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Abstract
We have previously reported a novel polymeric delivery vehicle that is assembled via interaction
between heparin and the vascular endothelial growth factor (VEGF). Here, the cell-responsiveness
of this hydrogel — including the delivery of VEGF in response to VEGFR-2 overexpressing PAE/
KDR cells (porcine aortic endothelial cells (PAE) equipped with the transcript for the kinase insert
domain receptor (KDR)), consequent erosion of the hydrogel matrix, and cellular response — are
highlighted. The release of VEGF and hydrogel erosion reached 100% only in the presence of
PAE/KDR. The [PEG-LMWH/VEGF] hydrogel (PEG = poly(ethylene glycol), LMWH = low
molecular weight heparin) correspondingly prompted increases in VEGFR-2 phosphorylation and
proliferation of PAE/KDR cells. This study proves that growth factor-crosslinked hydrogels can
liberate VEGF in response to specific receptors, causing gel erosion and desired cell responses.
The promise of these approaches in therapeutic applications, including targeted delivery, is
suggested.

Keywords
dendrimers; heparin; hydrogel; responsive hydrogels; targeted delivery; VEGF; VEGFR-2

aSupporting information for this article is available at the bottom of the article’s abstract page, which can be accessed from the
journal’s homepage at http://www.mrc-journal.de, or from the author.
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Fax: (+302) 831 4545; kiick@udel.edu.
S. H. Kim, Current address: Department of Chemistry and Biochemistry, University of California-Los Angeles, 607 Charles E Young
Dr. S., Los Angeles, California, 90095, USA

NIH Public Access
Author Manuscript
Macromol Rapid Commun. Author manuscript; available in PMC 2011 June 6.

Published in final edited form as:
Macromol Rapid Commun. 2010 July 15; 31(14): 1231–1240. doi:10.1002/marc.201000130.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.mrc-journal.de


Introduction
Hydrogels of many compositions have served as highly functional delivery vehicles for
biological molecules, because of their high water content, readily tunable mechanical
properties, and controllable degradation rates.[1–4] Engineered delivery systems for bioactive
signaling molecules, such as growth factors (GFs), have been increasingly studied, as the
vehicles provide stabilization of GF activity and prolonged delivery, which increases the
effectiveness of the GF in regulation of cell migration, proliferation, and gene
expression.[5–8] Affinity-based sequestration of growth factors has emerged as a popular and
useful approach in the development of GF-delivering systems, with heparin
functionalization of matrices widely employed.[6,9–13] Specific binding, between such
extracellular matrix (ECM)-mimetic materials and proteins of therapeutic interest, has been
a useful tool for delivery, permitting sequestration and stabilization of the proteins.[14] Our
group and others have reported heparinized hydrogel systems, equipped with bioactive
signaling molecules, for modulating cellular responses.[6,15–30]

Vascular endothelial growth factor (VEGF), an endothelial-cell-specific mitogen that binds
to heparin-like moieties and stimulates endothelial cell functions via receptor-mediated
endocytosis,[31–33] has been widely investigated in such studies owing to its role in both
beneficial and pathological angiogenesis.[34,35] Hydrogel systems designed to be selectively
responsive to VEGF-based signaling have been reported for manipulation of cell migration
in materials,[35] and VEGF-conjugated drugs have been shown to be selectively targeted to
solid tumors in vivo.[36] These studies, coupled with the increasing use of biomolecular
interactions as a strategy for manipulating hydrogel assembly and
responsiveness,[21,22,37–43] suggest the enormous potential for directing targeted
disassembly of hydrogels via their selective interaction with cell surface receptors in a
pathological environment.

We have previously demonstrated that the noncovalent interactions of heparin and heparin-
binding peptides support hydrogel formation and that GF delivery from such hydrogels can
be regulated based on the erosion profile of the hydrogel.[15,16,18] Importantly, we have also
demonstrated that heparin-binding VEGF can crosslink such materials, conferring to the gels
erosion behavior that is responsive to the presence of the VEGFR-2 receptor (KDR).[17]

Although our initial results were reported for VEGFR-2 responsive delivery in a model
microparticle system, this approach should be advantageous for the targeted delivery of
VEGF to its relevant receptors on cells and subsequent erosion without the need for external
stimuli such as enzymatic degradation.

Here, we report the important observation that these materials are indeed selectively
responsive to cells in culture that overexpressVEGFR-2, that the selective erosion observed
is directly linked to VEGFR-2 concentration, and that the consequent activation of the
VEGFR-2 receptor is correlated with the concentration of released VEGF. The impact of
endothelial cells on hydrogel erosion, indicated by the cumulative release of VEGF and
PEG-LMWH, was studied in order to confirm the cell-responsive nature of the hydrogel.
These studies were conducted with two different cell types — porcine aortic endothelial
(PAE) cells overexpressing 2.5 × 105 VEGFR-2/cell (PAE/(KDR)) and PAE cells that are
not equipped with the transcript for VEGFR-2. The phosphorylation of VEGFR-2 was also
investigated, via immunochemical methods, in the presence and absence of the VEGF-
containing hydrogels to determine whether the release of the VEGF activated the target
receptor. The effect of the hydrogels on the proliferation of endothelial cells was also
studied in cultures of the PAE/KDR and PAE cells. The results indicate the selective, cell-
mediated erosion of the hydrogel networks, as well as the activation of the target receptor by
the released VEGF. These studies thus suggest the potential utility of these materials in
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directing the delivery of drugs to VEGFR-2-overexpressing cells in vivo, and in directing
the VEGFR-2-mediated migration of cells in ECM-mimetic materials.

Experimental Part
Materials

Four-arm star PEG-thiol was purchased from Polymer Source Inc. (Montreal, QC, Canada).
Low molecular weight heparin (LMWH), bovine serum albumin (BSA), NP-40 (nonyl
phenoxylpolyethoxylethanol, a non-ionic detergent), sodium orthovanadate, and aprotinin
were purchased from Sigma–Aldrich (Allentown, PA). Leupeptin and 4-(N-
maleimidomethyl)cyclohexanecarboxylic acid N-hydroxysuccinimide ester (SMCC) were
purchased from Sigma (Saint Louis, MO). o-toluidine blue was purchased from Sigma–
Aldrich (Milwaukee, WI). Dulbecco’s phosphate buffered saline (D-PBS) was purchased
from Mediatech, Inc. (Manassas, VA). The lysis buffer for mammalian cells (RIPA buffer)
was purchased from Pierce Technology (Rockford, IL). The human recombinant VEGF was
a kind gift from Genentech (San Francisco, CA). The 125I-labeled VEGF was purchased
from PerkinElmer (Waltham, MA). Other chemicals were purchased from Sigma–Aldrich,
unless otherwise noted. All materials were used as received.

Synthesis of the PEG-LMWH Conjugate
The PEG-LMWH conjugate was kindly provided by Dr. Nori Yamaguchi (currently at
SABIC Innovative Plastics). The general procedure for the synthesis of PEG-LMWH has
been previously described.[16]

Assembly of Hydrogels
The non-covalently assembled hydrogel was prepared at a concentration of 8 wt.% in PBS.
The PEG-LMWH (0.4mg per sample) was placed in 1.5 mL-vials and sterilized under
germicidal UV overnight. To each was added 3 µL sterile PBS followed by sonication in a
water bath sonicator for 1 h. To make the PEG-LMWH/VEGF hydrogel, 1 µL VEGF (2 µg ·
µL−1 in PBS, sterilized via centrifugation through a 0.22 µm filter (Spin-X)) and 1 µL 125I-
VEGF (0.417 ng · µL−1, PerkinElmer, Boston, MA; also sterilized via centrifugal filtration)
were added to the PEG-LMWH-containing vial. To make the PEG-LMWH control, 2 µL
sterile PBS was added into the PEG-LMWH-containing vial. The hydrogels were
thoroughly mixed by vigorous pipetting. Hydrogels were supported on a transwell-
permeable insert in following studies. The transwell permeable support (Costar 3422, 8 µm
pore, 6.5 mm dia., Corning, NY) was blocked with 10% BSA (pre-filtered through a 0.22
µm filter) at room temperature for 2 h, washed with PBS five times, and sterilized under
germicidal UV overnight. The hydrogels were placed on this BSA-coated transwell support
prior to use. Hydrogels are indicated by the use of square brackets in the text.

General Cell Culture and Release Studies
The PAE cells, expressing 2.5 × 105 VEGFR-2 (Flk-1/KDR) per cell (PAE/KDR, hereafter),
were purchased from Sibtech, Inc. (Brookfield, CT).[44–46] The porcine aortic endothelial
(PAE, hereafter) cells were a kind gift from Sibtech, Inc. The cells were cultured in DMEM
medium(Mediatech, Manassas, VA) supplied with 10% fetal bovine serum (heat
inactivated), 2mM L-glutamine, and penicillin/streptomycin at 37 °C with 5% CO2. The cells
for each data point (day 1, 2, 3, 4, and 5) were initially seeded on 24-well plate at a density
of 3 000 cm−2 and allowed to attach overnight.

The release studies were conducted in a 24-well plate equipped with a transwell insert (pre-
blocked with BSA) in the presence and absence of PAE/KDR or PAE cells. (Each type of
material (i.e., [PEG-LMWH/VEGF] or [PEG-LMWH] hydrogel) was employed with each
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type of cell.) Control experiments for the release studies were conducted by inserting
hydrogel-loaded transwell supports in a 24-well plate that did not contain any cells. Control
experiments for the cell proliferation studies were conducted by culturing cells with 100 ng ·
mL−1 VEGF-containing medium (without hydrogels or transwells). The samples were
incubated in 1 ml of medium at 37 °C with 5% CO2. At each data point (1, 2, 3, 4, and 5
days), 0.5 mL of medium was collected and replaced with fresh 0.5 mL medium (100 ng ·
mL−1 VEGF-containing medium for controls without hydrogels). Collected samples were
stored in 1.5 mL centrifuge tubes (Eppendorf Protein LoBind, Fisher Scientific, Pittsburgh,
PA) at −80 °C until the analysis of PEG-LMWH and VEGF content.

Analysis of Released PEG-LMWH and VEGF
The released amount of PEG-LMWH in each sample was determined via toluidine blue
assay, as previously described, with slight modification.[47] The toluidine blue solution
(0.005%) was prepared by mixing 25 mg o-toluidine blue, 0.49 mL 37% HCl, 1 g NaCl in
500 mL distilled water. Each collected sample (0.125 mL) was placed in a 1.5 mL centrifuge
vial. To each were added 0.15 mL NaCl solution (0.1%) and 0.0625 mL toluidine blue
solution (0.005%). The vials were vortexed vigorously and centrifuged at 4 000 rpm for 5
min. To each was added 0.5 mL hexane and this was vortexed for 30 s and centrifuged at 13
000 rpm for 10 min. The aqueous phase of each sample, 100 µL, was transferred to a 96-
well plate (Maxisorp, Nunc Brand, Denmark). The absorbance at 620 nm was obtained on a
Wallac Victor3V Multilabel Counter (PerkinElmer, Waltham, MA), with Wallac 1420
Workstation software. The concentration of PEG-LMWH was estimated by extrapolating
from a linear standard calibration curve consisting of 0, 0.019, 0.032, 0.049, 0.061, 0.076,
0.116, 0.204mg · mL−1 PEG-LMWH.

In the [PEG-LMWH/VEGF] hydrogels, 125I-labeled VEGF (125I-VEGF) was added as a
tracer. The released amount of VEGF was assessed by monitoring the radioactivity of
collected samples. Each collected sample, in 50 µL aliquots, was mixed with 5 mL liquid
scintillation cocktail (CytoScint, Fisher Scientific, Pittsburgh, PA). The radioactivity in cpm
was monitored on an LS 6500 Multi-Purpose Scintillation Counter (Beckman Instruments,
Inc., Columbia, MD). The VEGF concentration of each collected sample was extrapolated
from a linear standard calibration curve, composed by the analysis of standard samples of 0,
0.013, 0.026, 0.052, 0.104, 0.208, and 0.417 ng · mL−1 125I-VEGF in DMEM. In order to
take the decay of the 125I isotope (half-life = 60 days) into consideration in the
determination of VEGF concentration, the standards were analyzed at the start of the
experiment, as well as at all subsequent time points. All experiments were conducted on six
replicates.

Proliferation of PAE Cells in the Presence of Hydrogels
The effects of hydrogels on proliferation of PAE/KDR and PAE cells were assessed in a 24-
well plate assay format with hydrogel-loaded transwells. The 8 wt.% hydrogels were
prepared by mixing PEG-LMWH (0.4 mg in 3 µL PBS) with 2 µL VEGF solution (in PBS,
containing 2 µg VEGF + 0.417 ng 125I-VEGF) for the [PEG-LMWH/VEGF] hydrogel, or
with 2 µL PBS for the [PEG-LMWH] hydrogel, respectively. The hydrogel was loaded on
the transwell and this was inserted into the 24-well plate seeded with PAE/KDR or PAE
cells. Control experiments for the cell proliferation studies were conducted by culturing cells
with 100 ng · mL−1 VEGF-containing medium (without hydrogels or transwells). The
number of cells after 4 days incubation were quantified by monitoring the amount of
resorufin converted from resazurin by metabolically active cells,[48,49] using the CellTiter-
Blue reagent (Promega, Madison, WI). The CellTiter-Blue reagent was added to the cultured
cell medium at 10 v/v% and incubated for 2 h. The supernatant medium was transferred to a
96-well plate and the absorbance at 570 nm was analyzed on a Wallac Victor3V Multilabel
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Counter (PerkinElmer, Waltham, MA), with Wallac 1420 Workstation software. The
absorbance at 620 nm was subtracted from the absorbance at 570 nm. The cell growth data
are presented as the % of control, in which the PAE/KDR and PAE were cultured in medium
containing 100 ng · mL−1 VEGF, but lacking any hydrogels. All experiments were
conducted on six replicates.

Phosphorylation of VEGFR-2
The cells were lysed to investigate the phosphorylation of VEGFR-2 in each sample at each
data point. The cells were lysed in 100 µL lysis buffer consisting of 10% glycerol, 2 mM
EDTA, 1 mM activated sodium orthovanadate, 10 µg · mL−1 aprotinin, and 10 µg · mL−1

leupeptin in RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 0.1% SDS,
1% sodium deoxycholate) on ice for 30 min. The lysate was collected by pipetting several
times and then was placed in a 1.5-mL centrifuge vial (Eppendorf Protein LoBind, Fisher
Scientific, Pittsburgh, PA). The lysate was centrifuged at 14 000 rpm and 4 °C for 10 min.
The supernatant was carefully collected, put in a clean 1.5-ml centrifuge vial, and stored at
−80 °C until the assay.

The total amount of VEGFR-2 and phosphorylated VEGFR-2 in each sample was
immunochemically measured using ELISA-type kits (DuoSet IC Total VEGF R2/KDR
ELISA and DuoSet IC Phospho-VEGFR2/KDRELISA, R&D Systems, Inc., Minneapolis,
MN).Briefly, the capture antibody at recommended concentrations was incubated in a 96-
well plate (Maxisorp, Nunc Brand, Denmark) overnight. The solution was removed and the
plate was washed thoroughly with 0.05%Tween 20 (in PBS) and aspirated for a total of five
washes (referred to as the wash step). The plate was blocked with buffer containing 1% BSA
and 0.05% NaN3 for 2 h and the solution was removed. The sample (or standard) was added
and incubated for 1 h. The wash step was repeated. For total VEGFR-2, the biotinylated
detection antibody was added and incubated for 2 h, and the wash step was repeated. The
streptavidin-HRP (horseradish peroxidase) solution was added and incubated for 20min;
direct light was avoided. For phosphorylated VEGFR-2 quantitation, the detection antibody
(conjugated with HRP) solution was added and incubated for 2 h; again avoiding direct
light. The wash was repeated as described above. The 1-Step Ultra TMB solution (Pierce-
Thermo Fisher Scientific, Inc., Rockford, IL) was added and incubated for 20 min, avoiding
direct light. To this was added 2N H2SO4 to halt the colorimetric reaction. The absorbance
at 450 nm was measured on a Fusion Universal Microplate Analyzer (PerkinElmer, Boston,
MA). The absorbance at 570nm was subtracted from the absorbance at 450 nm, in order to
correct for the optical imperfection of the plate. The concentrations of total VEGFR-2 and
phosphorylated VEGFR-2 were determined via extrapolation from a linear standard curve
consisting of 0, 0.030, 0.063, 0.125, 0.25, 0.50, 1.0 and 2.0 ng · mL−1 total VEGFR-2 or
phosphorylated VEGFR-2, respectively. All experiments were conducted with six replicates.

Statistical Analysis
The statistical analysis between different sample sets (each consisting of six replicates as
mentioned above) was performed using the Students’ t-test. Determined p-values less than
0.05 are considered statistically significant.

Results and Discussion
Hydrogel Design

A novel reservoir for VEGF that can simultaneously release VEGF and erode in response to
the VEGFR-2 cell receptor is illustrated in Scheme 1. The hydrogel is assembled via
interaction between LMWH and VEGF. Heparin has been shown to protect GFs from
inactivation, increase their binding to receptors, and sustain the release of GF over
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prolonged periods.[6,11,50,51] LMWH was employed in this study in order to minimize the
intramolecular interaction of VEGF with heparin, which would reduce crosslinking
density.[52] The LMWH was chemically immobilized to the termini of 4-arm star
poly(ethylene glycol) (10 kDa) to yield PEG-LMWH. Three out of four arms were
functionalized on average (f = 3), which permits network formation upon the addition of the
dimeric VEGF cross-linker (f = 2). Upon mixing of the two components, a viscoelastic
hydrogel was instantly formed as indicated by a distinct increase in the storage modulus
over that of the PEG-LMWH alone. (The PEG-LMWH conjugate itself also forms very
weak hydrogels due to the self-association of heparin.[52]) The addition of a control protein,
BSA, did not result in such an increase in the storage modulus, confirming that dimeric
VEGF acts as an active crosslinker of PEG to form a [PEG-LMWH/VEGF] hydrogel. The
elastic moduli of hydrogels of this composition, as previously reported and as assessed via
optical probe microrheology, was on the order of 10 Pa.[17] The immediate formation of the
hydrogel suggests the potential for the use of these materials via injection protocols that are
less invasive than implantation. Initial studies employing VEGFR-2-modified poly(styrene)
particles indicated that the release of VEGF from the [PEG-LMWH/VEGF]was dependent
on the presence of VEGFR-2, a relevant VEGF receptor[17] and a useful target owing to the
importance of VEGFR-2 as the primary mediator of the proliferation of endothelial cells
during development, homeostasis, vasculogenesis, and angiogenesis.[31–33,53–55] Our initial
studies clearly demonstrated the responsiveness of the hydrogels to VEGFR-2.

Successful implementation of these hydrogels in biological environments, however, requires
that these materials also be selectively responsive to VEGFR-2 in the presence of the
glycosaminoglycans and proteins present on cell surfaces. To test the potential of these
hydrogels to selectively release VEGF (and thus erode) in response to cells that overexpress
VEGFR-2, two engineered endothelial cell types were employed. Waltenberger et al.
reported that PAE cells lacking endogeneous VEGF receptors can show a mitogenic
response to VEGF when transfected with a plasmid encoding the VEGFR-2 receptor.[56]

VEGF induces endothelial cell proliferation through VEGF-dependent tyrosine
phosphorylation initiated by binding to Flk-1/KDR (VEGFR-2); binding through Flt-1
(VEGFR-1) results in less phosphorylation although Flt-1 binds VEGF with strong
affinity.[31,53,56] Thus, in our studies, [PEG-LMWH/VEGF] was incubated in the presence
of porcine aortic endothelial cells (PAE) engineered to overexpress (2.5 × 105 VEGFR-2 per
cell; PAE/KDR) or in the presence of cells lacking the transcript forVEGFR-2(PAE).[45,46]

The cumulative release of VEGF and PEG-LMWH was monitored in a transwell assay cell
culture format in which hydrogels were placed in the transwell insert and PAE cells were
cultured on the PS surface of the well of a 24-well plate.[17] A well lacking any cells was
employed as a control. This transwell assay format optimized cell proliferation and was
necessary given that the hydrogels lack any cell-adhesive domains; this format is also
representative of situations in which the [PEG-LMWH/VEGF] would be employed as a drug
delivery vehicle. The two types of PAE cells were also used to evaluate the impact, on
endothelial cell proliferation, of the released VEGF from the non-covalently assembled
[PEG-LMWH/VEGF]. The phosphorylation of VEGFR-2 was also investigated in the
presence and absence of the VEGF-containing hydrogel to determine whether the release of
the VEGF activated the target receptor.

Release of PEG-LMWH
The impact of VEGFR-2, the main mitogenic VEGF receptor, on hydrogel erosion was
investigated by monitoring the release of the PEG-LMWH carrier from the gels in the
presence of PAE cells equipped with or without the VEGFR-2 (i.e., PAE/KDR or PAE,
respectively). PAE/KDR or PAE were seeded in 24-well plates for each data point (1, 2, 3,
4, and 5 days; data were not collected after day 5 owing to the confluence of the cells.). The
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[PEG-LMWH/VEGF] or [PEG-LMWH] hydrogels were placed on a transwell support and
these were inserted in each of the cell-containing wells, respectively. The amount of PEG-
LMWH in the removed aliquots of medium was evaluated via toluidine blue assay. The
cumulative release of PEG-LMWH from hydrogels is shown in Figure 1, and indicates the
degree of hydrogel erosion. Specifically, Figure 1(a) shows the release profiles of PEG-
LMWH from the [PEG-LMWH/VEGF] and [PEG-LMWH] in the presence of PAE/KDR
cells, PAE cells, and in the absence of cells. Burst release was observed in all sets of gels,
with 49.0 ± 2.8% release of PEG-LMWH from [PEG-LMWH/VEGF] in the presence of
PAE/KDR and an average of 43.6 ± 6.8% release in other samples. The burst release of
PEG-LMWH from all of the non-covalently assembled hydrogels (both in the absence and
presence of cells) is consistent with our observations in previous studies,[18,57] and is likely
a result of gel heterogeneity. Similarly, the fact that the burst release (in the absence of cells)
was very slightly lower for the [PEG-LMWH] gel than for the [PEG-LMWH/VEGF] gel (p
≤ 0.17, despite the greater crosslinking expected for the [PEG-LMWH/VEGF]) most likely
also results from heterogeneity introduced during gel preparation. The cumulative release of
PEG-LMWH at day 4 under all different experimental conditions is shown in Figure 1(b) to
facilitate comparison.

The release profiles of PEG-LMWH in all samples were similar during this experiment,
except for that of [PEG-LMWH/VEGF] in the presence of PAE/KDR; this exception was
statistically significant from day 3 onward (p < 0.001 at day 4 and p < 0.007 day 5), with an
approximate 20% difference in release between the samples after day 4. Despite the fact that
the passive release observed in these experiments is greater here than we have previously
reported in model studies or have observed in similar cell culture experiments (see Figures
S1 and S2 in the Supporting Information),[17] the impact of the VEGFR-2 on increasing
hydrogel erosion was unambiguous: the [PEG-LMWH/VEGF] hydrogel was completely
eroded by day 4 in the presence of PAE/KDR, whereas the hydrogels in all other samples
remained intact until the end of the release experiment (day 5; experiments could not be run
longer owing to the confluence of the PAE cell cultures). Comparison of PEG-LMWH
release from [PEG-LMWH/VEGF] versus [PEG-LMWH] hydrogels in the presence of
PAE/KDR indicated the greater rate of erosion of the VEGF-crosslinked hydrogel (Figure
1(b) (p < 0.001)), confirming that the binding of VEGF to VEGFR-2 accelerates the erosion
of [PEG-LMWH/VEGF]. The fact that the release of PEG-LMWH for all other samples is
essentially identical confirms not only that both VEGF and VEGFR-2 are necessary for the
accelerated erosion and but also that other cell-surface molecules of the PAE cells do not
accelerate erosion of these gels. Otherwise, the release of PEG-LMWH from the gels in the
presence of PAE would be greater than that observed in the absence of cells. In addition,
given the similarity in release profiles of the [PEG-LMWH] gels in the presence and
absence of PAE cells, erosion of [PEG-LMWH] is suggested to occur via passive diffusion.
Although reliable minimization of passive release (to levels we observe in other studies,
Figures S1 and S2) will be necessary prior to practical implementation of these approaches,
this result clearly indicates that the presence of VEGFR-2 on cell surfaces accelerates the
erosion of [PEG-LMWH/VEGF] hydrogels.

Release of VEGF
Release of VEGF in response to the VEGFR-2 presenting cells was also investigated for
comparison with PEG-LMWH release. The release of VEGF from [PEG-LMWH/VEGF]
hydrogels in the presence and absence of cells was monitored via measuring the
radioactivity of 125I-labeled VEGF[58,59] in the collected medium. The release profiles are
shown in Figure 2. In general, the release profiles of VEGF exhibited very similar trends to
those observed for PEG-LMWH release from [PEG-LMWH/VEGF] hydrogels, with the
release of VEGF being significantly different in the presence of PAE/KDR versus in the
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presence of PAE or in the absence of cells (p < 0.094 at day 3, p < 0.002 at day 4, and p <
0.0035 at day 5). The VEGF release in the presence of PAE/KDR showed a burst release of
55.6 ± 3.0% at day 1, and reached a maximum of 92.9 ± 7.8% at day 4. In contrast, burst
release of 56.7 ± 3.8% was observed at day 1 in the presence of PAE, and the
cumulativereleasewas75.7 ± 5.1% at day 5.The initial release of VEGF from [PEG-LMWH/
VEGF] hydrogels in the absence of cells was 43.4 ± 3.4% with a cumulative release of 79.6
± 2.0% at day 5. VEGF release from [PEG-LMWH/VEGF] reached the maximum at day 4
in the presence of PAE/KDR, concurrent with the complete erosion of the gel.

The release of VEGF from the [PEG-LMWH/VEGF] was in factmediatedbyVEGFR-2,
rather than by other select surface molecules present on PAE/KDR, was also confirmed by
the correlation of the amount of liberated VEGF with the concentration of the VEGFR-2
present in the PAE/KDR cultures, as determined by immunochemical methods. The
concentration of VEGFR-2 from the PAE/KDR cells in the presence of the [PEG-LMWH/
VEGF] was measured daily using an ELISA kit for total VEGFR-2. The cumulative release
of VEGF is graphically presented versus the measured concentration of VEGFR-2 in Figure
3. The data presented in Figure 3 clearly indicate the correlation of the release of VEGF
from [PEG-LMWH/VEGF] with the total amount of VEGFR-2 present on PAE/KDR,
indicating that the VEGF release and consequent [PEG-LMWH/VEGF] erosion was
accelerated due to the demand for VEGF by VEGFR-2. This observation is consistent with
the reported selectivity of cytotoxicity of VEGF-toxin conjugates to PAE cells, dependent
on the KDR expression level, with IC50 values of 0.19 nM for PAE/KDR cells versus 2.85 nM

for PAE/0.1KDR cells.[45] Considering that normal VEGFR-2 expressing cells (such as
human umbilical vein endothelial cells, HUVEC) express 3–5 × 104 VEGFR-2/cell
(commensurate with the level of expression of PAE/0.1KDR), it is anticipated that this
VEGFR-2 responsive hydrogel system might therefore release some VEGF in response to
normal endothelial cells, although at a slower rate than in response to pathological cells.
Notably, the VEGF-toxin conjugates, despite their ability to bind to both PAE/KDR and
PAE/0.1KDR cells, were shown to be selectively toxic toVEGFR-2-overexpressing PAE/
KDR while not affecting the other endothelial cells,[45,46] suggesting that appropriately
engineered [PEG-LMWH/VEGF] would show similar selectivity. Overall, our results
suggest that the non-covalently assembled [PEG-LMWH/VEGF] is similarly responsive to
cell-surface receptors and, in light of recent reports of the in vivo selectivity of VEGF-
modified vehicles,[36] represents a viable strategy for targeted hydrogel erosion and drug
delivery.

Phosphorylation of VEGFR-2
The effect of released VEGF, from the [PEG-LMWH/VEGF] hydrogel, on the activation of
VEGFR-2 was monitored via assessment of the degree of tyrosine phosphorylation of
VEGFR-2 observed in response to released VEGF. Upon binding with VEGF, the VEGFR-2
undergoes dimerization and tyrosine phosphorylation, resulting in mitogenic, chemotactic,
and prosurvival signals.[54] The efficacy of delivered VEGF, and the responsiveness of the
endothelial cells to the gels, can therefore be indicated by the level of VEGFR-2
phosphorylation,[5] which was determined immunochemically. Figure 4 presents the fraction
of phosphorylated VEGFR-2 (relative to the total VEGFR-2 isolated from PAE/KDR cells),
as a function of time. The cells were lysed at each data point in the presence of kinase
inhibitors to maintain the level of phophorylation at the time of cell collection. The
concentration of total VEGFR-2 and concentration of phosphorylated VEGFR-2 in lysates
were measured using ELISA kits. As shown in the data, the phosphorylated fraction of
VEGFR-2 in PAE/KDR cultures incubated with the VEGF-releasing hydrogel [PEG-
LMWH/VEGF] increased from 0.57 ± 0.05 at day 1 to 0.79 ± 0.09 (p < 0.003) at day 4. This
level was significantly higher than that observed in control experiments in which PAE/KDR
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were cultured in the presence of the [PEG-LMWH] hydrogel (0.28 ± 0.07, Figure 4(a)), as
well as that of a control in which cultures of PAE/KDR were incubated without hydrogel
(0.22 ± 0.04, not shown); in addition, the level of phosphorylation in the control did not
show a clear increase with time.

The fraction of phosphorylated VEGFR-2 was plotted against the cumulative release of
VEGF from the [PEG-LMWH/VEGF] hydrogels, to confirm if the phosphorylation of the
receptor was correlated with VEGF release. As shown in Figure 4(b), the fraction of
VEGFR-2 phosphorylated was correlated to the cumulative release of VEGF, confirming
that the released VEGF is interacting with and stimulating the phosphorylation of VEGFR-2,
and corroborating this interaction as the relevant one in modulating hydrogel behavior
(release and erosion). It is also of note that although the phosphorylation of VEGFR-2
increased with released VEGF, the total VEGFR-2 expression level per cell did not change
((8.7 ± 1.2) × 10−5 ng · mL−1 per cell at day 1 versus (8.5 ± 0.7) × 10−5 ng · mL−1 at day 4).
This suggests that while the [PEG-LMWH/VEGF] hydrogels are responsive to VEGFR-2
and induce greater signaling by the cell, that they do not alter VEGFR-2 expression that
could present a potentially pathological response.

Proliferation of PAE Cells
The mitogenic effects of VEGF released from the hydrogels, suggested by the
phosphorylation data, were corroborated in cell culture. Figure 5 presents the percentage of
cell growth (at day 4, relative to a control) of PAE/KDR and PAE in the presence of [PEG-
LMWH/VEGF] and [PEG-LMWH], as colorimetrically monitored via CellTiter-Blue assay.
Each cell type was cultured separately in the presence of 100 ng · mL−1 (2.63 nM) soluble
VEGF as the control. The number of cells was quantified at day 4 owing both to the
complete erosion of the [PEG-LMWH/VEGF] at day 4 and the confluence of the PAE/KDR
cells after day 5. As shown in the data, the PAE/KDR cultures in the presence of [PEG-
LMWH/VEGF] show cell numbers approximately 120% of those observed for the control
(PAE/KDR in the presence of soluble VEGF; p < 0.003). Importantly, the number of PAE/
KDR cells was ca. 30% higher in the presence of [PEG-LMWH/VEGF] than in the presence
of [PEG-LMWH] (p < 0.001). This result is completely consistent both with the increased
phosphorylation of VEGFR-2 as a result of VEGF release from [PEG-LMWH/VEGF] and
with the known responsiveness of VEGFR-2 to VEGF as a key signaling event in
endothelial cell proliferation.[31,54,56] In addition, the effect of [PEG-LMWH/VEGF]
hydrogels on the proliferation of PAE, which lacks the VEGFR-2 transcript, was no
different than the effect of the [PEG-LWMH], indicating the key role of the VEGF/
VEGFR-2 interactions on the observed cell proliferation. This is consistent with our
observed experimental differences in phosphorylation efficiency, as well as with differences
in the mitogenic effects of VEGFR-2 over VEGFR-1.[56] That the increased proliferation is
not quite as high as we have previously observed[17] is likely due to the differences in the
amount of VEGF loaded in the gels; in these studies the estimated amount of VEGF released
(52 ± 4 nM at maximum release) is greater than the optimal VEGF concentration range for
PAE/KDR (1–10 nM).[44] Sufficiently high VEGF concentrations can inhibit the
dimerization of the receptors and the subsequent receptor-mediated endocytosis that triggers
proliferation. At this VEGF concentration, the suppression of receptor dimerization would
be significant in normal endothelial cells (such as HUVECs). Due to the high expression of
VEGFR-2 in PAE/KDR, coupled with our observation of VEGFR-2 phosphorylation, it is
clear that the dimerization was not completely inhibited in our study, and our results indicate
that the released VEGF from the hydrogel selectively increases proliferation of VEGFR-2-
expressing endothelial cells. Gel crosslinking and erosion rates could be manipulated to
modulate the amount of VEGF released and its effect on consequent receptor dimerization,
depending on the target application.
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Responsive hydrogels such as these, as well as those reported by others, provide potential
opportunities for controlled/targeted drug delivery and tissue engineering by exploiting
biomolecular interactions at the cellular level. Receptor-responsiveness has been employed
previously in the assembly of hydrogels, as reported by Lee et al.[37] Addition of RGD-
modified alginate to MC3T3-E1 mouse calvarial preosteoblast resulted in formation of a
hydrogel with G′ values of approximately 10 Pa, suggesting its potential application as a
tissue engineering scaffold. Lutolf et al. reported enzyme-responsive hydrogel degradation
via the action of matrix metalloproteinases (MMPs), in which human primary fibroblast
cells invaded hydrogels by cleaving the susceptible peptide sequence.[60] The formation of
the PEG-LMWH/VEGF hydrogel, while sharing similarities with the noncovalently
assembled hydrogels of Lee et al., illustrates that these principles can indeed be employed
for hydrogel formation between partners of significantly lower functionality (f = 3 and f =
2). Such flexibility suggests the broad range of types, architectures, and compositions of
polymeric systems and biomolecules that can be employed in materials assembly. In contrast
to the previously reported studies of Lutolf et al., the PEG-LMWH/VEGF hydrogel erodes
in response to a relevant cell-surface receptor upon the liberation of cross-linker; the
combination of both enzymatically induced and cell-surface receptor-induced degradation/
erosion thus suggests an equally broad range of strategies and selectivities that may be
engineered to manipulate degradation of hydrogels.

The previously reported, targeted delivery of VEGF-containing molecules also illustrates the
potential applicability of the PEG-LMWH/VEGF hydrogels. Backer et al. demonstrated the
receptor-targeted delivery of multiple VEGFs (e.g., Shiga-like toxin-VEGF fusions (SLT-
VEGF) or modified single-chained VEGFs (scVEGF)), and demonstrated that VEGFR-2-
specific receptor binding was crucial for their delivery.[36,45,46] This observation is similar
to our results in which VEGF release and hydrogel erosion were notably promoted in the
presence of overexpressed VEGFR-2. While others have also reported receptor-specific
targeted delivery systems, including those responsive to the epidermal growth factor
receptor (EGFR),[61] folate receptor (FR),[62] and fibroblast growth factor receptor
(FGFR),[63] in these previously reported studies the targeting molecules were conjugated to
vehicles such as liposomes, nanogels, and dendrimers, and the drug (doxorubicin, for
example) was incorporated into the vehicles. The PEG-LMWH/VEGF hydrogel presented
here is easily assembled non-covalently via the interaction between VEGF and heparinized
PEG to constitute a stabilized drug carrier; VEGF serves not only as a targeting molecule,
but also as a crosslinker and potential therapeutic. The hydrogel delivers VEGF in a
receptor-responsive manner and induces the expected cellular response. While that response
is an increase in cell proliferation in the studies here, VEGF-antagonist crosslinkers could
also be employed to produce drug delivery vehicles with the opposite impact. This novel
concept thus demonstrates a robust approach for targeted delivery of receptor-binding
bioactive molecules in numerous therapeutic applications.

Conclusions
A novel targeted VEGF delivery system that is sensitive to cells on the basis of cell-surface
receptor-ligand interactions has been demonstrated. The hydrogel was assembled via non-
covalent interactions between four-arm star PEG-LMWH and dimeric, heparin-binding
VEGF. Upon application to the targeted cells, the hydrogel released VEGF in response to
the relevant VEGF receptor, i.e., VEGFR-2, and the hydrogel consequently eroded. The fact
that hydrogel erosion and VEGF release was only greater in the presence of VEGFR-2-
expressing cells, coupled with the observation that erosion and release were identical for
samples incubated in the presence of non-VEGFR-2-expressing cells and in the absence of
any cells, indicates the selectivity of the erosion to VEGFR-2 on the cell surface. The
receptor-responsiveness of the hydrogel and the efficacy of delivered VEGF were also
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confirmed via the selective phosphorylation of VEGFR-2 and the increased proliferation of
VEGFR-2-expressing cells in the presence of the [PEG-LMWH/VEGF]. Hydrogels of this
type could be utilized in multiple applications such as therapeutic angiogenesis where a
sustained and targeted delivery of VEGF to the relative receptor could accelerate a selective
angiogenic response, and in which the hydrogels would be completely eroded and
eliminated. The identification and use of heparin-binding, VEGF antagonist crosslinks
would offer opportunities for targeted antiangiogenic therapies. Successful targeted delivery
in vivo is suggested by previous studies of VEGFR-2 targeted delivery of VEGF-modified
drugs in vivo;[46] in vivo studies of targeted delivery by these hydrogels are planned.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The release of PEG-LMWH from non-covalently assembled hydrogels as indicative of
hydrogel erosion. (a) The release profiles of [PEG-LMWH/VEGF] (closed) or [PEG-
LMWH] (open) hydrogels, in the presence of PAE/KDR (●;○) and PAE (■;□) or in the
absence of cells (▲;△), respectively. *p < 0.001; **p < 0.007. (b) The cumulative release of
PEG-LMWH at day 4. †p < 0.001.
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Figure 2.
The release profile of VEGF from non-covalently assembled [PEG-LMWH/VEGF]
hydrogels. Release profiles of VEGF in the presence of PAE/KDR (●) or PAE (■) cells, and
in the absence of cells (▲), respectively. *p < 0.002; **p < 0.004.
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Figure 3.
Release of VEGF with respect to the concentration of VEGFR-2 in PAE/KDR cell cultures.
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Figure 4.
The phosphorylated fraction of VEGFR-2 in PAE/KDR cultures. (a) Phosphorylation of
VEGFR-2 of PAE/KDR cultured in the presence of [PEG-LMWH/VEGF] (■) and [PEG-
LMWH] (●) hydrogels. (b) Phosphorylation of VEGFR-2 as a function of cumulative
release of VEGF from the [PEG-LMWH/VEGF] hydrogel.
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Figure 5.
The proliferation of PAE/KDR and PAE cells after 4 days incubation, in the presence of
non-covalently assembled [PEG-LMWH/VEGF] or [PEG-LMWH] hydrogels, respectively.
The data are presented as % of control in which PAEs were cultured in the presence of 2.63
nM (100 ng · ml−1) VEGF in medium. *p < 0.003.
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Scheme 1.
Non-covalently assembled hydrogel for targeted delivery of VEGF.
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