
Growth Factor Mediated Assembly of Cell Receptor-Responsive Hydrogels
Nori Yamaguchi,† Le Zhang,† Byeong-Seok Chae,‡ Chandra S. Palla,‡ Eric M. Furst,‡ and

Kristi L. Kiick*,†

Department of Materials Science and Engineering and Department of Chemical Engineering, UniVersity of
Delaware, Newark, Delaware 19716

Received November 9, 2006; E-mail: kiick@udel.edu

The noncovalent assembly of polymeric materials via specific
molecular recognition interactions has become increasingly promi-
nent in the production of responsive, reversible, and injectable
hydrogels. While protein-protein interactions predominantly have
been used for such assembly,1-4 the use of extracellular matrix
(ECM)-derived polysaccharide-peptide interactions has been re-
cently emerging as an assembly approach.5-9 The interactions of
proteins and glycosaminoglycans are critical in mediating the
multiple responses of the ECM, and materials in which assembly
and mechanical properties are controlled by such molecular
recognition events may be useful for biologically directed targeted
delivery. Accordingly, the ability of heparin and related glycosami-
noglycans to sequester and stabilize growth factors has been
exploited in the production of surfaces and covalently crosslinked
hydrogels that can mediate cell proliferation and migration,
angiogenesis, and wound healing.10-14 In particular, the controlled
delivery of VEGF (vascular endothelial growth factor) and select
other growth factors from polymeric matrices has shown potential
for use in vascular therapies.12,15,16 Noncovalently assembled
matrices also have similar potential use in this regard.5-9

Here, we report the assembly, rheological properties, and targeted
delivery/erosion profiles of noncovalently associated hydrogel
networks produced via the interaction of a low-molecular-weight
heparin-modified star polymer (PEG-LMWH) and a dimeric,
heparin-binding growth factor (VEGF).17 Given that overexpression
of VEGF and other growth factor receptors plays a key role in
both normal healing and pathological conditions,18-20 we reasoned
that hydrogels assembled via such strategies may provide unique
opportunities for stimuli-responsive delivery and erosion via
biologically relevant, ligand-exchange mechanisms. A schematic
of the assembly and erosion strategy is illustrated in Figure 1. We
have focused on LMWH in these investigations in order to
maximize intermoleculardimeric growth factor/LMWH binding
over intramolecular binding (see Supporting Information). The PEG-
LMWH employed in these investigations was produced via Michael
addition of thiol-terminated four-arm star PEG to maleimide-
functionalized LMWH.7 NMR characterization of the purified
product indicated at least 75% functionalization of PEG-LMWH,
indicating that it is of sufficiently high functionality (f > 2) to permit
formation of crosslinked networks upon interaction with VEGF (f
) 2). The VEGF was expressed fromE. coli and purified via
heparin-affinity chromatography as previously described (Support-
ing Information).16

Hydrogels were formed via the mixing of homogeneous, low-
viscosity solutions of each component in phosphate buffered saline
(PBS). The PEG-LMWH solution was vortexed to ensure homo-
geneity. Addition of a solution of VEGF (5µL, 2 mg/mL) to a
solution of PEG-LMWH (5µL, 80 mg/mL) immediately resulted
in the formation of a self-supporting, viscoelastic hydrogel; the gel
was thoroughly mixed via pipetting. The optical tweezer microrheo-

logical characterization of these hydrogel networks is shown in
Figure 2a; experimental details about the microrheology experiment
can be found in the Supporting Information. The apparently low-
viscosity PEG-LMWH solutions exhibit storage moduli,G′(ω) ≈
0.7 Pa, in excess of the loss moduliG′′(ω) at low frequencies,
indicating a weak viscoelastic material, consistent with our previ-
ously reported results.8 Upon addition of VEGF to these solutions,
an increase in elastic modulus is observed, with no statistically
significant increase observed upon the addition of a control protein,
BSA (bovine serum albumin). Figure 2b compares the storage
moduli of the PEG-LMWH solutions with those containing BSA
and VEGF and clearly demonstrates the effective crosslinking by
VEGF in the VEGF-containing PEG-LMWH samples. That the
crosslinking is mediated by VEGF-LMWH interactions was also
confirmed by the addition of free LMWH to the PEG-LMWH/
VEGF gels, which immediately liquefied the samples. VEGF-
containing samples with polymer concentrations of 8 wt % resulted
in elastic gels in which probe particles could not be moved by the
optical trap, indicating aG′(ω) > 10 Pa, whereas the modulus in
the absence of VEGF wasG′(ω) ≈ 1 Pa.

An important outcome of the production of hydrogel networks
via these strategies is the potential for receptor-mediated gel erosion;
VEGF cross-links could be selectively removed in the presence of
VEGF receptors that control proliferation and migration of vascular
endothelial cells.21 Receptor-mediated targeting of VEGF-modified
drug vehicles to VEGFR-2-expressing cells has been previously
demonstrated,22-25 and a VEGFR-1 binding peptide has been shown
to target a chlorin-type photosensitizer to human endothelial cells.26

Given the primary role of VEGFR-2 in controlling cell proliferation
and migration,21 the ability of the hydrogels to release VEGF in a
VEGFR-2-responsive manner was probed in in vitro release assays
(Supporting Information). The cumulative amount of125I-labeled
VEGF released from the hydrogels at specific timepoints was
quantified viaγ-counting. Polystyrene particles (1µm, PS) were
incubated with the hydrogels to study targeted erosion, as unmodi-
fied PS particles did not show any evidence of interfering with
hydrogel assembly during the microrheology experiments. In one
case, the particles were passivated via covalent attachment of anti-
IgG (negative control), and in the second case, the anti-IgG
nanoparticles were modified with a VEGFR-2-IgG conjugate
(Supporting Information).

As observed in the data in Figure 2c, the PEG-LMWH/VEGF
hydrogels incubated in PBS demonstrate a total cumulative release
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Figure 1. Schematic of hydrogel formation via the crosslinking of
polysaccharide-derivatized star copolymers by dimeric, heparin-binding
growth factors, followed by receptor-mediated erosion.
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of approximately 30% over the 10-day time period, while those
incubated in the presence of PS/anti-IgG show a cumulative passive
release of 40%. In contrast, however, hydrogel samples incubated
in the presence of PS/VEGFR-2 demonstrated increased rates of
VEGF release and a total release of nearly 80%. Importantly,
hydrogels incubated with PS/VEGFR-2 visibly eroded after day 4
(Figure 2C, asterisk); the subsequent release data was obtained from
a limited number of eroded samples that retained a small amount
of weak gel, resulting in the inconsistent release rate. In all other
cases, the hydrogels remained intact over the course of the
experiment. Although the precise extent of erosion of the networks
could not be quantified owing to the very small amounts of sample
employed, these results clearly illustrate the potential for receptor-
mediated VEGF delivery and erosion of these hydrogels and suggest
opportunities for targeted erosion in response to other VEGF-
binding receptors (e.g., VEGFR-1).

The bioactivity of VEGF released from the erodible hydrogels
was also assessed in cell-proliferation assays. In these assays, the
proliferation of porcine aortic endothelial cells (PAE KDR) in the
presence of gels was monitored over time via cytometry methods
(Supporting Information) and via live/dead assays with confocal
microscopy imaging. The assessment of cell proliferation and gel
erosion with cells encapsulated directly in the gels was not possible
given the nonadhesive character of these PEG-based materials. A
plot of the normalized number of cells under each condition, at
each timepoint, is presented in Figure 3a. Confocal images il-
lustrating the overlaid live/dead fluorescent staining of the cells in
the presence of PEG-LMWH and PEG-LMWH/VEGF are shown
in Figure 3b,c. The PEG-LMWH alone does not cause any increase
in cell proliferation over the control (no polymer, no VEGF), while
the PEG-LMWH/VEGF hydrogels show a statistically significant
increase in proliferation (noted by an asterisk) over the PEG-LMWH
samples as early as day 1 (Figure 3a). Different amounts of VEGF
were included in the two gels in order to probe a range of prolifer-
ative responses (Supporting Information). The very low number
of dead cells (red) observed via confocal microscopy confirms the
lack of cytotoxicity of these materials (Supporting Information).

These results clearly demonstrate that therapeutically relevant
growth factors can serve as elastic cross-links in noncovalently

assembled hydrogel networks and that these networks can be
selectively eroded in the presence of the growth factor receptors.
The VEGF released from these hydrogels increases proliferation
of VEGF-responsive cell lines, and coupled with the release and
erosion data, suggest a novel potential mechanism for targeted
delivery and erosion via the release of therapeutically important
protein cross-links in response to cell surface receptors. The
selective erosion of the materials in cellular assays, along with more
quantitative assessment of the impact of the co-release of VEGF
and PEG-LMWH on receptor activation, is currently under inves-
tigation. The therapeutic relevance of other dimeric heparin-binding
growth factors, as well as opportunities for designing peptides with
specific affinities and therapeutic action, suggests broader op-
portunities for these strategies in the production of responsive
matrices for biomedical applications.
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Figure 2. (a,b) Optical tweezer microrheological characterization of the
viscoelastic properties of VEGF-crosslinked hydrogels; (c) release of
vascular endothelial growth factor from VEGF-crosslinked hydrogels as a
function of time in the absence and presence of the VEGFR-2 receptor.
The average of duplicate measurements of separate samples is shown.

Figure 3. (a) Proliferation of PAE KDR cells in the presence of PEG-
LMWH or hydrogels crosslinked with vascular endothelial growth factor;
(b) confocal microscopy image of cells, incubated with PEG-LMWH, in a
live/dead assay; (c) confocal microscopy image of cells, incubated with
PEG-LMWH/VEGF, in a live/dead assay.
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