaffold models. In the single-layered
model [Figure 5(A-D)], polymer layers containing heparan-
modified PEGDMA showed efficient FGF-2 binding and
sequestration as demonstrated by immunofluorescence assays
72 h after the addition of FGF-2. Matrices without heparan
did not show FGF-2 immobilization. FGF-2 binding and
localization was also illustrated in multilayered hydrogels
[Figure 5(F)]. By observing immunostained hydrogels
through confocal fluorescence microscopy, FGF-2 diffusion
from the heparan-modified layer to the unmodified layer was
not observed after a 72-h incubation period in aqueous me-
dium. These findings indicate that FGF-2 specifically binds to
regions of PEG scaffolds that have been covalently modified
with heparan. Such functionalization concepts could provide
effective means to maintain the spatial patterns created with
the use of the stereolithography method and allow one to

Figure 5. Incorporation of heparan in the scaffold material allows
efficient FGF-2 sequestration. This was demonstrated with the use of
both thin-layered polymer matrices [(A)—-(D)] as well as multilayered
scaffolds [(E) and (F)]. Localization of FGF-2 was evaluated by staining
with biotinylated secondary antibody against FGF-2 followed by
streptavidin-FITC and observing through a confocal fluorescence
microscope (10X original objective). Two micrograms of FGF-2 was
encapsulated in the thin-layered hydrogels and then analyzed through
immunohistochemistry. Brightfield images [(A) and (C)] and fluores-
cence images [(B) and (D)] were captured to determine FGF-2 immo-
bilization. Hydrogels without acryl-PEG-heparan [(A) and (B)] do not
show FGF-2 binding, whereas the hydrogels that are modified with
10% acryl-PEG-heparan [(C) and (D)] show the sequestration of
FGF-2. (E) A schematic of the multilayered scaffold depicted in (F).
Both layers were constructed with the use of 20% (w/v) PEGDMA,
0.05% Irgacure 2959, and UV light. The top layer contains 5.0 mM of
acryl-PEG-heparan and encapsulates 2 ug of FGF-2. (F) illustrates
that FGF-2 is effectively localized only within the layer that contains
heparan. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

control the rate of growth factor release from the scaffold
walls.

Laser-microfabricated Scaffolds are Conducive of Cell
Attachment when Functionalized with RGD

PEGDMA scaffolds containing 5 mM RGD-modified PEG
resulted in efficient attachment and spreading of OP-9 stro-
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Figure 6. Incorporation of RGD in the scaffold material allows efficient cell attachment and spreading.
SEM micrographs show top views of (A) a 2 X 2-mm scaffold without RGD-modification (wall
thickness is ~100 um), and of (B) a 2 X 2-mm scaffold containing 5.0 mM RGD-PEG-acryl (wall
thickness ~200 um). It appears that the attached OP-9 cells in (B) have secreted ECM-like materials
on the scaffold. (C) and (D) Confocal fluorescence microscopy indicated that cells only attached to
RGD-functionalized scaffolds. (C) DAPI nuclei staining, and (D) cells prestained with CellTracer™. The
green staining seen in (D) is fluorescence from FITC-labeled particles that were encapsulated during

photopolymerization.

mal cells, whereas scaffolds without the cell-adhesion peptide
did not show any cell attachment. Figure 6(A,B) shows
scanning electron micrographs of RGD-functionalized (B)
and nonfunctionalized laser-microfabricated scaffolds that
were seeded with OP-9 cells. After 24 h, no cell attachment
was seen in the PEGDMA scaffolds whereas the RGD-
containing scaffolds were filled with what appears to be
ECM-like substances. Cell attachment on similar scaffolds
was confirmed with the use of confocal fluorescence micros-
copy. Figure 6(C) shows DAPI staining on cells seeded on
RGD-functionalized microfabricated scaffolds. It is evident
that a large number of cells are attached to the scaffold walls.
Figure 6(D) demonstrates cell seeding on a porous scaffold
carrying FITC-labeled polymer particles. These cells were
prelabeled with CellTrace™. Red fluorescence specifies the
attachment of cells to the surfaces of the scaffold, and the
green fluorescence indicates that entrapped polymer. The data
show cells attach and spread efficiently on the scaffold wall.

DISCUSSION

One of the fundamental limitations of current efforts in the
field of tissue engineering has been the inability to produce

multiple tissue types in a predesigned fashion within a single
construct. Recent and past methods in fabricating tissue-
engineering scaffolds have only incorporated a random, bulk
distribution of biofactors that are conducive to the differen-
tiation of a single tissue type inside a 3D structure. Because
complex, patterned microenvironments are necessary to de-
velop multiple cell types within a single scaffold, spatial
distribution of biofactors, as well as their temporal release
kinetics, must be integrated to closely mimic the physiolog-
ical environment. Furthermore, simple, easy-to-fabricate 3D
scaffolds that allow the study of cells within highly controlled
geometrical features as well as within predesigned patterns of
biochemical and physical factors, could provide significant
insights into complex cellular processes.

A laser-based SL system that can build complex scaf-
fold structures has been developed with the use of a
layer-by-layer photopolymerization process. PEGDMA
was used as a model polymer because of its easy avail-
ability as well as the ability to conjugate ECM components
to the polymer using well-defined chemistry. However,
any polymer or resins that undergo photoinitiated free-
radical polymerization can be used as long as they are
cytocompatible. In addition, degradable scaffolds can also
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be fabricated with the use of this process by the introduc-
tion of hydrolytically or enzymatically degradable seg-
ments within the photopolymer as described by Anseth and
colleagues'***** and Halstenberg et al.'®

The point-by-point polymerization process is similar to a
raster scanning device that could eventually be completely
automated. Such automated stereolithography systems are
commercially available and can be computer guided. How-
ever, it must be noted that the resolution of most commercial
stereolithography system remains approximately 200-250
wm. Although some commercial systems have a theoretical
feature size of 75 um, they failed to create open pores and
channels when provided with a scaffold design, similar to
those presented here (data not shown). Eventually such a
fabrication system can be coupled to computer-aided design
and manufacturing (CAD/CAM)-driven automation, and can
use CT or MRI-based data as the input for designing complex
scaffolds. Such systems have been described by Hollister and
coworkers,®*7 albeit at much larger feature sizes. The
attraction of a simple laser-based system is that it can be a
benchtop, research-scale system with high resolution. Al-
though a UV laser was used because of existing data showing
cytocompatibility of the photoinitiator,'? it is conceivable that
other lasers can be substituted as long as a corresponding
cell-compatible photoinitiator is available.

The crosslinking of the macromer solution induced by the
focused UV pulsed laser (A = 355 nm), and the complexity
of the scaffold’s architecture is controlled by the translational
motion of the stage in the x-y directions, as well as feature
resolution. The laser beam can be modeled as a Gaussian
distribution in which the beam’s diameter at the focal waist
governs the theoretical x-y resolution of the system, which in
turn dictates the smallest feature sizes attainable (e.g., poros-
ities or wall thickness of the scaffold). The focal waist of a
Gaussian beam with a circular cross section is given by

w, = (2N ) X f¥, (1)

where w is the laser beam radius at the focal waist, A is the
wavelength, /* (f number) is given by

ff=f2w,

where f is the focal length of the lens, and w, is the beam
radius at the lens. With the use of this equation, in this case,
the theoretical resolution is calculated to be 5.8 um (A = 355
nm, f = 254 mm, and beam w, = 1 mm). Similarly, the
depth-of-focus equation for a Gaussian beam with a circular
cross section provides the theoretical resolution in the z axis,
which in turn dictates the thickness of each layer. This can be
solved by

dof = (mw?/N\)*(® — 1)'2, 2

where dof is the depth of focus, and ¢ is the acceptable focus
within 2% or 1.02. For the current setup the theoretical depth

of focus calculated from Eq. (2) is 15 um. These values
demonstrate that the laser-based system has the potential to
be a high-resolution instrument. However, the experimental
x—y resolution as well the z resolution of the system was
measured to be ~100 wm, which was governed by the
amount of macromer solution placed on the translational
stage. These significant deviations between the theoretical
and experimental values can be caused by laser diffraction,
heat conduction, photoinitiator diffusion, and scattering due
to polymer particles. It is believed that through careful selec-
tion of photoinitiator, particle concentration, and optimal
laser optics, this resolution can be significantly improved.
However, even at its current resolution, the feature sizes of
the setup are conducive of studying cell differentiation and
tissue formation in a highly controlled, predesigned manner.
An ideal wall thickness of a scaffold should be sufficient
enough to not only encapsulate 5-10-wm-sized controlled-
release particles and other biomolecules, but should provide
enough surface area for stem cells to attach and spread for
optimal cell-to-cell communication and differentiation. The
scaffold-fabrication system developed here allows study of
the effects of channel wall thickness, pore size, and polymer
crosslink density (all leading to the issues of nutrient diffu-
sivity) in a controlled and detailed manner.

The laser-layered stereolithography process has the capa-
bility of spatially patterning growth factors and ECM com-
ponents by their addition into the macromer solution prior to
photopolymerization. Instead of bulk photocrosslinking PEG,
as reported by other groups,'"!? laser SL provides a con-
trolled point-by-point polymerization method of creating a
predesigned scaffold. This unique capability specific to SL
enables multiple types of growth factors to be spatially pat-
terned within a single structure, overcoming a major road-
block in current efforts with creating more complex tissue-
like structures. Another advantage of using this method is that
microparticles have been effectively encapsulated during the
crosslinking of PEGDMA solution. In experimental applica-
tions both degradable poly(lactide-co-glycolide) micropar-
ticles (data not shown) and nondegradable polystyrene parti-
cles were used to show patterning of controlled-release car-
riers. Spatial incorporation of controlled-release particles
having predesigned release profiles would allow effective
temporal patterning of the growth factors necessary for the
signaling of progenitor cell differentiation (e.g., growth factor
A could be early release and growth factor B could be a late
release).

Surfaces of these microfabricated scaffolds must also be
functionalized for cell recognition, providing a more biomi-
metic environment for stem-cell proliferation and behavior.
Therefore, ECM components were integrated within scaf-
folds by covalent conjugation to the scaffolding biomaterial.
Fibronectin-derived RGD is a commonly employed amino
acid sequence for functionalizing PEG. Scaffolds were func-
tionalized with RGD to be more biomimetic, thereby medi-
ating adhesion to the seeded OP-9 cells. Micrographs show
both protein and cellular attachment to the scaffolds that were
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modified with RGD. Cells that were seeded onto 100% PEG
scaffolds without the presence of RGD did not remain viable.

In addition, one of the key factors in creating hybrid tissue
structures is the ability to effectively sequester growth factors
and maintain spatial patterning by controlling their diffusion
in the scaffold. It was hypothesized that appropriate modifi-
cations of the scaffold polymer with ECM components would
allow for efficient binding and effective localization of
growth factors. To demonstrate spatial patterning as well as
localization of specific biofactors, FGF-2 was chosen as a
model growth factor. The PEGDMA macromer was premodi-
fied with heparan prior to scaffold fabrication in order to
regulate activity of the growth factor, FGF-2, and control its
diffusion from the prescribed regions. By localizing growth
factors into their specific compartments within a single scaf-
fold, molecular signaling for hybrid stem-cell differentiation
can be further optimized. Heparan for growth-factor binding
was evaluated in both thin-layered and multilayered systems.
The immunostaining results show that FGF-2 remained se-
questered in a heparan-containing matrix rather than diffusing
away, indicating feasibility for successful patterning in a
scaffold structure.

Integration of cells within PEG-based scaffolds can be
mediated in two different ways: (a) direct cell encapsulation
during the crosslinking polymerization, and (b) cell seeding
into fabricated scaffolds in which diffusion as well as surface
chemistry governs cell distribution. The latter method was
chosen for integrating cells within the microfabricated scaf-
folds, because the predefined channels serve as porosities. It
should be noted that the structural material of the scaffold is
also a hydrogel that allows for intrinsic diffusivity throughout
the scaffold in addition to the presence of channels. It is
hypothesized that combining the hydrogel material with a
porous macrostructure will allow significantly improved dif-
fusion of oxygen and nutrients to the interior of the scaffold,
a major limitation of current scaffolding techniques.

There are, however, some key limitations to this fabrica-
tion process in its current form. First, the fabrication process
is slow, and if not automated could be tedious, especially for
larger scaffold sizes. Thus, cell encapsulation within the
hydrogel material, as has been the norm by other researchers
using similar materials'*'*° is not possible. Instead cells
were seeded within the structures. Direct cell encapsulation,
however, in combination with laser SL, could prove to be a
promising method, because multiple progenitor cells could
ultimately be used, mimicking a more complex physiological
tissue/organ. It would be helpful to have both options (en-
capsulation as well as seeding) available. Attempts are being
made to increase the speed of the layer-by-layer fabrication
process with more advanced optical techniques that would
allow both direct encapsulation as well as seeding of cells.
Second, staggered layers (to ensure later interconnectivity of
pores and channels) have not been achieved. Because in
traditional stereolithography such staggering and overhang-
ing structures are quite common and generally achieved with
the use of a sacrificial filler material, it is believed that the
current technique can be further enhanced using such ap-

proaches. Efforts to further enhance the capabilities of this
technique to incorporate such features continue. It should be
noted that because the walls of the scaffold are hydrogels,
lateral diffusion of oxygen and nutrients is possible. Third,
the concept of washing off one solution prior to polymerizing
another (for spatial patterning) could lead to some cross-
contamination between patterns. Although the results indicate
that we can successfully pattern several components, it re-
mains to be seen how complex the patterning can be before
mixing becomes a problem. However, it is believed that even
simple 3D spatial patterns can provide unique insights on cell
behavior under complex microenvironments.

In conclusion, a laser-based layer-by-layer photopolymer-
ization process for microfabricating porous polymer scaffolds
has been developed. This process allows for precise, prede-
signed spatial distribution of single or multiple molecules
within the scaffold, as well as for the fabrication of prede-
termined internal architectures. It has also been demonstrated
that functionalizing the scaffold material with RGD and hepa-
ran ensures efficient cell attachment and allows for spatial
sequestration of patterned growth factors (FGF-2). Such mi-
crofabricated scaffold structures could provide tools to study
progenitor cell populations under patterned, complex micro-
environments and ultimately aid in creating predesigned hy-
brid tissue structures from a single stem-cell population.
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