
Bioactive Hydrogels Made from Step-Growth Derived PEG-
Peptide Macromers

Jordan S. Miller, Colette J. Shen, Wesley R. Legant, Jan D. Baranski, Brandon L. Blakely, and
Christopher S. Chen*
University of Pennsylvania, Department of Bioengineering, 210 S. 33rd St., 510 Skirkanich Hall,
Philadelphia, PA 19104

Abstract
Synthetic hydrogels based on poly(ethylene glycol) (PEG) have been used as biomaterials for cell
biology and tissue engineering investigations. Bioactive PEG-based gels have largely relied on
heterobifunctional or multi-arm PEG precursors that can be difficult to synthesize and characterize
or expensive to obtain. Here, we report an alternative strategy, which instead uses inexpensive and
readily available PEG precursors to simplify reactant sourcing. This new approach provides a robust
system in which to probe cellular interactions with the microenvironment. We used the step-growth
polymerization of PEG diacrylate (PEGDA, 3400 Da) with bis-cysteine matrix metalloproteinase
(MMP)-sensitive peptides via Michael-type addition to form biodegradable photoactive macromers
of the form acrylate-PEG-(peptide-PEG)m-acrylate. The molecular weight (MW) of these macromers
is controlled by the stoichiometry of the reaction, with a high proportion of resultant macromer
species greater than 500 kDa. In addition, the polydispersity of these materials was nearly identical
for three different MMP-sensitive peptide sequences subjected to the same reaction conditions. When
photopolymerized into hydrogels, these high MW materials exhibit increased swelling and sensitivity
to collagenase-mediated degradation as compared to previously published PEG hydrogel systems.
Cell-adhesive acrylate-PEG-CGRGDS was synthesized similarly and its immobilization and stability
in solid hydrogels was characterized with a modified Lowry assay. To illustrate the functional utility
of this approach in a biological setting, we applied this system to develop materials that promote
angiogenesis in an ex vivo aortic arch explant assay. We demonstrate the formation and invasion of
new sprouts mediated by endothelial cells into the hydrogels from embedded embryonic chick aortic
arches. Furthermore, we show that this capillary sprouting and three-dimensional migration of
endothelial cells can be tuned by engineering the MMP-susceptibility of the hydrogels and the
presence of functional immobilized adhesive ligands (CGRGDS vs. CGRGES peptide). The facile
chemistry described and significant cellular responses observed suggest the usefulness of these
materials in a variety of in vitro and ex vivo biologic investigations, and may aid in the design or
refinement of material systems for a range of tissue engineering approaches.

Introduction
In the past several decades, engineered materials have become an increasingly important and
versatile tool for mimicking the native in vivo environment, and provide unparalleled control
over the cellular microenvironment compared to the substantially more complex naturally-
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derived materials [1]. Hydrogels, owing to their hydrophilic nature and ability to absorb large
amounts of water, are one class of materials that have received significant attention for cell
biology and tissue engineering applications [2]. A widely investigated class of synthetic
hydrogels is based on poly(ethylene glycol) (PEG), whose neutral charge, hydrophilicity, and
resistance to protein adsorption make them biocompatible for both in vitro and in vivo
experiments, as well as an attractive platform for synthetic chemistry [3–10]. While PEG alone
is unable to support cellular activity, copolymers of PEG and biologically active moieties
including peptides have been successfully applied in a diverse range of in vitro and in vivo
studies. From a design perspective, the peptides or proteins conjugated to PEG are the main
controls used to engineer the bioactive and bioresponsive character of these synthetic gels.
PEG-peptide hydrogels have been utilized in the three-dimensional study of ensemble
fibroblast migration [11–13], chondrocyte maintenance for cartilage engineering [14,15],
hepatocyte metabolism [16], valvular interstitial cell matrix secretion [17], and a range of other
applications [18–20].

A variety of coupling chemistries and hydrogel architectures have been used, ultimately
imparting PEG hydrogels with similar properties that are attractive in these diverse biomedical
applications. West and Hubbell developed early hydrogels sensitive to the activity of matrix
metalloproteinases (MMPs) made of block copolymers of degradable peptides and PEG,
flanked with photopolymerizable acrylates [4]. Later innovations by West and colleagues led
to hydrogel redesign by reacting heterobifunctional acrylate-PEG-N-hydroxysuccinimide
active esters with bis-amine MMP-sensitive peptides to form precursors of the form acrylate-
PEG-peptide-PEG-acrylate [21,11]. Hubbell and colleagues also introduced an approach using
Michael-type addition between bis-cysteine MMP-sensitive peptides and 4-arm PEG-
vinylsulfones to cross-link reactants into a hydrogel in a single step [5,7]. Similarly, Anseth
and colleagues have utilized multi-arm PEGs in thiol-ene photopolymerization [22] and novel
click-chemistries [23] to tailor the cellular microenvironment.

These bioactive PEG-based hydrogels are being explored as a scaffolding to support tissue
engineering. Because these materials ultimately will be implanted in vivo to support thick
multicellular constructs, the ability of such hydrogels to support angiogenesis—the physiologic
sprouting of new blood vessels from existing ones—and vascular integration of an implant
also will need to be optimized. Although angiogenesis has been extensively studied in natural
materials such as collagen and fibrin gels [24,25], or Matrigel [26], investigators are only just
beginning to examine how to engineer PEG-based hydrogels to support vascular ingrowth.
Recent studies have shown promise via the encapsulation or immobilization of vascular
endothelial growth factor (VEGF) [27–29] or Ephrin-A1 [30] in these materials.

Here, we report an approach to generate PEG-based hydrogels that appear to support rapid
vascular invasion. In the first stage of synthesis, we used the step-growth polymerization of
bis-cysteine MMP-sensitive peptides and PEG-diacrylate (PEGDA) to make high molecular
weight (MW) photoactive macromers. These macromers were then crosslinked into hydrogels
during a second radical-mediated photopolymerization step. Resultant hydrogels were further
characterized for MMP-susceptibility and the ability to support cell adhesion, and then assessed
for angiogenic potential with an ex vivo chick aortic arch assay. The synthetic approach
presented here highlights the potential utility of PEG-based hydrogels to support and control
angiogenesis.

Materials and Methods
Reagents and Cell Maintenance

All reagents were from Sigma-Aldrich (St. Louis, MO) and were used as received unless
otherwise described. Acryloyl chloride was from Alfa Aesar (Ward Hill, MA). Culture media
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and human umbilical vein endothelial cells (HUVECs) were from Lonza (Basel, Switzerland),
and were maintained in complete Endothelial Growth Medium-2 (EGM-2, Lonza).

Synthesis and Characterization of Poly(ethylene glycol) Diacrylate (PEGDA)
Dry poly(ethylene glycol) (PEG; MW 3400 or 6000) was acrylated by reaction with
triethylamine (TEA; clear, colorless, 2 molar excess to PEG) and acryloyl chloride (clear,
colorless, 4 molar excess to PEG) in anhydrous dichloromethane under argon as described
previously [21]. Yields were typically in the range 80–90% (~120 g), and percent acrylation
was 99% as verified by 1H NMR for the characteristic peak (4.32 ppm) of the PEG methylene
protons adjacent to the acrylate [21].

Synthesis of MMP-sensitive acrylate-PEG-(peptide-PEG)m-acrylate Conjugates
The bis-cysteine peptide sequences CGPQGIWGQGCR (highly degradable, HD, 1261.42 g/
mol), CGPQGIAGQGCR (native collagen, NC, 1146.28 g/mol), and CGPQGPAGQGCR
(least degradable, LD, 1130.23 g/mol) were custom synthesized by Aapptec (Louisville, KY).
Each peptide was supplied as a trifluoroacetate salt at >95% purity. Peptides were evacuated
of air and stored under argon (to minimize disulfide formation) at −80 °C until needed. In a
typical reaction, 183.8 μmol bis-cysteine peptide (HD, 231.6 mg) was reacted with a 1.6 molar
excess of PEGDA (3400 Da, 1 g, 294.1 μmol) by dissolution in 10 mL 100 mM sodium
phosphate, pH 8.0 (94.7 mM Na2HPO4, 5.3 mM NaH2PO4). The reaction was sterile filtered
through a 0.22 μm PVDF membrane (Millipore, Billerica, MA), protected from light and
proceeded on a circular shaker for 85 hr at room temperature to yield acrylate-PEG-(peptide-
PEG)m-acrylate conjugates. The reaction mixture was dialyzed against 4 L 18 MΩ water
(Millipore) with pre-swollen regenerated cellulose dialysis tubing (MWCO 3500, “snake-
skin”, Pierce, Rockford, IL) for 24 hr (4 water changes). The dialyzed PEG-peptide conjugates
were frozen overnight (−20 °C), lyophilized, and stored at −80 °C until use.

Characterization of PEG-Peptide Macromers by GPC
PEG-peptide conjugates were analyzed by GPC with a refractive index detector and DMF
solvent using three tandem styrene-divinylbenzene (SDVB) columns spanning a linear MW
range from 1 kDa to 500 kDa for polystyrene. PEG MW standards from 628 Da to 478 kDa
(Sigma) were used for assessment of the molecular weight of the PEG-peptide conjugates.

PEG-Peptide Macromer Photopolymerization to form Hydrogels
PEGDA or PEG-peptide macromers were individually dissolved at 8–20% w/w concentration
in PBS to make stock prepolymer solutions at the beginning of each experiment. The desired
amounts of cell-adhesive and MMP-sensitive macromers were then mixed and diluted to the
proper experimental concentration with PBS. To maintain concentration accuracy during
dissolution, it was noted that PBS volume increased upon addition of PEG-peptide conjugates
by approximately 0.9 μL/mg added. All macromers are reported as their initial
concentration during hydrogel polymerization. A solution (100 mg/mL in 100% ethanol)
of the photoinitiator Irgacure 2959 (I2959, Ciba, Tarrytown, NY), was added to a final working
concentration of 0.05% w/v (by using 5 μL of the initiator solution per 1 mL hydrogel
prepolymer solution). Solutions were thoroughly mixed and sonicated before polymerization.
The prepolymer solution was transferred into plastic molds (96-well plate) for degradation
assays, between glass plates for the modified Lowry assay, or dispensed onto a sterile slab of
poly(dimethyl siloxane) (PDMS; Dow Corning) for explant encapsulation as described below.
Photopolymerization was conducted with an Omnicure S2000 (320–500 nm, EXFO, Ontario,
Canada) lamp at 100 mW/cm2 (measured for 365 nm) to yield solid hydrogels (exposure times
reported in relevant sections below). Hydrogels containing explants were easily transferred
into culture media with flat, round tip tweezers (EMS, Switzerland).
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Characterization of MMP-sensitive PEG-peptide Hydrogels by Collagenase Degradation
A collagenase degradation assay was employed to check the MMP-sensitivity of these
hydrogels and their relative degradation behavior, in a similar fashion as described previously
[21]. Briefly, hydrogel prepolymer solutions were made in HEPES-buffered saline (HBS; 10
mM, pH 7.4) containing 0.2 mg/mL sodium azide (to inhibit microbial growth), mixed with
initiator, and polymerized for 60 sec as described above. Hydrogels (150 μL starting volume
per gel) were swollen for 36 hr at 37 °C and weighed to assess equilibrium swollen weight.
These swollen hydrogels were then transferred to a 0.2 mg/mL collagenase solution (made
with the same buffer) and their wet weight was monitored over time (3 gels per condition).
Control hydrogels were incubated in buffer without enzyme.

Synthesis and Characterization of Cell-adhesive acrylate-PEG-peptide Conjugates
Cell adhesive or non-adhesive acrylate-PEG-peptide conjugates were prepared in a similar
manner to the MMP-sensitive conjugates by using a 1.0 molar equivalent of PEGDA 3400 for
the monocysteine peptides CGRGDS (adhesive, 593.59 g/mol) and CGRGES (non-adhesive,
607.62 g/mol). These conjugates were characterized by GPC as described above.

Characterization of the Immobilization Stability of Cell-adhesive acrylate-PEG-peptide
conjugates

To verify the immobilization stability of acrylate-PEG-RGDS in PEG gels we developed a
modified Lowry Assay (Sigma) in prepolymer solutions or in solid hydrogels to quantify
peptide concentration in situ. For solutions, acrylate-PEG-CGRGDS solutions were made in
sterile water (the Lowry assay is not reliable in PBS) and assessed as described below with the
free peptide CGREDV used as a standard. For solid hydrogels, 10% w/w PEGDA 6000
hydrogel prepolymer solutions were made containing 0, 0.25, 2, or 4 μmol/mL acrylate-PEG-
CGRGDS. Initiator was added as described above, then each solution was transferred to a glass
chamber composed of thin rubber spacers sandwiched between two glass slides (chamber
dimensions: 30 mm × 40 mm × 0.48 mm thick). Hydrogels were polymerized for 120 seconds
(25 mW/cm2) and then sliced into 3 sections to yield hydrogels approximately 7 mm × 15 mm
× 0.48 mm. Gels were subjected to a modified Lowry assay immediately after polymerization,
or after a 24 hr or 72 hr incubation at 37 °C in sterile water (changed daily). At these specified
times, hydrogels were blotted dry with laboratory wipes, then placed in a test tube with 1 mL
deionized water. While vigorously mixing, 1 mL Lowry reagent was added according to the
vendor’s recommendations. Mixing continued for 40 sec and hydrogels were left at room
temperature for 20 min. While vigorously mixing, 0.5 mL Folin-Ciocalteu’s phenol reagent
was added. Mixing continued for 40 sec and hydrogels were left at room temperature for 30
min. Hydrogels were blotted dry, transferred to plastic cuvettes and assessed with a UV/Vis
spectrophotometer (750 nm) transverse to the wide hydrogel face. Absorbance values were
normalized to PEGDA gels without peptide.

Characterization of cell attachment to adhesive acrylate-PEG-peptide conjugates
Cell-adhesive 20% w/w PEGDA 3400 hydrogels were formed containing 4 μmol/mL acrylate-
PEG-CGRGDS or acrylate-PEG-CGRGES in PBS and swollen for 24 hr at 37 °C. Hydrogels
were briefly rinsed with media, then seeded with HUVECs (15,000 cells/cm2). Hydrogels were
rinsed with PBS after 24 hr and photographed to check cellular attachment.

Chick Aortic Arch Explant Angiogenesis Assay
Chick aortas were isolated from 12-day-old chick embryos (Charles River Labs, Preston, CT).
Aortic arches were cleaned of excess fibroadipose tissue, sectioned into ~0.5 mm sized rings,
and submerged inside a 30 μL droplet of hydrogel prepolymer solution (final concentrations
of 8% w/w MMP-sensitive and 1.0 μmol/mL adhesive components). Polymerization was
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performed for 30 sec as described above, and culture media (EGM-2; 0.75 mL per hydrogel)
was changed on day 1 and every 3 days thereafter. Hydrogels were photographed daily with
oblique lighting phase contrast microscopy to optically exclude 2D cell migration on the
surface of hydrogels and instead visualize only those cells which migrated in 3D within the
hydrogels. Sprout area was assessed by image thresholding and edge-finding filters (Adobe
Photoshop, NIH ImageJ), 2 sides per arch ring, 6 arch rings per experimental group. Statistics
were assessed by one-way ANOVA with Tukey’s HSD post-hoc testing, and p-values less than
0.05 were considered significant. For time-lapse microscopy (Movie1, Supporting
Information), hydrogels containing arch pieces were polymerized on round coverslips (22 mm)
that were functionalized with 3-(trimethoxysilyl)propyl methacrylate according to the
manufacturer’s instructions (Sigma) to covalently link the hydrogel to the glass coverslip.

Briefly, coverslips were sonicated in Alconox detergent, rinsed with 18 MΩ water, blown dry
with nitrogen, and baked at 110 °C for 30 min. Cleaned and dried coverslips were then placed
in a 2% v/v solution of the silane in EtOH (200 mL) with dilute acetic acid (6 mL, 1:10 glacial
acetic acid:water) at room temperature for 1 hr, blown dry with nitrogen, then baked at 60 °C
for 1 hr. Hydrogel prepolymer solutions (20 μL) were placed into PDMS wells on these
coverslips and photopolymerized as described above. After 2 days in culture, these gels were
mounted on an environmentally controlled microscope (5% CO2, 37 °C; Zeiss Axiovert 200M,
Carl Zeiss, Germany) and imaged by oblique lighting phase contrast every hour. For endothelial
cell labeling experiments, aortic arches explants were incubated with rhodamine-lectin (Lens
culinaris agglutinin, 20 μg/ml, Vector Laboratories) for 1.5 hr before encapsulation in
hydrogels.

Results and Discussion
Macromer Design and Analysis

This work examines the step-growth polymerization of PEGDA with MMP-sensitive peptides
for tissue engineering and cell biology applications. We started with synthesis of PEGDA from
PEG, as previously described (Figure 1a, [21]). Importantly, ensuring the clear and colorless
properties of the starting reagents TEA and acryloyl chloride are critical to achieving a high
percentage of acrylation. With pure reagents, this synthesis lends itself well to scale-up in the
laboratory, with PEGDA batch yields routinely 120 g or greater (80–90% yield) and percent
acrylation greater than 99%. Compared to other routes to bioactive PEG-based hydrogels,
which employ acrylate-PEG-NHS [11] or multi-arm PEGs [13, 22], our approach here is much
less subject to proprietary restrictions, vendor sourcing or availability issues, or synthetic
difficulties. Material cost for the current approach is also dramatically reduced for these simple
PEGs (up to 100× based on current market rates). Indeed the entire range of readily available
PEG molecular weights, from oligoethylene glycols to 100 kDa poly(ethylene oxide) should
be amenable to this synthetic scheme. Keeping future in vivo targets in mind, PEG 3400 was
chosen as the base structural unit for these hydrogels due to its well-known ability to be cleared
in vivo. As with other synthetic approaches, we believe the current approach to be extremely
flexible for examining a wide variety of matrix properties. In this work we examined the effects
of hydrogel degradation rate on 3D angiogenic sprouting.

Our strategy employed an initial step-growth polymerization between PEG and peptides to
yield soluble, high MW photoactive precursors. MMP-sensitive peptide sequences were
selected based on a range of known degradabilities [31], and previous work with this family
of sequences in degradable hydrogels [18,32]. These base sequences were flanked with leading
and lagging cysteine residues (Figure 1a; HD = highly degradable, CN = collagen native, LD
= least degradable) to allow for reaction with the terminal acrylates on PEGDA. Our use of
PEGDA rather than multi-arm PEGs means that step-growth polymerization does not result in
hydrogel formation directly, but rather leads to macromer chain extension such that multiple
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MMP-sensitive peptides are incorporated into each polymer chain (Figure 1b). Sodium
phosphate buffer pH 8.0 proved an effective buffer for macromer coupling because it is
sufficiently basic to allow for Michael-type addition while still mild enough to leave the
terminal ester bonds of PEGDA intact. Furthermore, disulfide bonding is not favored under
these conditions [5].

The resulting high MW macromers could then be purified and reconstituted in phosphate
buffered saline (PBS), and crosslinked in the presence of living cells to form bioactive
hydrogels in a second rapid photopolymerization step (Figure 1b). We found the main
characteristics of this unique system to be increased hydrogel swelling and collagenase
sensitivity, and dramatically decreased material cost, compared to other synthetic strategies
for PEG-based gels.

Step-growth polymerization is strongly controlled by the stoichiometric ratio of the reactants,
and we found large differences in resultant polydispersity based on the starting ratio of
PEGDA:peptide used for each reaction (Figure 2). In order to ensure that acrylates remained
at the terminal ends of MMP-sensitive macromers (to enable later photopolymerization), an
excess of PEGDA compared to peptide was used. With a PEGDA:peptide molar ratio of 2.2,
more than 80% of the PEGDA reacted with peptide (sum of “high” and “medium” MWs in
Figure 2) indicating successful Michael-type addition. Surprisingly, approximately 40% of the
resultant molecular species were greater than 500 kDa. Unreacted MMP-sensitive peptide was
not observed by GPC, either due to the completeness of the reaction or from being washed
away during dialysis.

To achieve higher coupling efficiency, a PEGDA:peptide ratio of 1.6 was used (Figure 2). In
this case, more than 90% of the PEGDA reacted with peptide and approximately 60% of the
molecular species were greater than 500 kDa. Importantly, all three MMP-sensitive peptides
showed nearly identical polydispersity, indicating that Michael-type addition proceeded
similarly for each peptide sequence. Reacted species are of the form acrylate-PEG-(peptide-
PEG)m-acrylate, and for a macromer MW of 500 kDa, the m-value is approximately 100.

To make pendant cell-adhesive RGDS peptide, we reacted CGRGDS peptide with PEGDA
3400 under similar conditions but with a PEG:peptide ratio of 1.0. GPC analysis showed that
87% of the PEGDA reacted with peptide. The lack of a second cysteine residue on this peptide
prevents step-growth polymerization and thus the possibility of high MW macromers.
However, double conjugation in the form peptide-PEG-peptide is possible in this reaction. Of
the peptide-conjugated PEGDA, 63% was in the preferred acrylate-PEG-CGRGDS form.
These data suggested sufficient coupling of peptide for their covalent incorporation into
hydrogels as cell-adhesive pendant chains.

Hydrogel Degradation in Collagenase
Step-growth derived macromers were photopolymerized into hydrogels, which were allowed
to reach equilibrium swelling in aqueous buffer and then degraded in 0.2 mg/mL collagenase
while their wet-weight was monitored. Buffer without collagenase served as negative control.
Hydrogels absorbed a large amount of buffer solution during equilibrium swelling, with 10 wt
% gels gaining a factor of 2.5× of their as-polymerized weight (Figure 3a). This compares with
a factor of 1.2–1.4× equilibrium swelling weight gain as reported for similar hydrogels [21,
32]. The dramatic equilibrium swelling of these hydrogels is due to the high MW of the
macromers in the hydrogel pre-polymer solution. The highly swollen nature of these gels, and
the presence of multiple degradable peptides within each macromer chain were likely the
principal contributors to their rapid degradation, with all gels fully degrading within 8 hr
(Figure 3b). These observed hydrogel degradation profiles differ substantially from the
degradabilities reported for these sequences when in soluble form. Relative to the native
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collagen sequence (CN), reported degradabilities for HD and LD peptides in solution are 800%
and 0.5%, respectively [31]. In contrast, the degradation curves for hydrogels containing HD
and CN peptides overlapped nearly identically. This overlap is likely a result of the
concentration of collagenase used (0.2 mg/mL) which was selected to be consistent with the
literature for these assays. Indeed, angiogenic sprouting assays (described below) indicate a
significant difference between the degradable behaviors of these materials. Additionally, LD
hydrogels required nearly twice the amount of time to fully degrade in collagenase compared
to HD and CN gels. The difference in the reported degradabilities for soluble peptides compared
to our observed degradation profiles for solid hydrogels may be attributed to the many repeating
degradable peptides in the hydrogel backbone of the form acrylate-PEG-(peptide-PEG)m-
acrylate. Indeed, these hydrogels degrade extremely rapidly in collagenase compared to other
MMP-sensitive hydrogels [21].

Quantification of Acrylate-PEG-CGRGDS Immobilization and Assessment of Bioactive
Potency

To enable cell-substrate adhesion in these MMP-sensitive hydrogels we employed the well-
known RGDS peptide using a similar synthetic approach as that for step-growth polymerization
(Figure 1a). To quantify the amount of RGDS entrapped or immobilized in the hydrogel during
polymerization and its subsequent stability in the hydrogel over time, we developed a modified
Lowry Assay for in situ quantification [33]. Using this new modification, we were able to
quantify the concentration and stability of immobilized adhesive peptide in hydrogels over
time (Figure 4a–d). The Lowry assay provides a colorimetric measurement of the total amount
of peptide bonds present and is typically quantified relative to a bovine serum albumin (BSA)
control. Because BSA was not a suitable standard for the short peptides employed here, which
have comparatively fewer peptide bonds per mg of material, we first established the use of the
short peptide CGREDV as a standard, which has the same number of peptide bonds as the
peptides used in these experiments. Known amounts of CGREDV peptide were diluted in
solution and quantified by Lowry assay. The resulting linear standard curve verified that the
Lowry assay, typically used only for large proteins, could be used to quantify the concentration
of short peptides (Figure 4a). When this standard curve was applied to our acrylate-PEG-
CGRGDS materials diluted in solution, we found an equivalence of peptide measured as
expected for starting dry weight of the PEG-peptide conjugate with a deviation from expected
of 1.4–1.5× (Figure 4b). We then applied this assay to characterize the immobilization of
CGRGDS into solid hydrogels. To remove the potentially confounding influence of degradable
peptide immobilized in the gels, this assay was applied to non-degradable PEGDA hydrogels
with or without adhesive ligand peptide. In solid hydrogel slabs, we again found a linear
relationship between absorbance and peptide amount used (Figure 4c), which validated this
modified Lowry assay for solid hydrogels. To estimate the amount of peptide immobilized to
the hydrogel, we followed relative peptide retention in hydrogels over time (Figure 4d). In the
first day of equilibrium swelling, hydrogels lost between 30–50% of the PEGDA-peptide
conjugate. The remaining immobilized peptide was stable in the gel thereafter (Fig 3b). These
results are consistent with GPC analysis of the CGRGDS-conjugate, which indicated 63% in
the preferred mono-conjugated acrylate-PEG-CGRGDS form. That is, double-conjugated
peptide-PEG-peptide would initially be physically entrapped in the gel but would diffuse away
during equilibrium swelling within the first day. These data therefore suggest that the preferred
acrylate-PEG-CGRGDS species are largely covalently incorporated into the hydrogel. As
stated in Materials and Methods, all adhesive macromers are reported as their initial
concentration during hydrogel polymerization to aid in reproducing the results obtained here
and to remain consistent with the existing literature. Moreover, this new modification of the
Lowry assay may find uses in other hydrogel systems for verifying peptide immobilization and
stability in situ.
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We next confirmed the bioactive potency of our cell-adhesive conjugate using surface adhesion
of human umbilical endothelial cells (HUVECs) to PEGDA hydrogels containing the cell-
adhesive CGRGDS or non-adhesive CGRGES peptide (Figure 4e). While negative control
CGRGES peptide was unable to support HUVEC adhesion, CGRGDS peptide supported
robust HUVEC adhesion and cell spreading. This assay provided an initial check of the
bioactivity of our cell-adhesive conjugates, and confirms that sufficient adhesive PEG-peptide
is immobilized in the hydrogels to support cell adhesion. Because HUVEC adhesion to PEG-
based hydrogels containing RGDS peptide has been studied in detail elsewhere [29, 34], we
instead focused on applying these conjugates to support three-dimensional studies of
angiogenic sprouting.

Aortic Arch Explant Assay
The possibility of using these materials to observe and control three-dimensional cell migration
was examined with the chick aortic arch assay, in which angiogenic sprouting from embryonic
chick explants (typically done in fibrin or collagen gels) is a reliable predictor of factors that
stimulate angiogenesis in vivo [35,36]. While endothelial cells are activated into an angiogenic
phenotype by numerous factors such as vascular endothelial growth factor (VEGF) [37], their
ability to form new vessels is likely also physically constrained and regulated by the interplay
of cell-secreted MMPs with the extracellular matrix [38,39]. To test this possibility, we used
each of the three MMP-degradable sequences in our hydrogels to vary only MMP-
susceptibility, while holding polymer weight percent and adhesive peptide concentration
constant. Dark field imaging through oblique lighting phase contrast microscopy illuminated
only cells within 3D angiogenic sprouts, allowing direct imaging and quantitation specifically
of 3D sprouting.

Significantly more 3D angiogenic sprouting was observed in the hydrogels containing the most
degradable peptide sequences (Figure 5a,b). Representative images demonstrate the character
and time course of sprouting into these hydrogels. Quantification of area of sprouting from
each explant demonstrates statistical significance between the three different experimental
groups (p < 0.003 for all comparisons by one-way ANOVA and post-hoc testing). Moreover,
angiogenic sprouting was completely suppressed to undetectable levels by substitution of
CGRGDS with the non-adhesive CGRGES peptide, confirming that the hydrogels support
angiogenic invasion only in the presence of an adhesive peptide. To verify that the observed
explant sprouts were of endothelial origin, we incubated the chick arches with rhodamine-
conjugated Lens culinaris agglutinin lectin, which specifically labels endothelial cells [40].
Indeed, endothelial cells were a principal component of the newly formed sprouts (Figure 5c).
Supplemental Movie 1 demonstrates a dark field time-course of angiogenic sprouting in these
MMP-sensitive hydrogels. To visualize an angiogenic sprouting time-course in a single image
we selected sequential movie frames 12–14 hours apart, false-colored them with time, and then
overlaid them with no lateral translation (Figure 5d).

Conclusions
This work describes an inexpensive, flexible, and readily available route to bioactive PEG-
based hydrogels, which can modulate ex vivo angiogenic sprouting through chemical control
of MMP-susceptibility. Step-growth polymerization via Michael-type addition was employed
to create high MW bioactive macromers of the form acrylate-PEG-(peptide-PEG)m-acrylate.
Under the conditions described, the synthetic scheme yields polydisperse materials with a
majority of molecular species greater than 500 kDa. The presence of terminal acrylate groups
permits photopolymerization via standard techniques, and the resultant hydrogels were highly
susceptible to collagenase-mediated degradation. A peptide quantification assay was designed
and employed to verify the amount of cell-adhesive peptide covalently incorporated into these
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hydrogels. These materials were then applied to examine, for the first time, 3D angiogenic
sprouting from an ex vivo chick aortic arch assay into wholly synthetic materials. Angiogenic
sprouts contained endothelial cells, and the sprouting response depended on both the MMP-
susceptibility of the hydrogel backbone and the presence of adhesive peptide (CGRGDS
compared to CGRGES). The control of angiogenic sprouting demonstrated here through
modification of MMP-susceptibility alone highlights the general power of a synthetic approach
to isolate a single parameter that in a natural scaffolding cannot be controlled independently
from other properties. Specifically, this work may provide a new avenue to promote blood
vessel growth in synthetic materials for tissue engineering and cell biology applications.
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Figure 1.
(a) Synthetic scheme. PEG 3400 is reacted with acryloyl chloride to form PEGDA, which is
then reacted with cysteine-bearing peptides via Michael-type addition to form cell-adhesive
or, in a separate reaction, MMP-sensitive PEG-acrylate macromers. Reaction stoichiometry
controls the molecular weight and polydispersity of the resultant species during step-growth
polymerization. (b) Schematic illustration of hydrogel structure. Photopolymerization of the
photoactive precursors from (a) yields bioactive hydrogels with multiple MMP-sensitive
peptides per backbone chain, with pendant cell-adhesive ligands tethered from sites of acrylate
crosslinking.
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Figure 2.
GPC analysis of MMP-sensitive PEG-diacrylates plotted against PEG MW standards. Highly
degradable (“HD”) peptide reacted with a 2.2 molar excess of PEGDA (uppermost curve) via
step-growth polymerization resulted in more than 80% conjugation (sum of Medium and High
MWs). Reaction of MMP-sensitive peptides with a 1.6 molar excess of PEGDA (remaining
three curves) resulted in more than 90% conjugation, with a majority of the molecular weight
species greater than 500 kDa. When subjected to the same reaction stoichiometry, HD, collagen
native (“CN”), and least degradable (“LD”) PEG-peptide conjugates show nearly identical
polydispersity.
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Figure 3.
(a) MMP-sensitive hydrogels (made from HD, CN, or LD peptides) were polymerized at 10%
w/w and then swollen to equilibrium over 36 hours (n=3, Eq. Swollen in figure). Bars indicate
standard deviation. (b) Swollen hydrogels were degraded in 0.2 mg/mL collagenase (n=3) or
incubated in buffer (n=1) up to 8 hours while their wet weight was monitored. Note that HD
and CN have overlapping degradation curves. Bars indicate standard deviation.

Miller et al. Page 14

Biomaterials. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The immobilization efficiency and stability of acrylate-PEG-peptide macromers in PEGDA
gels was assessed with a modified Lowry Assay for total protein concentration, as well as
HUVEC seeding. (a) The Lowry assay, typically only used for large proteins, produced a linear
standard curve from the short, soluble CGREDV peptide, even at low concentrations. (b) This
standard curve was used to quantify the solution-based concentration of acrylate-PEG-
CGRGDS and acrylate-PEG-CGRGES macromers, with a deviation from expected of 40–
50%, with values comparable between both peptides. Bars indicate standard error. (c) gross
appearance of hydrogel slabs after modified Lowry Assay in situ showing characteristic blue
color with starting peptide concentration (μmol/mL). The linear dependence on concentration
was also valid in solid hydrogels (inset, bars indicate standard deviation). (d) The assay tracked
CGRGDS retention over time within hydrogels. A large percent of RGDS was lost on the first
day during hydrogel equilibrium swelling. The remaining peptide was stable for at least 2 more
days in the gel (n=3 for all samples), with up to 75% retention. Bars indicate standard deviation.
(e) HUVEC morphology on PEGDA hydrogels with 4.0 μmol/mL PEG-CGRGES (top) or
PEG-CGRGDS (bottom) 24 hours post-seeding. Scale Bars = 25 μm.
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Figure 5.
(a) Representative images of chick aortic arch ring explants sprouting into hydrogels over time.
In 8-wt% gels with 1.0 μmol/mL CGRGDS density, angiogenic sprouting varies with the
MMP-susceptibility of the hydrogel backbone. No detectable sprouting occurred in negative
control hydrogels containing RGES instead of RGDS peptide. Scale bar for all images = 250
μm. (b) Quantification of sprout area at Day 4, n=6 per condition. Mean with standard
deviation, all comparisons are significant, p < 0.003 by one-way ANOVA and Tukey’s HSD
post-hoc testing. (c) Fluorescent staining with lectin-rhodamine implicates endothelial cells as
a principal component of the angiogenic sprouts in these hydrogels. Scale Bar = 100 μm. (d)
Composite image of selected frames during sprouting time-course by dark field imaging (see
supplemental Movie 1), false colored then overlaid here to aid in time visualization. Blue,
yellow, orange, red = 48, 62, 74, 86 hours respectively. Scale Bar = 250 μm.
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