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A Versatile Synthetic Extracellular Matrix Mimic via
Thiol-Norbornene Photopolymerization

By Benjamin D. Fairbanks, Michael P. Schwartz, Alexandra E. Halevi,
Charles R. Nuttelman, Christopher N. Bowman, and Kristi S. Anseth*

Synthetic hydrogels with engineered, cell-mediated degradation
sites are an important category of biomimetic materials.
Here, hydrogels are synthesized by a step-growth reaction
mechanism via a radically mediated thiol-norbornene (thiol-ene)
photopolymerization. This reaction combines the advantages of
ideal, homogeneous polymer network formation, facile incor-
poration of peptides without post-synthetic modification, and
spatial and temporal control over the network evolution into a
single system to produce proteolytically degradable poly(ethylene
glycol) (PEG) peptide hydrogels. Using a thiol-ene photopolymer-
ization, rapid gelation times are achieved, while maintaining high
cell viability for cell encapsulation. The enzyme- and cell-
responsive characteristics are demonstrated by tailoring the rate
of spreading of human mesenchymal stem cells (hMSCs)
through both the selection of proteolytically degradable cross-
linkers and the density of the adhesion peptide RGDS.
Furthermore, cellular function is manipulated spatially within
the thiol-ene hydrogels through biochemical photopatterning.
The high degree of spatial and temporal control over gelation,
combined with robust material properties, makes thiol-ene
hydrogels an excellent tool for a variety of medical and biological
applications.

Synthetic, covalently crosslinked hydrogels are an increasingly
important class of biomaterials with applications including, but
not limited to, drug delivery, contact lenses, wound dressing, and
bioadhesives.!"® Hydrogels are of particular interest for the
incorporation of cellular components into tissue-engineered
materials and the study of cellular function in three dimen-
sions.® ™ Living cells are encapsulated and sustained by
polymerizing in the presence of large, multifunctional macro-
molecular monomers or macromers under physiological condi-
tions, making hydrogels an attractive platform to both evaluate
and manipulate tissue development. Significant attention has
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recently been devoted to hydrogels comprising PEG, a so-called
“blank slate” material.*¥ Due to an extremely low level of protein
and cellular adsorption,*>'* PEG hydrogels enable researchers to
elicit specific cellular interactions through the incorporation of
biologically functional components.***¢!

PEG hydrogels are commonly prepared by photo-crosslinking
linear PEG chains that have been modified on either end with
acrylate or methacrylate moieties.®”) This photopolymerization
strategy provides excellent temporal and spatial control of network
development with low cytotoxicity.'"®'*) Adhesion and proteolytic
degradation sites are incorporated by co-polymerization of
acrylate-functionalized peptides,*”! permitting cells to remodel
their microenvironments. While such hydrogel preparation has
significantdemonstrable benefits and has been instrumental in the
development of the field of tissue engineering, hydrogels, formed
fromtraditional radical-chain-growth polymerization of di(meth)a-
crylate monomers, possess heterogeneous network structures with
dense poly(meth)acrylate chains and long PEG crosslinks!*"*? (for
an illustration, see Supporting Information, Fig. S1).

Step-growth polymerization of co-monomer solutions with
complementary reactive groups forms homogeneous network
structures!?’! (Fig. S1) that have been shown to possess superior
strength and strain tolerance when compared to chain-growth
networks of similar crosslink density.*"! Recently, base-catalyzed
Michael-type addition reactions between thiols and conjugated,
unsaturated functional groups have been used to create hydrogels
under mild, physiologically relevant conditions.”>?*/ The
Michael-type addition polymerization methodology provides a
simple strategy for incorporating proteolytically degradable
crosslinking peptides without post-synthetic modification
through the inclusion of cysteine on either end of the peptide
sequence. Hydrogels that promote cell spreading and migration
in a fashion similar to natural biomaterials have been synthesized
with this approach.””?) However, the alkaline conditions
required for Michael-type reactions promote disulfide formation
that has been implicated in the off-stoichiometric reaction of
monomers during hydrogel formation.*®! Moreover, as the
Michael addition is spontaneous, all spatial and temporal control
intrinsic in photopolymerization is forfeited.

The materials developed herein synergistically combine the
advantages of step growth and photoinititated polymerization to
synthesize bioresponsive synthetic co-peptide hydrogels. Speci-
fically, the radical-mediated step-growth reaction between thiol
and norbornene moeities®* % is utilized to create uniform PEG
co-peptide networks, structurally similar to those resulting from
Michael-type reactions. The thiol-ene photopolymerization is
cytocompatible, controllable both spatially and temporally, and
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provides a facile means to tune biochemical and mechanical
properties, making this method a versatile tool for the
manipulation and study of cellular activity in three dimensions.

While the step-growth mechanism of the thiol-ene polymer-
ization is well established for solvent-free reactions,’>>* the
reaction has neither been investigated in hydrated, dilute systems
nor in the presence of charged peptides. Normally, step-growth
thiol-ene photopolymerization proceeds via the mechanism
shown in Figure 1a.2%3* The light-activated initiating species
abstracts a hydrogen atom from a thiol, forming a thiyl radical.
This radical then propagates across the alkene group. Subse-
quently, the resulting carbon-centered radical abstracts a
hydrogen atom from another thiol, forming the thioether linkage
and regenerating the thiyl radical. Termination occurs through
the coupling of any two radical species. The ideal step-growth
mechanism presumes the alternation of propagation and
chain-transfer reactions and the absence of any alkene homo-
polymerization.

High-resolution magic-angle spinning (HRMAS) '"H-NMR
spectroscopy was used to demonstrate quantitatively the step-
growth nature of the thiol-ene reaction under hydrated condi-
tions. The conversion of norbornenes and thiols to thioethers
via the disappearance of the alkene proton peaks of norbornene
and the simultaneous appearance of the a-proton peak of the
thioether were monitored during a stoichiometrically balanced
photopolymerization of 20kDa PEG-tetranorbornene (PEG4-
norb, Fig. 1b) and chymotrypsin degradable peptide (Fig. 1c, see
Fig. S2 for spectra). Additionally, a series of photopolymerizations
was performed, in which the stoichiometric ratio of thiols to
norbornenes was systematically varied. Gelation occurred only at
stoichiometric ratios that satisfied the conditions of the
Flory—Stockmayer equation!®**®! (Table S1). Both results indicate
a 1:1 reaction between thiol and norbornene functional groups,
precluding any significant chain addition of the alkene.

The primary objective of this work was to develop a
polymerization strategy for mimicking complex biological
environments, utilizing simple chemical and physical modifica-
tions for tailoring the material properties. For the thiol-ene
hydrogels investigated herein, mechanical properties of the
swollen state are dependent on the concentration of monomers

O
~

used during polymerization, with shear elastic moduli ranging
from 300+£20 to 1700+360Pa (Young's modulus of
900-5100 Pa) for 3-10wt% gels (Fig. S3). Importantly, the
modulus values fall within the range of a variety of physiologically
relevant tissues®”! and, while not investigated here, PEG
monomers of lower molecular weight yield much higher
modulus materials. The modulus values reported here are
markedly higher than those reported by Lutholf and Hubbell for
hydrogels formed via the Michael addition from monomers of
similar molecular weights;*® the average Young’s modulus of
such gels formed under stoichiometric conditions and 10 wt%
monomers is reported as ~1700 Pa. This disparity may be caused
by a combination of potentially higher functional group
conversions in the radical polymerization, as well as disulfide
formation under the Michael addition conditions where increas-
ing the relative biscysteine peptide mole fraction could result in
higher-modulus materials.

Figure 2a demonstrates that elasticity is controlled within a
preformed material. In this example, a preformed 5 wt% thiol-ene
gel was placed in a 10wt% solution. When exposed to light, a
higher-crosslinking-density ~interpenetrating network (IPN)
formed within the softer gel. Similar methods have been
described for photopolymerized PEG diacrylate hydrogels.[*®
The time within which the IPN is formed is controlled by varying
the light intensity or initiator concentration. The ability to control
hydrogel elasticity within the material has many applications in
fundamental studies of cell behavior and when forming complex,
engineered tissues.

A significant advantage of utilizing a light-dependent poly-
merization strategy is that monomer solutions can be premixed
and appropriately positioned (e.g., in a tissue defect) prior to
polymerization or stored until ready for use, which minimizes
material use, decreases measurement errors, and provides
researchers with more precise control of when and where the
reaction occurs. Demonstrating that the reaction occurs
exclusively during light exposure and thereby is at the discretion
of the user, the polymerization in Figure 2b is interrupted at 165
and 280s of exposure for 60s simply by shuttering the light
source. As seen from these results, little or no modulus
development is observed during the periods in which there is

no UV irradiation. The thiol-ene polymeriza-
tion rate is also precisely controlled by changes
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“s | in the initiator concentration (Fig. 2c). In the
¢~ | presence of either 12959, a commercial
initiator commonly used for photoencapsula-
tion of cells, or lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), a highly
water-soluble initiator with strong absorbance
at 365 nm,*” gelation occurs within several
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Figure 1. a) General mechanism for radical, step-growth thiol-ene polymerization. An initiator
abstracts a hydrogen atom from a thiol. The resulting thiyl radical propagates across the
norbornene carbon—carbon double bond. The resulting norbornane radical abstracts a hydrogen
atom from a thiol, completing the thioether bond formation, and regenerating a thiyl radical.
b) Monomers used in this study are 1) PEG4norb (M, 20 kDa) and 2) chymotrypsin-degradable
peptide. ¢) Concentration of norbornene groups (m), as calculated by the disappearance of
alkene proton peaks, and of thioethers (o), as calculated from the emergence of thioether
=2, 365-nm light with 0.05wt%

a-proton peaks. Polymerization was performed at 10mW cm
12959.
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6 8 10 12 minutes at even the lowest initiator concentra-
tions studied. LAP initiates a much more rapid
polymerization than 12959 for the thiol-ene
polymerization, with gelation occurring in one
second at 11 mm LAP concentration. Initiation
at even the lowest LAP concentration studied
here (50 M or 0.0015 wt%), results in gelation
of thiol-ene hydrogels within six minutes. With
such high reactivity, the thiol-ene photopoly-

merization provides researchers with control
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Figure 2. In situ dynamic photorheometry measurements for a) shear
modulus of network formed at 5wt% and swollen in 10wt% monomer
solution with 2.2 mm (0.05wt% 12959). The gel is exposed to 5 (m), 10 (e),
or 30 (o) mW cm 2 at 1205, creating an IPN of higher elastic modulus.
b) Co-polymerization of PEG4Norb and chymotrypsin-degradable peptide
at 0.05wt% 12959 and 10mW cm 2, 365 nm light, interrupted for 60's at
165s and again at 280s. The plot includes a 30 s delay prior to light
exposure. c) The time to gelation for a 10wt% monomer solution plotted
against the initiator concentration for 12959 (m) and LAP (e). The intensity is
10mW cm 2 at 365nm. d) Elasticcmodulus decline due to enzymatic
cleavage of hydrogel crosslinks with 0.10 (a), 0.20 (e), or 1.0mg mL™" (m)
chymotrypsin. All gels represented in this figure were formed by the
co-polymerization of PEG4Norb and chymotrypsin-sensitive peptide.
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over both the point at which the reaction is initiated and the rate of
hydrogel formation.

While the high degree of control exercised over the evolving
polymer network is an important feature of these thiol-ene
co-peptide hydrogels, a particular objective of this work was the
design of materials sensitive to cell-secreted proteases. As a
model system, the biochemical response of the thiol-ene
hydrogel to enzymatic degradation by chymotrypsin is shown
in Figure 2d. Cleavage of the chympotrypsin-sensitive peptide
crosslinks (sequence shown in Fig. 1b) leads to an enzyme-
dependent decrease in the elastic modulus over time,
indicating that crosslinks are being cleaved in a dose-dependent
fashion.

hMSCs were encapsulated in thiol-ene hydrogels to demon-
strate cytocompatibility, as well as biochemical control of
cell-material interactions. Figure 3 demonstrates two methods
by which the response of the thiol-ene hydrogel to biological cues
is biochemically modulated through choice of proteolytically
degradable crosslinker and through the adhesion ligand
concentration. For all studies reported here, cell viability 24 hours
post polymerization was in excess of 95% and maintained for the
duration of these experiments, indicating that this thiol-ene
photopolymerization is cytocompatible. Figure 3b—e demonstrates
that the degree of cell spreading is influenced by changing the
proteolytically degradable crosslinker sequence. The matrix
metalloproteinase (MMP)-degradable crosslinkers used in this
study were derived from an «l(I)-collagen amino acid
sequence!*®*? and are similar to amino acid sequences used in
previous MMP-degradable hydrogels.**?”) The native amino acid
sequence GPQGIAGQ is susceptible to cleavage by a broad range
of MMPs, including MMPs 1, 2, 3, 7, 8, and 914042 Susceptibility
to MMP cleavage by all of these proteases is increased by replacing
the alanine residue in the P’, position with leucine or
tryptophan.*** The degree of spreading at constant adhesion
ligand density is dependent on the crosslinker composition, as
illustrated in Figure 3b-f, with total spreading being greatest
within the MMP-Trp crosslinked gel and least in the MMP-Ala
crosslinked gel, which is consistent with the comparative rates of
cleavage of these peptides in solution.*®*? The crosslinker
sequence choice provides a powerful tool for controlling the
degradation rate in a wide variety of environments and for
potentially investigating the role of specific proteases in migration
and other cellular processes.

Additionally, Figure 3 demonstrates that an adhesion ligand (in
this case, RGDS integrin binding peptide!*>**) is necessary to
allow cells to spread within the matrix, and that the degree of
spreading is concentration dependent for each of the peptides
investigated. Without RGDS (Fig. 3b and f) cells remain rounded,
without evidence of spreading, for each of the peptides
investigated. It should be noted that as the cell-secreted enzymes
degrade these hydrogels, the gel volumes increase and the
concentration of cell-adhesion ligand necessarily decreases.
The ability to control how cells adhere to a synthetic material
would be particularly important when such materials are used to
induce migration in wound-healing environments such as bone
defects or skin wounds.””) These results demonstrate that the
degradation rate of the material and the ability of cells to spread
within it are tailored by the simple choice of the peptides that are
incorporated into the hydrogel.
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Figure 3. a) Peptides used in these studies 1) MMP-Ala, 2) MMP-Leu, 3)
MMP-Trp, and 4) the monocysteine integrin binding motif, CRGDS.
b) Quantification of the cell area for MMP-Ala, MMP-Leu, and MMP-Trp
gels at day 6 relative to day 1. The degree of spreading depends on
both the crosslinker and the CRGDS concentration: O um (white bars),
250 um (striped), 500 um (gray), and 1 mwm (black). Statistical significance,
indicated by (*), was determined with a one-way ANOVA followed by
Tukey pairwise comparisons, «=0.05. While significant differences
were found between many pairs, for clarity only a few are denoted as such
here. For a complete chart of pairwise comparisons see Table S2. All
hydrogels were prepared at 5wt% concentration of PEG4Norb and
MMP-degradable peptides co-polymerized with 0.05wt% 12959 at
10mW cm™2, 365nm light. The hMSC were encapsulated using
c) MMP-Ala crosslinking peptide and 1000 um RGD, d) MMP-Leu peptide
and 1000 wm RGD, €) MMP-Trp peptide and 1000 wm RGD, f) MMP-Trp
peptide and 0 pum RGD.

As tissues are biomechanically, biochemically, and cellularly
heterogeneous structures, spatial control of cell-material inter-
actions is a general goal for the development of biomimetic
materials. Figure 4 illustrates how the thiol-ene polymerization
strategy enables spatial control over gel biochemical pro-
perties. In Figure 4, gels were formed such that PEG4norb
was in excess relative to the MMP-degradable crosslinker.
Immediately following polymerization, a solution of CRGDS
adhesion peptide, labeled adhesion peptide, and initiator were
allowed to diffuse into the gel. Then, the adhesion ligand was
covalently coupled within predetermined 3D regions via
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Figure 4. a) Peptides used in photopatterning experiments. b) Normalized
fluorescence (relative to gels with no exposure) of 1-mm-thick hydrogels
saturated in a solution of 2.2 mm LAP, 1 mm Ac-CRGDSGCK-rhodamine, and
4mm of CRGDS and illuminated for times indicated under identical
conditions as for patterning experiments. c¢) 3D projection of an
800-pum-thick section of gel, in which Ac:CRGDSGK-rhodamine cylinders
were photopatterned and angled view of the same (bottom). d) 3D
projection of a 400-um gel section. hMSCs are encapsulated in MMP-
degradable hydrogel with RGDS displayed only where photopatterned (day
6). The image does not include gel/media interphases. Cells spread mostly
within the volume of the photopatterned cylinder. Gels were formed at
5wt% monomers PEG4Norb and MMP-Trp with a Tmwm excess of
norbornene functional groups. Adhesion ligand CRGDS and its fluorescent
counterpart were diffused into the gels at a concentration of 5 mm with
2.2mm LAP initiator and patterning was performed at 10 mW cm 2 for
2min.

photopatterning techniques in a manner similar to that
previously reported for PEG-acrylate hydrogels.*>™*”! Following
the photoconjugation, unbound ligand was allowed to diffuse into
fresh media. After two minutes of exposure at these conditions,
gels with photoconjugated rhodamine-labeled peptide exhibit
no further increase in fluorescence, indicating that all available
norbornene reactive sites are consumed (Fig. 4b). The
cell-adhesion sequence was coupled to the hydrogel network
only when exposed to light, as seen by the bright cylindrical
regions in the confocal microscopy images in Figure 4c
and d.

When hMSCs were encapsulated prior to incorporation of
adhesion peptide in similar MMP-degradable hydrogels, spread-
ing was greatest within the patterned cylinder (Fig. 4d); the
average area for those cells within the photopatterned cylinders
was 2.2 times the area of those outside. This value is clearly in the
higher range of areas observed for cellular spreading within these
hydrogels, as shown in Figure 3. It is, however, significantly
lower than that of the MMP-Tip crosslinked gel with 1mwm
CRGDS, with which the patterned column should have a
similar composition. This small discrepancy is due to great-
er-than-expected spreading outside of the cylinder, presumably

Adv. Mater. 2009, 21, 5005-5010
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the result of non-specifically bound CRGDS and fluorescently
labeled RGDS. Nevertheless, it is demonstrated that the degree to
which cells interact with the hydrogels is controlled spatially,
giving researchers the flexibility to design more complex,
improved strategies for inducing tissue formation or to study
specific biological processes.

The wunique chemistry and method for fabrication of
biomimetic hydrogels utilizing thiol-ene polymerization provides
excellent versatility with respect to creating and manipulating
cell-encapsulation environments. The radical photoinitiation
imparts rapid, yet cytocompatible, network development that is
under almost complete control of the user while the step-growth
mechanism imparts network homogeneity. The utility of such an
approach is augmented by the ease of the monomer synthesis; as
thiols on cysteine residues are used, peptide crosslinks require no
post-synthetic modification and PEG is modified with norbor-
nene via a common bioconjugation reaction. While photopattern-
ing of an adhesion peptide is demonstrated, the strategy should
broadly apply to any thiolated molecule of sufficient size and
quality to diffuse within the hydrogel network. In a single gel one
could imagine the creation of numerous spatially isolated and
distinct mechanical and biochemical environments to better
mimic the interfaces of natural tissues. The results presented in
this paper suggest that the thiol-ene photopolymerization can be
applied generally to the demands for a versatile, tailorable,
bioresponsive hydrogel in the fields of cell biology, drug delivery,
and regenerative medicine.

Experimental

Synthesis of 4-Arm PEG4norb: Norbornene-functionalized PEG was
prepared by the addition of norbornene acid via the symmetric anhydride
N,N’-dicyclohexylcarbodiimid (DCC; Sigma) coupling. The 4-arm PEG,
My, 20000 (JenKemUSA, Allen, TX), was dissolved in dichloromethane
(DCM) with 5x (with respect to hydroxyls) pyridine and 0.5x
4-(dimethylamino)pyridine (DMAP; Sigma). In a separate reaction vessel,
DCC 5x with respect to PEG hydroxyls, was reacted at room temperature
with 10 x 5-norbornene-2-carboxylic acid (Sigma). A few seconds after
addition of the acid, a white byproduct precipitate formed (dicycolhex-
ylurea), indicating the formation of dinorbornene carboxylic acid anhydride.
The anhydride was allowed to stir for 30 min, following which the 4-arm
PEG, pyridine, and DMAP solution were added. The reaction was stirred
overnight, after which the mixture was filtered. The filtrate was washed with
5% sodium bicarbonate solution and the product was precipitated in
ice-cold diethyl ether.

Peptide Synthesis: All peptides were synthesized on solid Rink-amide
resin using fluorenylmethoxycarbonyl (Fmoc) chemistry on a model 433A
peptide synthesizer (Applied Biosystems) or a Tribute peptide synthesizer
(Protein Technologies). Lysines were added to the terminal positions of the
peptide sequences to encourage aqueous solubility. The peptide CRGDSGK
was synthesized as the others, but with the orthogonal protecting group
1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde) on the C-terminal
lysine. On resin, the N-terminus was capped with acetic anhydride and Dde
was selectively removed with 2% hydrazine allowing labeling with
5(6)-carboxy rhodamine (Anaspec) by HATU coupling or with AlexaFluor
488 terafluorophenyl ester (AlexaFluor 488 5-TFP Invitrogen). Peptides
were analyzed by reverse-phase high-performance liquid chromatography
(HPLC) and matrix-assisted laser desorption ionisation (MALDI) mass
spectrometry and purified by reverse-phase HPLC.

HRMAS "H-NMR: HRMAS "H-NMR spectroscopy was performed on a
Varian Inova at 400mHz with a 4-mm GHX-Nano probe. Monomer
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solutions of 10wt% in phosphate-buffered D,O and 0.05 wt% 12959 inside
40 pL capacity nanotubes were exposed to 365-nm light at 10mW cm ™2
and periodic NMR measurements were taken. It should be noted that the
curvature of the nanotubes, in which polymerization occurs and spectra are
taken, interferes with the light exposure, making this a poor technique to
measure kinetics. It is, however, an appropriate means to determine the
conversion of alkenes relative to the generation of thioethers, confirming
the reaction mechanism.

Rheometry: In situ dynamic rheometry was performed with parallel-
plate geometry on an Ares 4400 rheometer (TA Instruments; setup shown
in Fig. S4). Light at 365 nm and 10mW cm ™2 was directed through a flat
quartz plate through the sample, while dynamic stress measurements were
made at a 100-um gap, 300% strain, and 100rad s~ . Strain sweeps were
performed prior to and post polymerization to verify the linear response
regime. The gel point was taken as the storage/loss moduli crossover
point, which indicates a conversion in the vicinity of the precise gel point
[48]. For rheometric measurements of degradation, a 10wt% PEG4Norb/
Chymotrypsin-degradable peptide and 20 mm 12959 in phosphate-buffered
saline (PBS) solution was mixed and placed on ice. Concentrated and
chilled chymotrypsin was mixed with the monomers to appropriate
concentrations and the solution was placed on the thermal-control Peltier
plate of the rheometer, set to 2 °C. The solutions were polymerized in situ at
20mW cm 2 and the temperature of the plate was raised to 37°C
(requiring roughly 20s) for the monitoring of enzymatic degradation.

Cell Culture and Encapsulation: hMSCs, provided by the Tulane
Center for Gene Therapy through a grant from NCRR of the NIH
(grant P40 RRO 17 447) were used at passage 3 for all experiments. hMSCs
were expanded using growth media (low-glucose Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) supplemented with 10% fetal bovine
serum (FBS, Invitrogen). hMSCs were encapsulated by resuspension in
monomer solution containing a 5wt% PEG and peptide in a stoichiome-
trically balanced ratio and 2.2 mwm (0.05 wt%) 12959 in PBS at a density of
300000 cells mL™". Suspensions, in 6 mm x 1 mm circular molds, were
exposed to 7-10 mW cm ™2 352-nm centered light (40W black-light blue
lamp from Sankyo Deiki) for 5min. Following polymerization, hydrogel
discs were removed and placed into growth media. For morphology and
viability experiments, gels were incubated for 30 min in PBS with 2 pm
calcein 4um ethidium homodimer (Live/Dead cytotoxicity kit from
Invitrogen). Confocal images were taken using a Zeiss 510 laser scanning
confocal microscope. Image analysis and cell-area calculations were
performed using MetaMorph software for 3D stacks flattened to 2D
images. A minimum of three spots on three different hydrogels was used
and standard error is reported relative to individual cells. A one-way
ANOVA and Tukey's test with « =0.05 were used to determine statistical
differences among the data sets.

Photopatterning: For column images, 4mm of the peptide with the
sequence CRGDS and Tmm of the labeled peptide Ac-CRGDSGK-
Rhodamine in PBS with 2.2 mwm LAP were allowed to diffuse for 20 min
into preformed 1-mm-thick gels with 1mm unreacted norbornenes. A
transparency photomask was placed directly on the upper surface of the
gel, which was then exposed to collimated light at 365 nm and an intensity
of 10mW cm ™2 intensity (Omnicure 1000, EXFO, Mississaugua, Ont.,
Canada) for 2 min. Gels were then removed to fresh FBS-supplemented
media, which was changed every 2 h for 6 h. For patterned columns with
encapsulated cells the procedure was identical, except that the RGDS
peptide solution that was allowed to diffuse in was a 5 mm, 50:1 mixture of
Ac-CRGDSGK and Ac-CRGDSGK-AlexaFluor 488.
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