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Abstract
Successful tissue regeneration requires that biomaterials have optimal bioactivity and mechanical
properties. Heparin-containing hydrogels that can be crosslinked in situ were designed to contain
tunable amounts of biological components (e.g. heparin, arginine–glycine–aspartate (RGD)) as well
as to exhibit controlled mechanical properties (e.g. shear modulus). These gel parameters can also
be tuned to provide controlled delivery of proteins, such as growth factors, for regulating cellular
behavior. Maleimide-functionalized low-molecular-weight heparin (LWMH) was conjugated to a
poly(ethylene glycol) (PEG) hydrogel. The elastic shear modulus, as assessed via oscillatory
rheology experiments, could be tuned by the concentration of polymer in the hydrogel, and by the
end group functionality of PEG. Hydrogels of two different moduli (2.8 and 0.4 kPa) were used to
study differences in the response of human aortic adventitial fibroblasts (AoAF) in two-dimensional
cell culture experiments. These experiments indicated that the AoAFs show improved adhesion to
materials with the higher modulus. Evaluation of cell responses to hydrogels with RGD linked to the
hydrogels via conjugation to PEG or to LMWH indicated improved cellular responses to these
materials when the bioactive ligands were chemically attached through linkage to the PEG rather
than to the LMWH. These results highlight important design considerations in the tailoring of these
materials for cardiovascular tissue engineering applications.
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1. Introduction
Controlling cell-mediated remodeling of cardiovascular implants using biomaterials is a
concept with great appeal. Biological vessels often become occluded due to maladaptive
cellular responses elicited by the tissue injury and hemodynamic changes associated with
surgical or catheter-based procedures [1]. Autologous vein grafts used in leg artery bypass
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surgery, for example, fail in the first few years at a rate approaching 50% primarily due to
inappropriate graft remodeling [2]. The development of biomaterials that beneficially influence
cell responses and vessel remodeling would have significant clinical impact.

Blood vessel remodeling depends to a great degree on the activation of adventitial fibroblasts
(AFs) [3,4], which populate the outermost layer of blood vessels. AFs are the major cell type
in the adventitia and critical contributors to the structural integrity, growth and remodeling of
blood vessels in vivo [4–6]. AFs not only play a significant role in extracellular matrix
production during adventitial remodeling but also help recruit and organize the microvascular
blood supply necessary to feed the cells within the vessel [7]. The remodeling and organizing
functions of AFs are largely determined by physical and chemical cues from the extracellular
matrix, and AFs undergo phenotypic conversion in response to changes in their local physical
and humoral environment [6,8]. Biomaterials that can be placed easily within or immediately
surrounding the adventitia of at-risk blood vessels and that are capable of controlling AF
function would be useful in attenuating maladaptive vessel remodeling and encouraging the
recruitment of microvasculature to improve graft survival.

Hydrogels offer unique opportunities to control the distribution and function of cells in
engineered or biological tissues, and several characteristics recommend advanced hydrogels
for cardiovascular applications. Hydrogel components are injectable, and gels can be formed
rapidly in situ using catheter-based injection methods applied to the target blood vessel at the
time of the clinical procedure or subsequently. Since the elastic shear modulus of hydrogels
can be easily controlled, gels of relatively low modulus could be designed to optimize cellular
responses without adversely affecting intrinsic vessel stiffness. Cellular components (e.g. AFs
and microvascular endothelial cells) could be readily encapsulated within gel matrices to help
drive the formation of healthy adventitia and would remain localized at the therapeutic target
site during the gel erosion process. Precisely designed hydrogels with controlled local
mechanical properties and the inclusion of critical growth factors could direct formation of the
target vessel’s vascular supply (i.e. vaso vasorum) while controlling maladaptive remodeling.
Thus, understanding how the chemical and physical characteristics of hydrogels influence AFs
is an important goal in the development of hydrogels for cardiovascular applications.

It has been well documented that variations in the mechanical properties of matrices result in
significant differences in cell behavior [9]. Matrix stiffness affects cell adhesion, proliferation,
and differentiation [10,11]. The actin-myosin cytoskeleton, whose contractile forces are
transmitted through transcellular structures, may play an important role in transferring
information about the mechanical properties of matrices to cell nuclei. In previous work,
primate aortic AFs (AoAFs) and smooth muscle cells (SMCs) were found to mediate matrix
contraction of collagen-hyaluronan (HA) gels. In particular, the results showed that HA-
promoted contraction of collagen gels by AFs and SMCs leading to changes in collagen
organization and cell shape [12].

The further development of the above and other hydrogel materials, which have water content
and mechanical properties that are often comparable to that of soft tissue, has remained an area
of great research interest owing to their potential clinical application in drug delivery, tissue
augmentation, and tissue repair and regeneration [9,13]. Strategies to integrate synthetic and
biomolecular materials into delivery vehicles have remained an important goal. The cell-
adhesive character of hydrogels can be readily manipulated via the inclusion of integrin-
binding ligands, such as arginine–glycine–aspartate (RGD). It is well recognized that the
presentation of RGD alone, within intact cell-adhesion proteins or within matrices containing
multiple adhesion sequences, can alter the effectiveness of RGD-binding by cells [14–17]. The
evaluation of these events in a given material of interest is necessary for implementation. The
use of polysaccharides, particularly glycosaminoglycans such as heparin, offers opportunities
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to tailor the hydrophilicity of the gel, to modulate mechanical properties via noncovalent
interactions with proteins and peptides, and to sequester and protect growth factors [18,19].
Accordingly, heparin has been incorporated covalently into numerous diverse drug delivery
vehicles in which its interactions with proteins have permitted the controlled release of growth
factors [20–22]. Our group and others have been investigating the noncovalent assembly, in
addition to or instead of covalent crosslinking, of heparinized materials as a route to responsive,
reversible and injectable drug delivery systems, with main interests in protein delivery and the
production of extracellular matrix (ECM)-mimetic materials [19,23–26]. We have
demonstrated multiple methods for producing noncovalently assembled hydrogel materials
that are capable of either passive [19,24,27,28] or targeted delivery of growth factors in
response to the VEGFR-2 receptor [25], and have developed covalent strategies to expand the
versatility of these materials [19]. We have investigated methods to reliably functionalize
heparin with chemically reactive groups at controlled degrees of substitution, and have studied
the rapid in situ crosslinking between maleimide-functionalized heparin with thiol-
functionalized poly(ethylene glycol) (PEG)-based polymers of various molecular weights and
structures to produce hydrogels with controlled growth factor delivery profiles [19].

In our work here, we report modifications of hydrogel synthesis to increase its compositional
flexibility, to reduce the necessary chemical functionalization of heparin, to permit secondary
noncovalent crosslinking by interactions with heparin-binding molecules, to allow for growth
factor sequestration and delivery, and to render the resulting hydrogels more cell-adhesive for
potential use in cardiovascular applications. Our current approaches utilize hydrogels
comprising mainly star PEGs (both maleimide-and thiol-functionalized); such strategies permit
increased independence in the tuning of modulus and composition of the hydrogels. A variety
of hydrogels have been formed with the star PEGs and maleimide-functionalized heparin, thiol-
functionalized RGD peptide and/or fibronectin (FN); presumably via reaction of thiol groups
[10]). Oscillatory rheology indicates the flexibility in tuning of the hydrogel elastic shear
modulus. The development of these new functionalization strategies also broadens the
flexibility of the hydrogel synthesis and provides facile routes to tune the cell-adhesion to the
hydrogels; these materials can be applied as substrates for endothelial cells and fibroblasts in
the design of therapeutic materials in cardiovascular applications. In particular, here we show
that human aortic adventitial fibroblasts (AoAFs) exhibit altered adhesion and cell spreading
in response to changes in the chemical and mechanical formulation of the hydrogel substrata.
Our data suggest straightforward strategies to tune these materials to obtain desired cellular
responses.

2. Materials and methods
2.1. Design of the hydrogel

Four-arm maleimide-functionalized PEG (f = 4, Mn 10,000 g mol−1; JenKem Technology USA
Inc., Allen, TX), and four-arm thiol-functionalized PEG (f = 4, Mn 10,000 g mol−1; Creative
PEGWorks, Winston-Salem, NC) were employed to form gel networks with appropriately
modified heparins [19]. Maleimide-functionalized heparin (f=2, average Mw 3,000 g mol−1)
was used to react with thiol-functionalized PEG. The thiol-functionalized peptide,
AcGCGYRGDSPG, was prepared for reaction with maleimide-functionalized heparin or
maleimide-functionalized PEG. FN was also incorporated into hydrogels via reaction with
maleimide-functionalized PEG to provide cell-adhesive materials.

2.2. Material synthesis
2.2.1. Synthesis of maleimide-functionalized LMWH—The synthesis of maleimide-
functionalized heparin has been described previously [19]. Briefly, low-molecular-weight
heparin (LMWH, Mw 3,000 g mol−1; Celsus, Cincinnati, OH) was reacted with N-(2-
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aminoethyl)maleimide, trifluoroacetate salt (AEM) in the presence of N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl) and 1-
hydroxybenzotriazole hydrate (HOBT) dissolved in 2-(N-morpholino)ethanesulfonic acid
buffer. The resultant product was dialyzed (MWCO 1000, Spectropor) against 1 M NaCl
solution and the water, and lyophilized to yield the resultant product. 1H nuclear magnetic
resonance (NMR) characterization of the product indicated a degree of functionalization of
2.3. 1H NMR (400 MHz, D2O):δ = 7.84 (CO–CH=CH–CO, m), δ = 3.90–3.50 (CH2–CH2–
NH, m), δ = 5.43–3.38 (heparin, m).

2.2.2. Synthesis of peptide AcGCGYRGDSPG—The desired peptide was prepared via
standard Fmoc solid-phase peptide protocols on a PS3 Solid-Phase Peptide Synthesizer
(Protein Technologies, Inc., Tucson, AZ). The peptide was cleaved from the resin with TFA/
water/TIS/EDT (94:2.5:2.5:1) and precipitated in diethyl ether. Peptide purification was
performed via reverse-phase chromatography on a Delta600 high-performance liquid
chromatograph (Waters Delta 600, Waters Corporation, Milford, MA) equipped with a
preparative Symmetry300 C18 column (Waters; 5μm particle size, 3.9 × 150 mm). The purity
of the peptide was generally greater than 80%, as determined by high-performance liquid
chromatography. ESI: M+ 1066 (theoretical); 1066 (observed).

2.2.3. PEG–LMWH hydrogel formation—A typical procedure for the preparation of high
modulus gels is as follows. The hydrogel was made of 4 wt.% PEG, 0.1 mM LMWH, 0.1 mM
RGD-(SH) or 10−4 mM FN. First, PEG-(maleimide)4 (2 mM) was mixed with RGD-(SH) (0.1
mM) or FN (10−4 mM) in Tris buffer (pH 6) for attachment of the bioactive groups to the PEG
prior to hydrogel formation. PEG-(SH)4 (2 mM) was mixed with maleimide-functionalized
LMWH (0.1 mM) in Tris buffer. These two solutions were then mixed together; changes in
viscoelasticity were immediately apparent. Basic fibroblast growth factor (bFGF; 6 ×10−5 mM)
was added during gel formation for Cell Titer Blue experiments. The resulting hydrogels were
stored at 4 °C overnight prior to further use. They were then swelled for an additional 30 min
in medium before cell culture experiments. Hydrogels with two different moduli (2.8 and 0.4
kPa) were prepared by slightly changing the concentration of PEG-(SH)4 (1 and 2 mM,
respectively) while keeping the volume of the hydrogels constant between samples. The
concentrations of RGD peptide and FN were also kept constant for all of the gels.

2.2.4. PEG hydrogel formation—For PEG hydrogel formation, 2 mM PEG-
(maleimide)4, 2 mM PEG-(SH)4 and 0.1 mM RGD-(SH) were mixed together in Tris buffer.
The hydrogels were stored and swelled in medium as described above.

2.3. 1H NMR spectroscopy
A Bruker DRX-400 NMR spectrometer (Bruker Daltonics, Billerica, MA) was used to collect
all NMR spectra under standard quantitative conditions. CDCl3 or deuterium oxide was used
as the NMR solvent and TMS or DSS as the reference.

2.4. Rheological characterization of hydrogels
Rheology samples were prepared in a similar manner. Hydrogel formation was initiated on the
rheometer stage by mixing the solutions of maleimide- and thiol-functionalized PEG. The
evolution of elasticity and the time for onset of gelation were determined with the use of an
AR-2000 rheometer (TA Instruments, New Castle, DE) at a constant temperature of 25 °C in
a constant (0.02%) strain mode. In the time-sweep experiments, the moduli were measured at
a constant frequency of 5 rad s−1 for 3 h.
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2.5. Cell culture
Human AoAFs (Lonza, East Rutherford, NJ) were cultured at 37 °C in a 5% CO2 atmosphere
using Stromal Cell Basal medium with 10% fetal bovine serum and 10 ng ml−1 bFGF as
recommended by the supplier unless otherwise noted in the text. Cells were used between
passages 5 and 8.

2.6. Cell adhesion experiments
Hydrogels with the compositions described in Section 3.1 were synthesized according to the
methods outlined in Section 2.2. Gels of 12 mm diameter were prepared on glass cover slips
and placed in 24-well tissue culture plates. The hydrogels were then incubated in cell culture
medium (stromal cell basal medium) for 30 min prior to the introduction of cells. AoAFs were
seeded on the surface of the gel materials at a density of 20,000 per gel (i.e. per 1.1 cm2 of
nominal surface area) and incubated at 37°C for 8 h prior to analysis via Cell Titer Blue and
staining assays. For the control experiment (AoAFs on tissue culture polystyrene (TCPS)), in
order to obtain greater similarity in the resulting adherent cell density on all of the materials,
a decreased cell number (2000 cells/1.1 cm2 surface area), was seeded on the TCPS.

2.6.1. Staining and image analysis with fluorescence microscopy—Nuclear
staining by ethidium homodimer (EtHD) was used to determine the degree of cell death/
necrosis. Briefly, prior to fixation, cultures were stained with EtHD (red fluorescence), which
accumulates in the DNA of dead cells. Samples were then rinsed to remove unbound EtHD,
fixed with 2% paraformaldehyde in PBS and stained to detect nuclei using bisbenzimide
(Hoechst 33258; blue fluorescence). A necrosis index was calculated as the proportion of
EtHD-positive nuclei per total nuclei present. To estimate the degree of cell spreading,
filamentous actin was visualized using Alexa-488 conjugated phalloidin (green fluorescence)
and the area of phalloidin staining per cell was determined. Images of stained samples were
acquired using an Evolution QEi, 12-bit, cooled CCD camera (Media Cybernetics, Silver
Spring, MD) mounted on an Olympus model BX-60 epifluorescence microscope operated
using Image Pro Plus software (Media Cybernetics).

2.6.2. Cell Titer Blue assay—Adhesion was determined based on the accumulation of
viable cells over the first 8 h of culture using Cell Titer Blue assays (Promega, Madison, WI)
to estimate the cell number. Cell Titer Blue assays are based on the reduction of resazurin to
resorufin by living cells. An adhesion index was calculated based on resorufin fluorescence
normalized to that found in control TCPS-based cultures and expressed as a percent.

2.7. Data analysis
Statistical analysis was performed using one-way analysis of variance with Tukey’s HSD post
hoc tests; p values less than 0.05 were considered statistically significant.

3. Results and discussion
3.1. Hydrogel design

In this work we have continued to focus on PEG-based hydrogels owing to their hydrophilicity,
biocompatibility and chemical flexibility. Heparins were employed as a component in our
materials owing to their ability to sequester growth factors and the opportunities to modify the
mechanical properties of the hydrogel networks via noncovalent interactions that are
responsive to the biological environment [19]. In the present studies, we also included either
an RGD-containing peptide (AcGCGYRGDSPG) or FN to promote cell adhesion to the
surfaces of these materials. The choice of the AcGCGYRGDSPG peptide was motivated by
the observation that RGDSP peptides promote cell adhesion via the α5β1 integrin, thereby
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playing an important role in vascularization [29]. In addition, this sequence has also been shown
to bind multiple types of endothelial cells, smooth muscle cells and cardiac fibroblasts [30],
indicating its general use as an adhesive domain. The inclusion of integrin-binding domains
should also increase the effectiveness of any immobilized growth factors during application,
given the anchorage-increased sensitivity of cells to growth factors [29].

In contrast to our previous studies, in which we employed HMWH (functionalized with
multiple maleimide groups) and linear PEGs in the formation of covalently crosslinked PEG–
HWMH hydrogels [19], we employed maleimide-functionalized low-molecular-weight
heparin (LMWH) in these investigations. The use of the four-arm star PEGs in these hydrogels
permitted the facile incorporation of LMWH, minimized the extent of chemical modification
of the LMWH and expanded our ability to tune the amount of LMWH in the resulting hydrogels.
We employed star PEGs with termini carrying either maleimide or thiol groups as the main
component in these materials in order to permit rapid crosslinking of the matrix, with the
concomitant incorporation of the bioactive LMWH. This chemical strategy also permitted the
incorporation of peptides in proximity to either the PEG or LMWH chains, and allowed us to
investigate the impact of this change on the response of cells to these materials. The utility of
these hydrogels in a variety of potential applications would be facilitated by the rapid
crosslinking of the thiol–maleimide reaction, which would enable facile three-dimensional (3-
D) encapsulation of cells and the injection of in-situ forming hydrogels. Indeed, preliminary
data from related PEG-HMWH hydrogels (not shown) showed that human umbilical vein
endothelial cells (HUVECs) can be readily encapsulated with excellent cell viability and 3-D
distribution (with no cell precipitation).

As illustrated in Fig. 1, several different hydrogel compositions were designed to study the
effects of heparin, RGD–peptide conjugation to the gel, and RGD vs. FN incorporation on cell
adhesion. The effects of heparin on cell adhesion to these materials were studied by comparison
of AoAF response to a PEG–RGD-based hydrogel (in which the RGD-containing peptide was
conjugated to the star PEG prior to gelation), and their response to PEG(RGD)–LMWH gels
(in which the RGD-containing peptide was conjugated to PEG prior to gelation). To study the
effect of the positioning of the RGD-containing peptide (e.g. chemically attached to PEG or
to LMWH) on AoAF response, comparisons were made of AoAF responses to PEG(RGD)–
LMWH gels vs. responses to PEG–LMWH(RGD) gels (in which the RGD-containing peptide
was conjugated to LMWH prior to gelation). Finally, comparisons of the impact of the RGD-
containing peptide vs. the impact of FN in the gels were made by comparisons of PEG(RGD)–
LMWH gels with PEG(FN)–LMWH gels (in which FN was conjugated to PEG prior to
hydrogel formation).

3.2. Hydrogel formation and rheological characterization
As in our earlier studies, the heparin intended for hydrogel formation was modified with
maleimide groups via the coupling of N-(2-aminoethyl)maleimide, trifluoroacetate salt (AEM)
to carboxylates of the HMWH with activation by EDC and HOBT [19]. The selectivity of the
maleimide group near neutral pH for sulfhydryl reagents over amines (~1000-fold difference
in reaction rates) [31] offers advantages in the conjugation of maleimide-functionalized
heparins to a variety of peptides and polymers. An advantage of these chemical strategies is
their rapid reaction times and selectivity, which permits the incorporation of additional peptides
and proteins with minimal reaction of free amines on the protein. The efficiency of the reaction
also minimizes the presence of any toxic unreacted functional groups.

The pH conditions employed for the modification of heparin with maleimide groups were
optimized to minimize ring-opening of the AEM, as previously described [19]. In contrast to
our previous investigations, however, we employed LMWH functionalized with maleimide at
low degrees of substitution (f = 2). This LMWH was then pre-reacted with thiol-functionalized
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four-arm star PEG, and hydrogel formation was initiated by mixing this molecule with
maleimide-functionalized four-arm star PEGs. Thiol-functionalized RGD-containing peptide
and FN could also be easily incorporated into the hydrogels by their reaction with maleimide-
functionalized PEG prior to hydrogel formation.

We investigated, via oscillatory rheometry, the formation and properties of hydrogels of
various compositions. Solutions of LMWH-modified thiol-functionalized star PEG and of
RGD- or FN-modified maleimide-functionalized star PEG were co-injected into the plate gap
of the rheometer, and both G′ and G″ were measured as a function of time at constant frequency
(ω= 5 rad s−1). Hydrogels with elastic moduli ranging from 0.4 to 2.8 kPa formed immediately,
as expected (Fig. 1a). Determination of the gel formation kinetics of the materials showed that
the gel formed essentially immediately with storage moduli (G′) were greater than loss moduli
(G″) (Fig. 1b). Variations in PEG-(SH)4 concentration (1–2 mM) yielded hydrogels with
storage moduli, G′, ranging from approximately 0.4 to 2.8 kPa. FN-modified hydrogels of these
two different moduli (0.4 or 2.8 kPa) were used to study the impact of variations in hydrogel
mechanical properties (see below). The choice of these moduli was motivated by multiple
factors. First, the lower moduli were employed owing to their relevance for in situ injection of
materials as soft tissue substitutes [32]. Secondly, in previous studies of the adhesion of
HUVECs on related HMWH-PEG hydrogels, we observed that hydrogels with a lower storage
modulus (~0.4 kPa) exhibited improved cell adhesion over that observed on hydrogels with
greater storage moduli (~2.8 kPa) (unpublished observations). Finally, previous reports of
differences in the adhesion of human dermal fibroblasts to HA/FN hydrogels with similar
moduli suggested that differences in the behavior of AoAFs, relevant to the ultimate uses of
these PEG–LMWH materials in cardiovascular applications, might be observed [10].

As shown in Fig. 1b, the pre-loading of the peptide AcGCGYRGDSPG on maleimide-
functionalized star PEG decreased the ultimate storage moduli of the RGD-modified hydrogels
compared with the FN-containing materials. This is almost certainly because of its comparably
high concentration in the hydrogel (e.g. 0.1 mM RGD peptide), which would react with a
greater number of termini of the star PEG and reduce the extent of crosslinking in the resulting
hydrogel. Nevertheless, the homogeneity and known chemical conjugation mechanism of RGD
to these materials motivated our use of this domain. Given the lower activity of RGD in
promoting cell adhesion to polysaccharide hydrogel materials [16,33], such an increase in
concentration was necessary, and the impact of its incorporation on the mechanical properties
of these materials must be considered in hydrogel design. Given that the amount of FN
employed in the hydrogels is 1000-fold lower than the concentration of RGD (0.1 vs. 10−4

mM), it is extremely unlikely that the reaction of any FN affected the modulus significantly.

3.3. Adhesion of AoAFs on PEG–LMWH hydrogels
The assessment of early cell – material interactions is complicated by the potential presence
of encapsulated but non-adherent cells within 3-D matrices. Accordingly, we employed 2-D
cell adhesion assays as an initial and facile assay format to evaluate the responses of AoAFs
to the PEG–LMWH materials. Calculated cell areas and images from the adhesion assays (Fig.
3) indicated that the presence of heparin and RGD in combination differentially affected cell
adhesion. The cell number data from Cell Titer Blue assays are presented in Fig. 4. The
projected area and images for the FN-containing gels of different moduli are given in Fig. 5,
with Cell Titer Blue assay results presented in Fig. 6.

3.3.1. Effect of heparin—The comparisons of the PEG(RGD), PEG–LMWH(RGD), PEG
(RGD)–LMWH and PEG(FN)–LMWH gels (G′ ~ 2.8kPa) in Fig. 3 illustrate the impact of
heparin on the adhesion of AoAFs to these materials. As shown in the figure, the greatest
number of adherent cells are observed on the PEG(RGD) hydrogels. These gels also show the
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greatest projected cell area (~2800 μm2). In contrast, the PEG–LMWH(RGD) and (PEG
(RGD)–LMWH gels, which contain 0.1 mM heparin, show fewer cells or lower projected cell
areas, indicating that the heparin interferes with the adhesion of AoAFs on these surfaces.
Although the adherent cell number is similar on the PEG(RGD) and PEG(RGD)–LMWH gels,
the greatest spreading areas are observed on the PEG(RGD) gels, indicating improvements in
the response of the cells to the PEG(RGD) vs. the PEG(RGD)–LMWH (~2500 and ~1800
μm2 respectively); the cells adhering to the PEG(RGD)–LMWH gels adopted a spindle-like
shape that produced a lower projected area. A similar cell shape has also been observed for
embryonic fibroblasts grown in collagen gels [34]. Although it is difficult to make conclusions
about cell adhesion solely on the basis of cell morphology or to discern whether the shape of
cells on different hydrogels is due directly to cell–matrix interactions or secondarily to
alterations in cell function induced by the materials, the matrix binding, shape and function are
inter-related cellular properties [35–37], and the specific physical–chemical properties of
different hydrogels could be expected to affect all three parameters. The results also suggest
that the LMWH in these gels does not significantly bind free adhesive proteins in medium. If
so, the presence of LMWH should aid cell binding, based on our results in which FN is included
at low concentrations (and cell adhesion is improved). In contrast, the inclusion of heparin in
the gels in the absence of FN reduces cell binding.

The observed effects of heparin in our gels are perhaps not unexpected, as previous studies
have shown that glycosaminoglycans (GAGs) can inhibit some cell-substratum adhesions
[38,39] and that GAG chains such as hyaluronic acid and heparin are usually cell non-adhesive
molecules [16,40]. Indeed, in other heparinized materials with higher heparin concentrations
(about 10 mM, compared to the 0.1 mM in our work) the incorporation of fibrinogen was
necessary to support cell adhesion and proliferation [41]. Furthermore, it has been shown that
heparin can interfere with the binding of fibroblasts to ECM proteins [42] and block growth
stimulatory signals in SMCs [43]; thus, heparin in the hydrogels may modulate cell adhesion
and proliferation via similar mechanisms. Finally, it is also possible that the heparin in the
hydrogels sequestered cytokines necessary for robust cell adhesion. Although our
investigations do not provide sufficient evidence to determine whether bulk negative charge
and/or specific interactions between heparin and AoAFs are the cause of our observations, they
point to the need for evaluation of the impact of heparin and its possible origins on specific
cell types during the development of these gels for specific applications.

The impact of heparin on cell adhesion in gels preloaded with basic fibroblast growth factor
was also tested. bFGF is a well-known mediator of cell proliferation and AF cell migration
[44], and has been associated with vascular remodeling in response to changes in arterial blood
flow [45]. The infusion of bFGF onto the adventitia of rat common carotid artery increases the
capillary density of the vaso vasorum [46], and bFGF has been shown to stabilize fibroblasts
and inhibit the transition to a myofibroblastic phenotype. Thus, bFGF is a potentially useful
mediator of AF activity in remodeling blood vessels. In these experiments, bFGF was loaded
into the hydrogels during gel formation (see Materials and methods), and may therefore be at
least partially covalently coupled to the hydrogels [22].

With the bFGF incorporation, a significantly larger number of AoAFs adhered to all the
hydrogel compositions (while the cell spreading area did not significantly change), making
Cell Titer Blue assays, which present a more quantitative picture of cell adhesion than
microscopy images, possible. The Cell Titer Blue assay results illustrated the differences in
the numbers of attached cells, which provided additional evidence about the impact of gel
composition on cell adhesion. Fig. 4 presents cell adhesion data for the PEG(RGD), PEG–
LMWH(RGD) and PEG(RGD)–LMWH gels. Although the PEG–LMWH(RGD) gels still
showed less cell adhesion than the PEG(RGD) gels, the PEG(RGD)–LMWH gel showed
greater cell adhesion than did the PEG(RGD) gel. These results illustrate that the negative
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impact of LMWH on cell response can be attenuated in the presence of growth factor with
proper presentation of cell-adhesive domains, suggesting the opportunity for these materials
when formulated with growth factors (GFs).

Given that LMWH (0.1 mM) is in large excess relative to either bFGF (6 × 10−5 mM) or FN
(10−4 mM), bFGFs loaded in the gels and the GFs from the medium would be expected to
sequester in the hydrogels, where they would stimulate cell activity and thus aid in cell adhesion
[47], perhaps overcoming any negative impact of the inclusion of heparin in the hydrogel.
Previous work on human microvascular endothelial cells and primary endothelial progenitor
cells, seeded onto disks of either control or bFGF-treated, heparin-coated, decellularized
vascular tissue, demonstrated increased numbers of cells for bFGF-treated samples [48].
Indeed, a positive impact of heparin on cell response in the presence of growth factors, and
also on the effectiveness of the growth factors (which is well accepted), has been demonstrated
recently for human mesenchymal stem cells encapsulated in bFGF-containing PEG-heparin
gels [21], although in that work lower heparin concentrations (0.01–0.02 mM compared with
0.1 mM in our work) were employed in the PEG gels, with higher bFGF concentration (750
ng ml−1 compared with 100 ng ml−1 in our work). In addition, it may be possible that there is
local blocking of heparin by the bFGF that improves cell adhesion, but that effect is likely not
significant, given that the bFGF is loaded in the gel at a 10,000-fold lower concentration than
LMWH. In addition, given the transient nature of the binding of bFGF to LMWH in the gel,
the bFGF should have significant mobility, and thus would not permanently block the heparin
in any given site. Moreover, the size of a cell is several thousand-fold larger than the potential
bFGF “sites”, so the net effect of any bFGF in ameliorating the negative effects of heparin is
not likely to be significant on the cellular length scale. Thus, it is most likely that the improved
adhesion of the cells in the presence of bFGF alters their response to the PEG–LMWH gels.
These results further illustrate the need for evaluation of the responses of specific cell types
with specific gel compositions.

3.3.2. Effect of cell adhesion molecules—Previous studies have indicated the
importance of the position of the RGD peptide, a major integrin binding site in FN, in promoting
cell adhesion [17], and RGD-functionalized PEG gels can enhance cell attachment,
differentiation, proliferation and migration [49,50]. We thus anticipated that the attachment of
RGD to either the PEG chain or the LMWH chain may impact cell adhesion to our PEG–
LMWH materials. The images and projected areas in Fig. 3 illustrate the impact of differences
in the conjugation of RGD on the response of AoAFs to these materials. Specifically,
comparison of the cell adhesion on the PEG–LMWH(RGD) gels, relative to that on the PEG
(RGD)–LMWH gels, indicates differences in cell adhesion. In the case where the RGD-
containing peptide is attached directly to the LMWH chain, only a few cells attach and spread
on the substrate. The number of adherent cells is significantly greater when the RGD–peptide
is conjugated directly to the PEG chain, although, as mentioned above, the bipolar-spindle
morphology of these cells differs from that seen on the other hydrogels evaluated in the present
study. Furthermore, as shown in Fig. 4, the PEG–LMWH(RGD) gel does not show increased
adhesion in the presence of bFGF, where increased cell attachment is observed in the PEG
(RGD)–LMWH gels. There are three possible explanations for the effect of RGD placement
on cell adhesion to these materials. First, the physical interaction between the RGD in the
material and the cellular integrin may be blocked by the nearby heparin. Secondly, since
LMWH–RGD interactions are determined by the conformation of the RGD peptide [51],
conformational constraints imparted by the LMWH–RGD linkage or by the charged
environment surrounding the heparin may account for decreased integrin binding to the
LMWH–RGD. Thirdly, heparin may modulate the RGD–integrin interaction; studies with
unfractionated heparin have shown that heparin can interact directly with integrins to alter cell
adhesion [52,53]. Although LMWH was found to be less potent in this regard, the close
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proximity of the heparin in our materials may force a negative interaction with integrins
attempting to partner with the neighboring RGD.

Finally, comparisons of the responses of AoAFs to the RGD-containing gels relative to those
to the FN-containing gels (Fig. 3) clearly illustrate that FN significantly increased cell adhesion,
even though the synthetic RGD peptide is present at a 1000-fold greater molar concentration
than the native RGD domains of FN in the gels. While the moduli of these hydrogels are slightly
different, our data indicate that the effect of FN is more significant than the effect of the
modulus, as AoAFs showed better adhesion, as assessed via projected cell area, on the low
modulus FN-containing hydrogel (0.4 kPa; Fig. 6 below) than on a higher modulus RGD-
containing hydrogel (1.8 kPa; Fig. 3), and the best adhesion was observed for the high modulus,
FN-containing hydrogel. These observations are most likely due to the fact that the RGD motifs
reside on the FN chain, which places them further away from the heparin, as well as the fact
that the FN chains carry heparin-binding and other domains that improve cell adhesion and
sequestration of additional cytokines [54,55].

3.3.3. Effect of hydrogel moduli—The adhesion of AoAFs was evaluated on PEG(FN)–
LMWH gels of two different moduli, 0.4 and 2.8 kPa. The resulting data are presented in Figs.
5 and 6. As shown in Fig. 5, the average projected area of AoAFs on hydrogels with higher
moduli was greater than those on hydrogels of lower moduli, suggesting a higher degree of
adhesion. This is consistent with the number of cells counted on each hydrogel, shown in Fig.
6, which is also higher on the higher modulus gels; it is interesting to note that the cell adhesion
to the high modulus gels in the presence of bFGF is very similar to that observed for the TCPS
(identical numbers of cells were seeded on the two different surfaces in these experiments).
These results are similar to those found for adult human dermal fibroblasts (ADHF) on
hyaluronan hydrogels of similar modulus [10], suggesting the importance of mechanical cues
in the adhesion of fibroblasts to polysaccharide-containing hydrogel matrices. Our ongoing
studies have also preliminarily shown that different cell types (fibroblasts (AoAF), endothelial
cells (HUVEC) and smooth muscle cells (T/G HA-VSMC)) behave differently on the surfaces
of PEG–LMWH hydrogels with identical biochemical composition but different mechanical
properties in the range of those described here. Interestingly, although the elastic shear modulus
of blood vessels differs markedly from that of the described hydrogels, applications designed
to alter the remodeling of existing vessels may benefit from a material that does not interfere
with the extant mechanical characteristics of the target blood vessel but rather functions to
locally deliver cells and factors. The combination of these studies and previous literature
underscores the need for evaluation of specific cell types on materials of interest for specific
applications; such studies are particularly needed for investigations aimed at generating
physiologically relevant phenotypes of cells in complex multicomponent and multicellular
devices.

4. Conclusions
These studies illustrate the versatility and flexibility of thiol–maleimide chemistry in the design
and production of cell-adhesive, heparinized hydrogels for potential use in controlling
adventitial remodeling of blood vessels. The use of four-arm star PEGs with appropriate
chemical reactivity has permitted assessments of the impact of heparin, RGD position and
hydrogel modulus on the adhesion of AoAFs to a set of PEG–LMWH-based, covalently cross-
linked materials. Our studies highlight the need to optimize the biochemical and mechanical
properties of the matrix for a given cell type, and suggest that such tailoring is possible via
simple chemical strategies that allow the composition of the matrix to be controlled; for the
PEG–LMWH gels here, the inclusion of FN and bFGF maximized cell adhesion under the
conditions investigated. Coupled with our additional observations indicating differences in
responses of cardiovascular cell types based on differences in moduli of these materials, our
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studies also suggest that the requirements of multiple cardiovascular cell types colocalized in
tissue replacement scaffolds may differ significantly, and that composite materials with
spatially resolved mechanical properties may be necessary for the application of these
heparinized materials.
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Fig. 1.
Schematic of hydrogels designed for study of the effects of heparin and RGD position on cell
adhesion.
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Fig. 2.
Oscillatory rheology results illustrating (a) typical shear elastic moduli of hydrogels prepared
with star PEGs and LMWH; (b) gel formation kinetics, where storage (G′, open symbol) and
loss (G″, solid symbol at bottom) moduli are given as a function of gelation time.
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Fig. 3.
AoAF cell spreading results illustrating the effect of LMWH and RGD on cell adhesion. Scale
bar = 100 μm (n = 4, p < 0.05 for indicated hydrogels).
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Fig. 4.
Cell Titer Blue results for AoAF adhesion on hydrogel surfaces in the presence of bFGF. TCPS
denotes tissue culture polystyrene. bFGF (6 × 10−5 mM) was loaded in gels during gel
formation (n = 4, p < 0.05).
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Fig. 5.
AoAF cell spreading on PEG(FN)–LMWH hydrogels with moduli of 0.4 and 2.8 kPa. Scale
bar = 100 μm (n = 4, p < 0.05 for indicated hydrogels).
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Fig. 6.
Cell Titer Blue results for AoAF adhesion of AoAFs on PEG(FN)–LMWH hydrogels with
moduli of 0.4 and 2.8 kPa. bFGF (6 × 10−5 mM) was loaded in gels (n = 4, p < 0.05 between
the gels of different moduli).
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