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Optical images of the 3D microvascular network were captured by
a Canon 141 Digital Camera (Canon U.S.A, Inc., Lake Success, NY).
Fluorescence microscope images were obtained with a Zeiss Axio-
vert 100 fluorescence light microscope (Carl Zeiss Microimaging,
Thornwood, NY) with a 2.5 x objective.
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MATERIALS

Bioactive Hydrogels with an Ordered
Cellular Structure Combine
Interconnected Macroporosity and
Robust Mechanical Properties**

By Agnieszka N. Stachowiak, Anna Bershteyn,
Elina Tzatzalos, and Darrell J. Irvine*

Bioactive hydrogels that consist of a cellular structure of
interconnecting macropores combine tissue-like -elasticity
with enhanced pathways for mass transport and cell migra-
tion, making them attractive scaffolds for drug delivery and
tissue engineering.'*! However, in order to obtain high
degrees of pore interconnectivity using available stochastic
porogen methods, void fractions exceeding 95 % must be
introduced, ! severely impacting mechanical properties such
that a limited selection of stiff materials can be utilized.**!
Here we report a method to prepare soft hydrogels with inter-
connected porosity at moderate void fractions, thus maintain-
ing a compressive stiffness that is comparable to native tissues.
This was achieved by fabricating gels with ordered, intercon-
nected macrovoids (20-60 um diameter) via colloidal-crystal
templating. The templated bioactive hydrogels supported cell
attachment and migration through the interconnected struc-
ture. Two ubiquitous biomaterials, crosslinked poly(ethylene
glycol) and gelatin, were templated; the generality of the
approach should make it applicable to materials of interest
for a broad range of bioengineering applications.

Colloidal-crystal templating has been extensively applied for
the fabrication of photonic crystals, membranes, chromato-
graphy media, and solid-phase catalysis substrates.'"**l The
template is comprised of a crystalline arrangement of monodis-
perse microspheres (typically silica or polystyrene), which can
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be used as an extractable template for
the fabrication of inorganic materials,
metals, or polymers with close-packed
voids of ~0.05-5 um diameter (com-
monly referred to as inverse opal struc-
tures). In order to adapt colloidal-
crystaltemplating to the fabrication of
tissue-engineering scaffolds, we prepared
1-2 mm thick templates from mono-
disperse polymer microspheres with
20-60 wm diameters. Colloidal crystal
templates (CCTs) can be prepared from
submicrometer-diameter particle suspen-
sions simply by controlled evaporation,
with random thermal motion enabling
the spheres to evolve to close-packed
structures as they are concentrated.!"1?!
For the large microspheres used in our
templates, Brownian forces were insuffi-
cient to promote ordering; we previously
reported that controlled evaporation
alone does not lead to close packing of
large microspheres (resulting in imper-
fect templated gel structures).m To over-
come this problem, and achieve highly
ordered CCTs, we incubated drying sam-
ples atop a reciprocating shaker.

We first templated synthetic hydrogels
based on cross-linked poly(ethylene gly-
col) (PEG), a common tissue engineering
matrix material (Fig. 1a).'>"7) Hydrogel
precursor solution was perfused through
the template by centrifugation and sub-
sequently photopolymerized, after which
the template was removed by solvent ex-
traction. The morphology of the resulting
templated hydrogels was characterized
by optical, fluorescence, and scanning
electron microscopy (SEM). As shown
in Figures 1b,c (top), scaffolds examined
in the hydrated state exhibited a cellular
structure with long-range hexagonally
close-packed order; cell size was exactly
dictated by the diameter of the templat-
ing microspheres. Regions of sphere—
sphere contact in the original template
created ordered arrays of intercell pores,

a) 1) Deposit PMMA
microspheares

2) Add hydrogel
precursor and
palymerize

3) Dissolve
microspheres

Figure 1. Scaffold fabrication and morphology. a) Schematic of hydrogel templating process.
b) Bright-field optical micrographs taken within hydrated PEG gels templated with 20, 40, or
60 um diameter microspheres (scale bars 50 um). c) (Top) Confocal image of a fluorescently la-
beled, hydrated PEG scaffold taken through the mid-plane of a single layer within the structure
(scale bar 40 pm). Scaffolds with 20 um cells had 65+3 % porosity (determined from intensity-
thresholded 3D confocal data). Breaks in fluorescence intensity around each cell of the structure
occur at open inter-cell pores (denoted for one cell with arrows). (Bottom) A 3D reconstruction of
serial z-section confocal images taken in 0.5 um steps shows the lateral intercell pores formed at
points of sphere—sphere contact in the colloidal crystal template: a small section of one scaffold
layer is shown at a 135° angle. d) SEM images of dehydrated scaffolds: (Top) Cross-sectional image
taken near the center of a templated scaffold. Gels exhibited cell ordering and interconnectivity
throughout their cross-sections (scale bar 50 um, corrected for shrinkage due to dehydration;
28 um uncorrected). (Bottom) Templated hydrogels also exhibited porosity at their free surfaces,
as illustrated by this scaffold with a 20 um cell size (scale bar 20 um, corrected).

as illustrated by three-dimensional (3D) reconstructions of seri-
al confocal images through a scaffold layer (Fig. 1c, bottom);
scaffolds typically had ~ 78 % of the pores expected for a perfect
structure (determined from 3D confocal data), which is well
above the threshold for a fully percolating structure. 817

To probe morphology within the center of millimeter-thick
structures, dehydrated scaffolds were also examined by SEM.
Upon dehydration, scaffolds shrank by ~40 %, but did so uni-
formly (Fig. 1d, top). Gels exhibited ordered cells and cell-
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cell connectivity throughout their cross-sections. Templated
scaffolds with 40 um or greater cell size had intercell pore di-
ameters 210 um, consistent with those reported to support tis-
sue invasion in vivo (Table 1).?*??! In addition, while some
stochastic porogen methods used for the fabrication of tissue
engineering scaffolds create dense or nonporous skin layers
which may block entry of cells into implanted structures,*2*
templated gels had well-defined porosity at their free surfaces
(Fig. 1d, bottom).
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Table 1. Templated PEG scaffold pore sizes and compressive moduli.

MATERIALS

be prepared from higher molecular weight
PEGs, suggesting that this templating approach

Nominal cell Dehydrated inter-cell Inter-cell pore diameter, ~ No. pores Compressive could be readily applied to such gels.[35’36]
size [um] pore diameter [um] corrected [um] [a] examined modulus [kPa] [b] As illustrated in Figure 2a, mouse NR6 fi-
>
20 2.5410.57 5.1541.00 53 16.0+43 broblasts were able to attach and spread inside
+ + + -
40 >33 £087 267153 m 180242 RGD-modified scaffolds over at least several
60 8.86£1.81 15.5+£3.17 116 22.6+5.0

[a] Intercell pore size determined from SEM images of scaffolds was corrected by dividing
by the fractional shrinkage observed in the dehydrated structure relative to the dimensions

of the hydrated scaffold measured in situ by confocal microscopy.
[b] Modulus of non-templated PEG hydrogel was 160£53 kPa.

The high degree of cell interconnectivity observed in tem-
plated gels was achieved at significantly lower total porosities
than were required in stochastic porogen methods due to the
ordered arrangement of void space, and this resulted in
improved mechanical properties. Using a model of bending
response in porous structures, Gibson and Ashby derived a
relationship between the elastic modulus of cellular materials
(Eceltutar) and their solid counterparts (Esohd)[%]

Ecellular — C(l _ P)2 (1)
solid

where C is a constant (typically =1) and P is the porosity.
Equation 1 predicts the modulus of structures with 95-99 %
porosity to be 0.25 %—0.01 % of the bulk solid, in agreement
with reported data on tissue engineering scaffolds.** Such
porosity levels lead to extremely low moduli for soft hydrogel
structures, and therefore prior studies of macroporous soft gels
have typically been confined to small cell sizes!**® (<15 pm)
and/or to low total porosities (<35 %).?7! Compressive mod-
uli of our templated PEG hydrogels in the hydrated state were
found to be comparable to soft tissues, which range from ~ 1
to a few tens of kilopascals (Table 1).”*"! In agreement
with Equation 1, our data yielded a value of Eiemplated/
E01ia=0.120£0.05 for the PEG hydrogels, versus 0.108 pre-
dicted for close-packed void structures with maximal theoreti-
cal porosity (74 %). Thus, the templated structure combines
excellent cell interconnectivity with relative stiffnesses ten to
one-thousand-fold greater than those predicted for disordered
structures, where high porosity is a prerequisite for high inter-
connectivity (E74 % porous/E99 % porous ~ 676)

We next examined cell attachment and migration in tem-
plated bioactive PEG hydrogels by three-dimensional epi-
fluorescence microscopy. PEG networks are readily function-
alized with short peptides that support cell adhesion via
specific integrin cell surface receptors."'>!”! PEG monoacry-
lates conjugated with the adhesion peptide Gly-Trp-Gly—
Arg-Gly-Asp-Ser-Pro  (GWGRGDSP)P!!  (RGD-PEGA)
were synthesized, which provided RGD-mediated cell attach-
ment to PEG hydrogels for at least 12 h (data not shown).*?
Others have reported potential issues with protein adsorption
to low-molecular-weight PEG gels.[33’34] However, hydrogels
with bulk compressive moduli in the range of 10-100 kPa may
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days when cultured within scaffolds in vitro.
Further, loading of RGD-functionalized scaf-
folds with highly motile cells (T cell clones or
primary T cells isolated from lymph nodes of
OT-1I mice) showed that the interconnecting
pores readily supported cell migration through-
out the matrices in three dimensions (illustrat-
ed by the time-lapse images shown in Figure 2b; see also Sup-
porting Information). Thus the connected cellular structure of
templated gels provided functional pathways for cell migra-
tion within the scaffold.

In addition to functionalization by short peptide ligands, the
interconnected porosity of the templated structure makes
post-synthesis functionalization of all interior surfaces of the
gel with intact extracellular matrix (ECM) proteins possible

Figure 2. Cell attachment and migration in templated PEG hydrogels.
a) Overlaid bright-field optical and fluorescence micrographs of stained
NR6 fibroblasts spread on RGD-functionalized PEG scaffolds with 40
(left) and 60 (right) um void sizes, after 24 h (scale bars 50 um). Fluo-
rescence staining of cells within scaffold: red, PKH26 membrane dye,
blue, DAPI nuclear stain. b) Time-lapse bright-field optical microscopy
images of T lymphocytes migrating through intercell pores in scaffolds.
Primary T cells isolated from OT-II mice (top) and D10 CD4" T cell clone
(bottom) are shown migrating in scaffolds with 20 and 30 um voids, re-
spectively. Times are elapsed minutes:seconds; the cell of interest in
each case has been identified with a false-color overlay. (See Supplemen-
tary Information for Quicktime movies of these time-lapse images).

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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by simply incubating the templated macropo-
rous gel in a solution of protein which can react

Table 2. Templated gelatin scaffold pore sizes and compressive moduli.

with functional groups present on the gel sur-

Nominal cell size

Inter-cell pore diameter No. pores examined Compressive modulus

faces; we demonstrated this by coupling bio- wml uml [kPa] [2]
tinylated fibronectin to biotinylated PEG 20 8.82:+2.66 54 31+07
scaffolds via a streptavidin bridge (data not 40 16.7£4.28 49 33217

60 21.8£5.50 50 5025
shown).

An attractive feature of the colloidal-crystal
templating approach is its potentially broad ap-
plicability for scaffold fabrication; any aqueous
solution undergoing a permanent liquid—to—solid transition
can in principle be templated with an ordered microstructure.
To demonstrate this, we also templated the biological hydro-
gel formed by gelatin. This was done by introducing the
heated gelatin solution into a colloidal template in the same
way as for the synthetic PEG hydrogels, and solidifying the
solution by cooling (followed by carbodiimide crosslinking).
Gelatin hydrogels prepared in this manner were examined by
optical and electron microscopy. Upon extraction of the tem-
plating microspheres, an ordered gelatin scaffold with inter-
connecting pores remained, as shown in the bright-field and
electron micrographs of Figure 3. Intercell pore diameters
were consistently ~40 % of the nominal pore diameter (cf.
~25 % for PEG gels), thus creating large pathways for cell mi-
gration even at the minimum 20 um void diameter, as shown
in Table 2. Acetic acid treatment of the gelatin scaffolds did

Figure 3. ECM-based templated hydrogels. a) Brightfield optical micro-
graph of hydrated gelatin scaffold templated with 60 um diameter micro-
spheres (scale bar 40 um). b) SEM image of freeze-fractured gelatin scaf-
fold with 20 um cell size (scale bar 40 um).

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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[a] Modulus of non-templated gelatin was 37.5+13.7 kPa.

not negatively impact cell attachment to the templated scaf-
folds. Primary T cells and NR6 fibroblasts attached and mi-
grated within the ECM scaffolds as in the RGD-PEG scaf-
folds (data not shown). Compressive moduli of gelatin
scaffolds were determined as for the PEG gels, and mechani-
cal properties, though reduced, remained suitable for mimick-
ing soft tissues (Table 2). Further, the decrease in modulus
from bulk to porous gelatin was again consistent with the Gib-
son—-Ashby theory, since Eiemplated/ Esotia = 0.100£0.026. Simi-
lar fabrication approaches should make the colloidal crystal
templating technique applicable to a variety of biomaterials.

In summary, we have introduced a novel method for prepar-
ing bioactive scaffolds with ordered, highly interconnected
macroporosity, and shown its applicability to two widely used
hydrogel biomaterials. Using this approach, the attractive
properties of hydrogels, such as biochemical versatility, tissue-
mimetic mechanical properties, and hydrophilicity, may be
combined with the benefits of an interconnected macroporous
structure, including improved nutrient transport, space for
cell migration, and fidelity to reticular ECM structures
found in tissues such as bone marrow, lymph nodes, and the
spleen. ¥

Experimental

Preparation of Colloidal Crystal Templates: A suspension of mono-
disperse poly(methyl methacrylate) (PMMA) microspheres (Fluka,
40 % solids in 30:70 vol:vol water/ethanol) was deposited in 4.8 mm
diameter poly(dimethyl siloxane) wells adhered to glass slides, and
dried atop a reciprocating shaker operated at 250 rpm for 4 h at
20°C.

Preparation of PEG Scaffolds: A hydrogel precursor solution was
prepared containing 20 % (w/v) PEG dimethacrylate (PEGDMA,
Polysciences, MW = 1000 gmol™), 0.15 M triethanollamine, and 0.8 %
hexyl phenyl ketone photoinitiator in 3:1 (v/v) 4-(2-hydroxyethyl)pi-
perazine-1-ethanesulfonic acid (HEPES)-buffered saline pH 7.4 and
ethanol. The precursor (12 uL) was gently pipetted onto the template,
perfused by centrifugation (3 min, 1500 rpm), and exposed to UV
light (365 nm, 12 mW cm™) for 90 s in order to polymerize the diacry-
late. The polymerized construct was transferred to acetic acid in order
to dissolve the microspheres over 48 h, and finally equilibrated in ster-
ile phosphate-buffered saline pH 7.4.

Preparation of Functional PEG Scaffolds: Fluorescent scaffolds
were prepared by including 0.003 wt.-% Fluor 570 methacrylate
(Polysciences, Inc.) in the gel precursor solution. To prepare bioactive
scaffolds, hydrogel precursor solution containing 1:160 mol:mol
RGD-PEGA/PEGDMA was polymerized around colloidal crystal
templates as before. Peptide-modified PEG acrylates (RGD-PEGA)
were prepared by reacting 0.5 molar excess acryloyl-PEG-N-hydroxy-
succinimide (PEGA-NHS, Nektar, MW =3400 Da) with the adhesion
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peptide [31] GWGRGDSP or a control peptide GWGRDGSP (MIT
Biopolymers Laboratory) in pH 8.3 sodium bicarbonate buffer for 2 h
at 20°C, then dialyzing to remove excess PEGA-NHS (3500 MW
cutoff, Pierce) [39].

Preparation of Scaffolds for SEM: PEG scaffolds were serially
dehydrated (10, 25, 50, and 75 % ethanol at 10 min each; 100 % over-
night), razor-cut, and observed using a LEO VP-438 at 5 kV. Gelatin
scaffolds were frozen in liquid nitrogen, fractured, and lyophilized for
24 h prior to observation with a LEO VP-438, which was used in vari-
able pressure mode (20 Pa) at 20 kV.

Confocal Microscopy: Fluorescent scaffolds were observed using a
Zeiss LSM 510 with 40X Apochromat water-corrected objective.

Mechanical Properties Testing: Compressive moduli of hydrated
PEG and gelatin scaffolds were measured at a constant strain rate
(5 ums™) using a precision motor stage (Micromechanics, UK) and a
25 g load cell (Transducer Techniques, CA). Data is reported as mean
+ standard error.

Cell Culture: NRG6 fibroblasts were the gift of Dr. Douglas Lauffen-
burger, and were cultured in Dulbecco’s Modified Eagle’s medium.
OT-II T cells were derived from the lymph nodes of OT-II transgenic
mice (Jackson Laboratories) and cultured in RPMI 1640. D10 T cells
were a gift of Dr. Mark Davis and cultured in RPMI 1640. All media
were supplemented with 10 % fetal calf serum, antibiotics, sodium
pyruvate, non-essential amino acids, and 10 mM HEPES.

Cell Loading and Observation in Scaffolds: Fibroblasts or T cells
were seeded by adding 10° cells in 20 uL. RPMI medium to a scaffold,
and incubating at 37 °C with shaking for 15 min. NR6 fibroblasts were
treated with PKH26 membrane dye (Sigma) prior to loading, and with
DAPI nuclear stain (Molecular Probes) at least 24 h after loading,
according to manufacturer’s instructions. Cells were observed using a
Zeiss Axiovert 3D epifluorescence microscope equipped with
piezoelectric objective z positioner and environmental stage (37 °C,
5% CO,), with the aid of Metamorph software.

Preparation of Gelatin Scaffolds: PMMA templates were heated to
70°C and pre-wet with 70 % ethanol, after which gelatin solution at
70°C (Sigma Type A, ~300 Bloom, 200 mgmL™, prepared in 25 %
aqueous ethanol) was immediately added and perfused by centrifuga-
tion (5 min, 2000 rpm, 30 °C). After cooling to room temperature for
30 min, gels were flash frozen in liquid nitrogen and lyophilized over-
night. Dehydrated gels were then treated with carbodiimide
(020 mM  N-Ethyl-N’-(3-dimethylaminopropyl)carbodiimide  and
0.07 mM N-hydroxysuccinimide for 3 h at 20°C) to form covalent
cross-links that remain stable during template dissolution [40]. After
the PMMA template was dissolved in acetic acid, the construct was
rinsed and equilibrated in PBS pH 7.4.
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