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a b s t r a c t

Tissue engineering therapies require biomaterials capable of encouraging an angiogenic response. To
dissect the influence of different pro-angiogenic stimuli a set of starPEGeheparin hydrogels with varied
physicochemical properties was used as a highly efficient reservoir and tunable delivery system for basic
fibroblast growth factor (FGF-2) and vascular endothelial growth factor (VEGF). The engineered gel
materials could be precisely tailored by decoupling the biomolecular functionalization from the variation
of the viscoelastic matrix characteristics. Culture experiments with human umbilical vein endothelial
cells (HUVECs) revealed the interplay of growth factor presentation, adhesive characteristics and elas-
ticity of the gel matrices in triggering differential cellular behavior which allowed identifying effective
pro-angiogenic conditions.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Lack of vascularization is still a major issue for successful tissue
engineering therapies. One approach to overcome this problem is
to create biomaterials that are able to induce a localized angiogenic
response by supporting the sprouting of new blood capillaries from
pre-existing microvascular vessels after implantation at the target
site [1,2]. For this purpose, corresponding strategies aim to create
materials that are bioresponsive (to cell-associated external signals
such as extracellular proteases and endoglycosidases), bioactive (by
virtue of bound peptide or recombinant protein adhesion ligands
and cytokines), as well as applicable into tissues in a minimally
invasive manner [3,4]. Since biological processes such as angio-
genesis are known to be influenced by both the physicochemical
structure of the surroundingmatrix as well as by biomolecular cues
[5], many of these approaches are related to an imitation of the
viscoelastic properties, bio-adhesive nature and proteolytic
susceptibility of the extracellular matrix (ECM) [4]. However, none
of the currently applied biomaterials allow for the systematic and
independent variation of mechanical and biomolecular character-
istics [6]. In particular, biomaterials to encourage angiogenesis need
to mimick the ability of the ECM to bind and stabilize growth
factors (GFs) and to control their localized presentation and release
All rights reserved.
[7,8]. Although a variety of GFs are known to be involved in the
regulation of this process [1], basic fibroblast growth factor (FGF-2)
and vascular endothelial growth factor (VEGF) are among the most
important ones, as both proteins are able to stimulate the prolif-
eration, survival, motility and differentiation of endothelial cells
[9e11]. Consequently, FGF-2 and VEGF are key mediators of new
blood vessel growth in ischemia and wound healing which makes
them particularly interesting for their use in therapeutic angio-
genesis [12]. However, upon direct administration to the body,
soluble GFs typically have a short half-life due to their rapid
degradation after diffusion from the target site, which makes it
necessary to stabilize them during their supply [13]. In vivo, both
FGF-2 and VEGF can be stored by the ECM through interactions
with sulfated glycosaminoglycans closely resembling the highly
anionic polyelectrolyte heparin [14,15]. Here, bindingmainly occurs
via spatially matching electrostatic interactions between negatively
charged N- and O-sulfated groups of heparin and the basic lysine
and arginine residues of FGF-2 or VEGF [16,17]. Through binding to
heparin, diffusion of GFs is decelerated [8]. The interaction with
heparin leads to a protection against loss of their bioactivity (e.g.
through proteolysis, [18,19]) while simultaneously potentiating
receptor affinity [20,15]. Taking advantage of this effect, numerous
recent advances focus on the design of heparin-containing
biomaterials [21e25]. Moreover, by combining these systems with
synthetic building blocks [26], hybrid materials can be created
offering both a defined functionality and biocompatibility as well
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as a high adaptability in terms of composition and structure. In the
production of such hybrid systems, poly(ethylene-glycol) is one of
the most commonly used synthetic components [27e31] since it
provides excellent biocompatibility, a hydrophilic and uncharged
character, and the possibility to easily modify its terminal end
groups [32].

Recently, a biohybrid hydrogel formed by the crosslinking of
amine functionalized star-shaped poly(ethylene-glycol) (starPEG)
and carbodiimide/N-hydroxysulfosuccinimide (EDC/s-NHS)-acti-
vated heparin has been developed (Scheme 1, [33]). The gel mate-
rials utilize heparin as a multifunctional crosslinker to form tunable
hydrogels and as compared to the formerly mentioned systems
[27e31], are characterized by a significantly higher heparin
concentration (up to 0.8% (w/w)) in the swollenmatrices [33]. Since
the structural integrity of heparin can therefore be preserved to
higher degrees of crosslinking, this attribute permits rather unaf-
fected interactions with heparin-binding GFs. As a second advan-
tage, the biohybrid hydrogel system can be gradually and separately
tuned in its structural characteristics and biomolecular function-
alization [33]. Since angiogenesis is controlled by both molecular
signals and the viscoelastic properties of the surrounding matrix
[5], this approach offers a way to independently explore the influ-
ence of these factors on cellular behavior (Scheme 1).

In this study, the potential of starPEGeheparin hydrogels
differing in their network characteristics to bind and release FGF-2
and VEGF has been evaluated. Moreover, the impact of the bio-
functionalization together with the physicochemical properties of
the scaffolds on the behavior of human umbilical vein endothelial
cells (HUVECs) was analyzed.

2. Materials and methods

2.1. Preparation of starPEGeheparin hydrogel networks

StarPEGeheparin hydrogels were formed by crosslinking amino end-function-
alized four-arm starPEG with EDC/s-NHS activated carboxylic acid groups of heparin
[33]. For this, a total polymer content of 11.6% and a 2:1:1 ratio of EDC:s-NHS:NH2-
groups of starPEG [mol/mol] were used. The molar ratio of starPEG to heparin was
varied from 1.5 to 6.
Scheme 1. Design of the starPEGeheparin hydrogels, showing dec
Heparin (14,000 g/mol; Calbiochem (Merck), Darmstadt, Germany) and
starPEG (10,000 g/mol Polymer Source, Inc., Dorval, Canada) were each dis-
solved in one third of the total volume of ice-cold deionised, decarbonised
water (MilliQ) by ultrasonication and afterwards kept on ice (approx. 2e4 �C).
Similarly, EDC (SigmaeAldrich, Munich, Germany) and s-NHS (Fluka, Seelze,
Germany) were separately dissolved in the sixth part of the total volume of ice-
cold MilliQ. Subsequently, EDC and s-NHS solutions were added to heparin,
mixed well and incubated for 15 min on ice to activate heparin carboxylic
groups. After that, the starPEG solution was added to the activated heparin and
mixed for 15 min at 8 �C (at 900 rpm, Thermomixer Comfort, Eppendorf,
Hamburg, Germany).

To allow for a practical performance of quantitative FGF-2 or VEGF binding/
release studies and for cell culture experiments, surface-bound gels with a final
thickness of approx. 50 mmwere prepared. For this 3.11 ml of the gel mixture per cm2

were used. All results presented are expressed for a scaffold prepared from 5.5 ml of
the gelmixture. To obtain surface immobilized networks, the gel solutionwas placed
on freshly aminofunctionalized glass cover slips or directly into aminofunctionalized
glass bottom 24-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) to
allow covalent attachment of heparin through its activated carboxylic acid groups
[34]. In order to spread the solution equally, the mixture on the glass slides was
covered with a hydrophobic glass cover slip that has been treated with hexame-
thyldisilazane (Fluka) from vapor phase or by placing an ethylen-chlortri-
fluorethylen-copolymer slide (Goodfellow, Cambridge, England) onto the gel
solution in the glass bottomwells. For preparation of free-floating gel disks, 104.7 ml
of the liquid gel mixture were placed onto a 1 cm2 hydrophobic glass cover slip and
covered with a second hydrophobic one.

After polymerization over night at 22 �C, the cover slips were removed. Gels
were washed in phosphate buffered saline (PBS, SigmaeAldrich) to remove EDC/s-
NHS and any non-bound starPEG/heparin. PBS was exchanged five times, once per
hour, and once again after storage for 24 h. Subsequently, the swollen gels were
immediately used for further experiments. For cell culture, sterilization was per-
formed by UV-treatment for 30 min. For additional treatments, all solutions were
sterile unless otherwise indicated.

2.2. Biomodification of starPEGeheparin hydrogels

For biomodification with cyclo(Arg-Gly-Asp-D-Tyr-Lys) (Peptides International,
Louisville, KY, USA) surface-bound swollen hydrogels were washed with 1/15 M
phosphate buffer (pH 5) at 4 �C 3 times. Next, this solutionwas exchanged for EDC/s-
NHS solution (50 mM EDC, 25 mM s-NHSin 1/15 M phosphate buffer (pH 5)) to
activate the carboxylic acid groups of heparin. After incubation for 45 min the
scaffolds were washed 3 times in borate buffer (100 mM, pH 8; 4 �C) to remove
unbound ECD/s-NHS. Subsequently, the gels were incubated in 300 ml RGD-solution
(50 mg/ml; dissolved in borate buffer) for 2 h at room temperature. Finally, all
samples were washed in PBS 3 times.
oupled mechanical and modular biomolecular characteristics.
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To immobilize FGF-2 (Miltenyi Biotech, Bergisch Gladbach, Germany) or
VEGF165 (PeproTech GmbH, Hamburg, Germany) to the starPEGeheparin networks,
the particular protein was dissolved in PBS at the desired concentration (1 mg/ml
unless otherwise indicated). PBS-swollen pure or RGDmodified gels were immersed
in 200 ml/cm2 FGF-2 or VEGF solution at room temperature for 24 h followed by
rinsing with PBS twice.

2.3. Analysis of starPEGeheparin hydrogel properties

StarPEGeheparin hydrogels were characterized as described elsewhere [33].
Briefly, the storage modulus of the final networks (n ¼ 4) was determined using
oscillating measurements on a rotational rheometer with plate-plate geometry
(plate diameter 25 mm, gap width 1.2e1.5 mm). Dynamic frequency sweep tests
under strain control were carried out at 25 �C in a shear frequency range of
10 þ 2e10 � 1 rad/s. The strain amplitude was set to 3% and storage and loss
modulus weremeasured as a function of the shear frequency. From this, pore sizes of
the network could be estimated according to the rubber-elasticity theory as
described in [33]. Volumetric swelling degree vt was calculated by vt ¼ (dt/d0)3,
where d0 is the diameter of a non-swollen gel disk and dt is the diameter of the disk
after the washing process in PBS for 24 h. The heparin and RGD content is expressed
in relation to the final volume of the PBS-swollen gel network.

2.4. Characterization of the biomodification

2.4.1. confocal Laser Scanning Microscopy (cLSM)
FGF-2 or VEGF were labeled with tetramethylrhodamine (TAMRA) according

to the FluoReporter Tetramethylrhodamine Protein Labeling Kit manual (Molec-
ular Probes, distributed by Invitrogen, Netherlands). TAMRA-FGF-2 or VEGF were
dissolved in PBS (5 mg/ml) and added to starPEGeheparin gels (n ¼ 2, 200 ml/cm2)
that were directly immobilized in glass bottom 24-well plates. Fluorescence
intensity was quantified using a Leica SP5 (Leica, Bensheim, Germany) confocal
laser scanning microscope with a 40� magnification immersion objective (HCxPL
APO, Leica) and aperture pinhole set at 68 mm. The argon-laser (excitation
wavelength 488 nm, laser intensity 20%) was used for exciting Alexa 488-labeled
gels whereas the DPSS laser (excitation wavelength of 561 nm, intensity 20%)
was used for excitation of TAMRA-labeled FGF-2 or VEGF. Alexa 488 and
TAMRA emission were analyzed in the 500e550 nm or 570e630 nm range,
respectively.

The time-dependent intensity of the TAMRA-FGF-2 or VEGF was quantified for
the solution (supernatant of the gel body) and for the gel body performing an XZ
scan at defined intervals. Intensity profiles (XZ-scan) at three different X-positions
were evaluated for each time point.

2.4.2. Enzyme-linked immunosorbent assay (ELISA)
Surface-bound gels (n ¼ 3) were placed in custom-made incubation cham-

bers that allowed only minimal interaction of the protein solution with areas not
originating from the hydrogel. 200 ml of FGF-2 (0.5, 1, 5 or 50 mg/ml) or VEGF
(0.5, 1, 5, 10 or 25 mg/ml) solution were added per cm2. Immobilization was
performed over night at 22 �C. The FGF-2 or VEGF solution was taken out fol-
lowed by washing with PBS twice. Each of these solutions was collected and
assayed in duplicates using an ELISA Quantikine kit (R&D Systems, Minneapolis,
USA). After immobilization, FGF-2 or VEGF were allowed to release from these
gels at 22 �C into 250 ml/cm2 of serum-free (SF) endothelial cell growth medium
(ECGM; Promocell GmbH, Heidelberg, Germany) supplemented with 0.02%
sodium azide (Fluka). Samples taken at intervals were stored at �80 �C until
analyzed by ELISA. An equal volume of fresh medium was added back at each
time point.

2.4.3. Amino acid analysis via high performance liquid chromatography (HPLC)
Quantification of RGD-peptide (50 mg/ml; n ¼ 4), FGF-2 (10, 25 or 50 mg/ml;

n ¼ 2), or VEGF (10, 25 or 50 mg/ml; n ¼ 2) in the gels was performed by acidic
hydrolysis and subsequent high performance liquid chromatography (HPLC) anal-
ysis as described elsewhere [35]. Briefly, gel-coated substrates or volume samples
were subjected to vapor hydrolysis in vacuo using 6 M HCl at 110 �C for 24 h and
subsequently neutralized. Extraction of amino acids from the samples was accom-
plished by repeated rinsing with a definite volume of 50mM sodium acetate buffer at
pH 6.8. The released amino acids were chromatographically separated after pre-
column derivatization with ortho-phthalaldehyde on a Zorbax SBC18 column
(4.6�150mm, 3.5 mm, Agilent Technologies, Boeblingen, Germany) using an Agilent
1100 LC system (Agilent) with fluorescence detection. Amino acids were quantified
using external standards.

2.4.4. Radiolabeling studies
125I-labeled FGF-2 was purchased from Chelatec SAS (Nantes, France), VEGF was

labeled with 125I using IodoBeads (Pierce, Rockford, USA). For this, 1 mCi Na125I
(PerkinElmer Massachusetts, USA) dissolved in 100 ml of PBS (pH 7.4) was added to
a single IodoBead that had been rinsed with PBS. After 5 min of incubation at room
temperature, 200 ml VEGF stock (1 mg/ml) was added and allowed to react for
20 min. By size exclusion chromatography (NAP-5 column, GE Healthcare, Munich,
Germany) using PBS as the eluent, unbound iodide was removed yielding iodinated
protein with less than 2% free 125I. The resulting protein concentration was deter-
mined by a UV/vis spectrometer (Eppendorf) while the specific activity of the
protein solution was analyzed via gamma counting (LB 123, Berthold Technologies
GmbH & Co. KG, Bad Wildbad, Germany).

To perform protein binding and release studies, surface-bound gels
(n ¼ 2e4) were placed in custom-made incubation chambers that decreased the
exposure of the protein to surfaces not originating from the hydrogels to
a minimum. Native FGF-2 or VEGF protein solution was spiked with 125I-labeled
FGF-2 or VEGF as a percentage of total protein (2.5e100%). This mixture con-
taining 0.5, 1, 5 or 10 mg/ml FGF-2 or VEGF in PBS, respectively, was added to
surface-bound hydrogels (200 ml per cm2) and the protein was adsorbed over
night at 22 �C. After the incubation period, gels were rinsed two times with an
excess volume of PBS. Radioactivity was measured twice per sample using
gamma counting. Immobilized protein was quantified using 125I-FGF-2 or VEGF
standards.

After immobilization, FGF-2 or VEGF were allowed to release from these gels
(n ¼ 2) at 22 �C into 250 ml/cm2 of SF ECGM supplemented with 0.02% sodium azide.
At defined time intervals, the medium was withdrawn and the remaining FGF-2 or
VEGF bound to the gels was monitored twice via gamma counting. An equal volume
of fresh medium was added back after each measurement.

2.5. Cell culture experiments

2.5.1. Cultivation of HUVECs
Human endothelial cells from the umbilical cord vein (HUVECs) were collected

according to the procedure suggested by [36] and grown to confluence in SF ECGM.
After one to four passages, 20,000 cells per 1.77 cm2 surface were seeded on either
pure starPEGeheparin networks or on scaffolds modified with FGF-2, RGD, or
RGD/FGF-2 whichwere pre-equilibrated with SF ECGM for 30min at 37 �C. Similarly,
cells were grown on control surfaces consisting of immobilized fibronectin (FN) with
or without 1 ng/ml FGF-2 or VEGF supplemented to the SF ECGM. For this, FN was
isolated and purified from adult human plasma according to [37] and immobilized
for 2 h to the bottom of 24-well plates (50 mg/ml dissolved in PBS; 450 ml per well).
After rinsing these surfaces twice with PBS, cells could be seeded. On each material,
cells were cultured for 3 days at 37 �C and 5% CO2.

2.5.2. Survival studies
Analysis of cell survival was performed by Live/Dead staining as described by

[38] after 3 days of culture on the different substrates (n ¼ 2e4). For this, 2 ml of
a solution containing 0.1 mg/ml fluorescein di-O-acetate (FDA; Fluka) and 2 mg/ml
propidium iodide (PI; Fluka) dissolved in PBS were added to each sample and
incubated for 2 min at 22 �C. The cells were then immediately visualized by fluo-
rescence microscopy (DMIRE2, Leica) using a 10� dry objective (HC PL Fluotar
10 � 0.30, Leica). Thereby FDA fluorescence was monitored by excitation with an
argon-laser (excitation wavelength 492 nm, emission wavelength 520 nm) whereas
PI positive samples were excited with a helium-neon-laser (excitation wavelength
537 nm, emission wavelength 566 nm). Both images were combined to generate an
overlay picture.

2.5.3. Proliferation assay
Cell proliferation was studied after 3 days of culture with the help of a 3-(4,5-

dimethyl thiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT; SigmaeAldrich)
proliferation assay as described by [39]. For this, 500 ml of a 1/5 mixture of MTT
(5 mg/ml) and SF ECGM were added to each sample and incubated for 5 h at 37 �C.
Next, the supernatant was removed completely from the substrates and 300 ml
dimethyl sulfoxide (DMSO; Fluka, Seelze, Germany) was added. The samples were
incubated for 20 min at 37 �C and afterwards 200 ml of the solutionwere transferred
into a 96-well plate. Absorption was subsequently measured in a plate reader
(Genios, TECAN, Crailsheim, Germany) at 540 nm. Experiments were performed for
at least three samples.

2.5.4. Analysis of cell morphology
After 3 days of culture, light microscopy images were taken (Olympus IX50,

Olympus, Hamburg, Germany) with 10� magnification. Resulting cell morphology
in dependence on the culture conditions was analyzed using the circularity calcu-
lation within ImageJ 1.41� (developed by W. Rasband, National Institutes of Health,
Bethesda, USA) by tracing cell boundaries manually. Here, a circularity of ‘1’ corre-
sponds to a fully circular object, while a value of ‘0’ represents a straight line. For
each condition, between w30 and 200 cells were analyzed for up to 9 different
substrates.

2.6. Data analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA) and
post-hoc TurkeyeKramer multiple comparison test. P values less than 0.05 were
considered statistically significant. All data are presented as mean � standard
deviation.
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3. Results and discussion

3.1. Key characteristics of the starPEGeheparin scaffolds

StarPEGeheparin hydrogel scaffolds differing in the molar ratio
of starPEG to heparin (g) were formed via crosslinking of amino
end-functionalized starPEG with EDC/s-NHS-activated carboxylic
acid groups of heparin. As shown in Table 1, by increasing the molar
ratio of starPEG to heparin from 1.5 to 6 in the initial reaction
mixture, stiffer and less hydrated gels could be produced. This
finding is related to the increased number of covalent crosslinks
and therefore results in the formation of a denser scaffold, which
was theoretically predicted by evaluation of the pore size (deter-
mined according to the rubber-elasticity theory as described in
[33]) (see Table 1). For a more detailed discussion of the network
properties the reader is referred to [33].

Independent of the different mechanical properties the
networks contained large quantities of w8 mg heparin per ml gel
[33] which remained approximately constant for scaffolds with
different molar ratios of starPEG to heparin (p > 0.05). To control
the cell adhesive characteristics of the hydrogels, EDC/s-NHS
activated carboxylic acid groups of the heparin were modified
with the integrin-binding cyclic RGDYK peptides (RGD-peptides,
Scheme 1) via the amino group of the lysine. Due to the constant
concentration of heparin in the mechanically different hydrogels,
similar amounts of RGD-peptides (w0.2 mg/ml gel; p > 0.05) were
immobilized to the different gel types (Table 1) as previously
demonstrated by [33]. Consequently, since subsequent bio-
functionalization is based on interaction with heparin, structural
and mechanical characteristics can be adapted independently on
the biofunctionality of the scaffolds.

3.2. Biomodification with FGF-2 and VEGF

3.2.1. FGF-2 and VEGF immobilization
The starPEGeheparin hydrogels closely mimic the characteris-

tics of the ECM by containing large quantities of heparinwhich bind
and stabilize numerous GFs (Scheme 1). To evaluate the potential of
our “heparin rich system“ the binding of FGF-2 and VEGF, two
cytokines that are crucial for the process of angiogenesis, was
analyzed. By cLSM studies (Fig. 1, for images see Supplementary
data Fig S1), it was demonstrated that for all gel types, both fluo-
rescently-labeled FGF-2 and VEGF (Fig. 1, data shown for the gels
with the lowest [left] and the highest [right] crosslinking degree
g ¼ 1.5 and 6) were able to diffuse into the networks. A homoge-
neous fluorescence intensity of TAMRA-FGF-2 (Fig. 1, top) within
the hydrogel could be observed immediately (w1 min) after
applying the protein. In contrast, for TAMRA-VEGF (Fig. 1, bottom)
a complete penetration could be observed only after 30 min w72%
for 0.02 h and 89% for 0.5 h; p < 0.05 when comparing the different
time points for both types of gel (low and high crosslinking degree
g¼ 1.5 and 6). This fact could be explained by the larger diameter of
VEGF (w6 nm; 38.2 kDa) [40] compared to that of FGF-2 (w3 nm;
17.2 kDa) [41] which might result in a slower diffusion of this
cytokine through the gel pores. Neither proteins showed an
Table 1
Key characteristics of the different starPEGeheparin hydrogel types.

starPEG/
heparin ratio
[mol/mol]

Heparin
content
[mg/ml]

RGD
content
[mg/ml]

Volume
swelling
[e]

Storage
modulus
[kPa]

Pore size
[nm]

1.5 8.0 0.23 53 0.99 16
3 7.8 0.23 30 2.57 11.7
6 7.4 0.21 22 14.8 6.5
increase in the relative fluorescence intensity inside both gel
networks (after 24 he60% for FGF-2 and w90% for VEGF; p > 0.05
for gels of low and high crosslinking degree, g ¼ 1.5 and 6) and no
corresponding decrease in the supernatants (after 24 he40% for
FGF-2 and w10% for VEGF; p > 0.05 for gels of low and high
crosslinking degree, g ¼ 1.5 and 6) over the course of the experi-
ment. The lower fluorescence intensity of TAMRA-FGF-2 in the
hydrogel might result from an increased tendency of this protein to
attach to non-specific surfaces not originating from the star-
PEGeheparin networks or from a decreased heparin binding
affinity due to interferences of the attached label with the partic-
ular FGF-2 molecular structure [42].

After penetration, both proteins showed a homogenous distri-
bution throughout the entire scaffold (Fig S1, Supplementary data).
These findings demonstrate that there were no significant struc-
tural heterogeneities in the network and that the mesh sizes of the
different hydrogel types did not prevent penetration of the rather
small FGF-2 and VEGF molecules. In contrast to that, proteins with
dimensions larger than the pore sizes of the gels could be excluded
efficiently as shown by [33]. This offers the advantage that, besides
the stabilizing effect that heparin exerts on FGF-2 and VEGF and the
low tendency of PEG to allow for unspecific protein adsorption, the
penetration of some proteases known to degrade FGF-2 or VEGF
such as neprilysin (w86 kDa, degradation of FGF-2) [43], matrix
metalloproteinase 3 (w54 kDa, degradation of VEGF) [19] or human
plasmin 1 (w91 kDa, degradation of FGF-2 and VEGF) [18,44] is
prevented by the particular gel structure. In summary, our matrices
could act as supportive carriers maintaining the biological activity
of the bound cytokines.

Quantitative protein binding studies were performed using
ELISA (Fig. 2A), amino acid analysis via HPLC, and radiolabeling
studies (Fig S2, Supplementary data). While quantitative differ-
ences determined with the three methods might be due to exper-
imental conditions as described by [42], these techniques were
applied because all of them delivered the same qualitative results.
First, to analyze whether the starPEGeheparin hydrogels could be
used as efficient FGF-2 and VEGF storage system, the capacity of the
hydrogels to take up various amounts of the GFs was investigated
for the gel with the intermediate crosslinking degree, g ¼ 3 (Fig. 2A
right, Fig. S2, Supplementary data). With any approach, the
immobilized quantities at a defined concentrationwere found to be
similar for both proteins. Moreover, a linear correlation between
the concentration of the incubation solution and the amount of
immobilized FGF-2 or VEGF within the gel could be found. This
indicates that no saturation of binding was reached within the
concentration range monitored. Due to the high content of heparin
in the networks, after incubation with 50 mg/ml protein the molar
ratio of heparin to GF was still 26:1 for FGF-2 and 62:1 for VEGF,
respectively. As demonstrated for FGF-2 [45], additionally each
heparin molecule is able to interact with several GF molecules.
Consequently, a saturation of binding will occur only at concen-
trations much higher than used here, indicating that FGF-2 or VEGF
immobilization can be tuned over a broad range.

To compare the FGF-2 or VEGF uptake among the different gel
types, a protein concentration of 1 mg/ml was used. Via ELISA
(Fig. 2A left), amino acid analysis via HPLC and radiolabeling
studies (Fig. S2, Supplementary data), it could be shown that
similar quantities of FGF-2 or VEGF were immobilized for each
scaffold independently on the gel type (for gels with molar ratios
starPEG to heparin of g ¼ 1.5; 3 or 6e353 ng FGF-2 and w349 ng
VEGF; p > 0.05). This confirms once again that the network
accessibility for the proteins is not affected by differences in the
network structure (pore size, hydration etc.) and that FGF-2 and
VEGF binding correlates only with the constant heparin concen-
tration of the different scaffolds. This heparin binding specificity



Fig. 1. Average fluorescence intensity of TAMRA-labeled FGF-2 (top) or VEGF (bottom) in the gel with the lowest crosslinking degree g ¼ 1.5 (left) or with the highest crosslinking
degree g ¼ 6 (right) and in the corresponding supernatant at different time point. Measurements were performed using confocal laser scanning microscopy. All data are presented
as average over three Z-lines from at least two different gel samples � root mean square deviation. * indicates statistically significant differences (p < 0.05; ANOVA).
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could be further validated by the fact that a 100-fold excess of
heparin (w/w) in the loading solution almost completely inhibited
FGF-2 and VEGF binding to the networks (data not shown). Taken
together, the starPEGeheparin hydrogels might be used as highly
potent FGF-2 or VEGF storage systems that can present large
quantities of the GF independently on the particular structural and
mechanical properties of the different scaffolds and could further
on maintain the bioactivity of the loaded factors even in presence
of proteases.

3.2.2. FGF-2 and VEGF release
Since most biomedical applications require systems that are not

only capable of storing large quantities of cellular effectors these
biomaterials should also be able to deliver the cytokine to potential
target sites. Therefore, after analyzing the FGF-2 and VEGF immo-
bilization to starPEGeheparin hydrogels, experiments on the
release of these proteins were performed via ELISA (Fig. 2B) and
qualitatively confirmed by radiolabeling studies (data not shown).

First, given the finding that the starPEGeheparin networks
could be used as an efficient FGF-2 and VEGF carrier systemwithin
a huge range of protein concentrations, the ability of the hydrogels
to release various amounts of the GF was investigated by ELISA for
FGF-2 (0.5, 1 and 5 mg/ml) or VEGF (1, 5 and 10 mg/ml) immobilized
to the gel with the intermediate crosslinking degree, g ¼ 3. Fig. 2B
(left) illustrates the cumulative release of the protein measured for
four days. Both proteins showed an initial burst release within the
first 24 h. Such burst characteristics are often attributed to surface
effects [46] and could be caused by an FGF-2 or VEGF fraction
entrapped in the meshwork but not bound specifically to heparin.
However, after 24 h, the release continued slowly over the course of
the entire time period that was investigated, indicating the
potential of the material for applications with a need for long-term
release profiles of GFs. While both proteins showed a similar
release profile for a given concentration, the overall release of FGF-
2 was higher than for VEGF (e.g. for 5 mg/ml protein after four days
w16 ng FGF-2 and w9 ng VEGF released; p < 0.05). Since the
heparin binding affinity of FGF-2 (Kd¼ 23 nM) is higher than that of
VEGF (Kd ¼ 165 nM) [47] an explanation for this finding might be
that the larger molecule VEGF diffuses out of the gel matrix more
slowly than the smaller FGF-2. Moreover, similar to the protein
binding studies, a linear correlation between the amount of bound
FGF-2 or VEGF within the gel, which directly depends on the
concentration used for immobilization, and the protein quantities
being released was observed. Given this finding, the release char-
acteristics can be adjusted by the initial amount of protein loaded
which in turn can be tuned over a wide range of concentrations.
Further work is now focusing on the modulation of the release
characteristics additionally via selective desulfation of the heparin
[17,48,49].

To analyze whether the FGF-2 or VEGF sequestering on the
meshsize of the particular substrate, in the next step, the cytokine
release characteristics were determined for the different gel types
(molar ratios starPEG to heparin of g¼ 1.5, 3, and 6) over the course
of four days. For these experiments, a protein concentration of
1 mg/ml was used and results were investigated via both ELISA
(Fig. 2B) and radiolabeling studies (data not shown). Via both
methods, similar kinetics showing an initial burst followed by
a slow release over time as well as comparable sequestered quan-
tities of FGF-2 or VEGF were found for each scaffold independently
on the gel type (for gels with molar ratios starPEG to heparin of
g ¼ 1.5, 3, and 6 after four days w3 ng FGF-2 and w1.5 ng VEGF
released; p > 0.05). This result demonstrates once again that the



Fig. 2. FGF-2 and VEGF uptake (A) and release (B) experiments for different gel types (left) or protein concentrations (right) quantified via ELISA. 2A (left): amount of electro-
statically bound FGF-2 or VEGF per scaffold for the different gel types g ¼ 1.5; 3 or 6 (low, intermediate and high crosslinking degree, p > 0.05; ANOVA). 2A (right): uptake of FGF-2
or VEGF in dependence on the protein concentration in the immobilization medium; linear regression, R2 (FGF-2) ¼ 0.99999; R2 (VEGF) ¼ 0.99999. 2B (left): cumulative amount of
electrostatically bound FGF-2 (top) or VEGF (bottom) released by the different gel matrices g ¼ 1.5; 3 or 6 (low, intermediate and high crosslinking degree, p > 0.05; ANOVA).
2B (left): cumulative release of FGF-2 (top) or VEGF (bottom) in dependence on the protein concentration used for immobilization. All data are presented as mean � root mean
square deviation from n ¼ 3.
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release of the two proteins is independent on the network structure
and that the sequestered quantities seem to depend only on the
constant heparin concentration of the different scaffolds.

Conclusively, the results show that the starPEGeheparin
hydrogels can be applied as efficient FGF-2 and VEGF storage and
delivery systems with well adjustable release characteristics that
can be for the first time- decoupled from the structural properties
of the scaffolds.
3.2.3. HUVECs response to different types of biomodified
starPEGeheparin networks

It has long been known that the process of angiogenesis is
tightly controlled by both molecular cues and the physicochemical
structure of the surrounding matrix [5]. Consequently, to gain
insight into the complexmechanism of its regulation there is a need
for in vitro model systems that allow for an independent investi-
gation of both parameters.
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To clearly investigate the influence of the different material
parameters, endothelial cells were cultured under serum-free
conditions on top of hydrogels that differ in terms of their physi-
cochemical characteristics [gels with low, intermediate and high
crosslinking degree and therefore low, intermediate and high
stiffness and meshsize, respectively (g ¼ 1.5, 3 and 6)] along with
varying degrees of biofunctionality (pure gels or scaffolds modified
with either FGF-2, VEGF or RGD alone as well as a combination of
the particular GF and the adhesion ligand). As illustrated previ-
ously, the amount of introduced biomolecules was constant among
the different gel types (see Table 1 and Fig. 2A). Surfaces consisting
of immobilized fibronectin with or without 1 ng/ml FGF-2 or VEGF
supplemented to the culture medium were used as controls. This
particular cytokine concentration was chosen since it corresponds
to the FGF-2 concentration included in common serum-containing
medium and relates to the amount of FGF-2 or VEGF that is released
by the starPEGeheparin hydrogels within the first hours. For every
culture substrate, cellular responses in terms of proliferation/
survival and cell morphology were analyzed.

To investigate whether starPEGeheparin hydrogels are able to
support HUVEC proliferation and survival as well as to monitor the
effect of the biomolecular functionalization and the structural
properties, MTT (Fig. 3 B, for statistics see Supplementary data) and
live/dead assays (Fig. 3A, green/red cells) were performed after
three days of culture on the different substrates. Furthermore, the
determination of whether a biomaterial has the potential to
support the process of angiogenesis, and not only its ability to
promote HUVECs growth and proliferation, is critical. During the
process of angiogenesis, the cells differentiate to form tubular
structures, in which they adapt a more elongated morphology.
Consequently, in this study, HUVECs circularity as it was dependent
on the biomolecular functionalization and the structural charac-
teristics of the substrate was analyzed after three days of culture
(Fig. 3C, for statistics see Supplementary data).

For the starPEGeheparin hydrogels it could be shown that
coinciding with an advancing degree of biofunctionalization, also
the HUVECs proliferation/survival rate increased. Very low survival
with many dead cells in the surrounding medium could be
observed on pure gels, while the few cells being still viable showed
a round shape. This might be due to the mainly non-adhesive
character of the starPEG therefore leading to the detachment of
most cells. The very small number of HUVECs that could be found
on the gel surface was most likely only weakly attached, so that
cells were consequently not able to proliferate. On star-
PEGeheparin hydrogels modified with FGF-2 or VEGF, only
a slightly increased but not significantly higher number of cells
survived. This shows that, although the presence of the cytokines
being released from the scaffolds is known to support cell prolif-
eration, without any effective initial attachment HUVECs are not
able to survive.

By introducing the adhesion peptide RGD into the star-
PEGeheparin hydrogels, the HUVEC survival rate could be
increased significantly. Under these culture conditions, only very
few dead cells were found in the mediumwhile the viable HUVECs
adapted also a more elongated morphology. The most important
parameter for that might be the fact that these substrates were able
to mediate effective initial cell adhesion. Therefore, HUVECs could
successfully spread on these scaffolds so that a high number of the
primarily plated cells survived. Since these results were observed
on the RGD modified starPEGeheparin hydrogels even under
serum-free culture conditions, these scaffolds do not exhibit any
toxic effects on the cells and might therefore be generally well
suited to support growth of HUVECs. Addition of FGF-2 or VEGF to
RGD modified hydrogels potentiated this effect. Under these
conditions, for the first time proliferation could be observed, since
a higher cell number than initially applied was determined after
three days of culture. Almost no dead cells were present in the cell
culture medium and most viable HUVECs demonstrated the typical
spindle-shaped morphology. When comparing the results between
the two growth factors, cell numbers on substrates treated with
RGD/VEGF were slightly lower than those for cells on gels modified
with RGD/FGF-2. One explanation could be that more FGF-2 is
released when compared to VEGF (see Fig. 2B). However, since gels
modified similarly with higher VEGF concentrations (5 mg/ml) and
therefore, resulting in larger quantities being released, did not lead
to increasing cell numbers (data not shown), the enhanced cell
survival in the presence of FGF-2 could be explained by the fact that
FGF-2 has been shown to induce proliferation to a higher extent
than VEGF [50]. By contrast, when cultured on substrates modified
with RGD/VEGF, HUVECs adapted a more elongated shape than in
the presence of FGF-2 (significant differences, see Fig. 3C and
Supplementary data), indicating that VEGF might have a bigger
impact on controlling cell morphology [51]. Taken together, these
results show that due to the synergistic effect of efficient cell
adhesion and GF signaling, starPEGeheparin hydrogels with both
adhesion ligand and growth factor modification are the most
potent in stimulating HUVECs growth (FGF-2) and differentiation
(VEGF).

For all three fibronectin control surfaces, cell numbers were
comparable to that observed on hydrogels modified with RGD.
Although cell survival rates were slightly but not significantly
higher on FN þ FGF-2 compared to FN þ VEGF, no significant
positive effect on HUVECs survival via the addition of FGF-2 or VEGF
to the cell culture medium was found when compared to pure FN.
A reason for that might be that the HUVECs consume the supplied
GFs quite fast so that already after three days of culture, no
advantageous effect of the cytokines on cell survival was detectable
anymore. In contrast, the starPEGeheparin hydrogels are able to
deliver FGF-2 or VEGF over an extended period of time (see Fig. 2 B),
therefore allowing for a constant cellular access to the GFs. This fact
makes the starPEGeheparin hydrogels a beneficial system for long-
term cell culture. Despite its low impact on cell survival when
initially administered to FN, the addition of VEGF led once again to
a more elongated cell morphology, indicating that for supporting
such cellular behavior a short-term accessibility of VEGF might be
sufficient.

In addition to the biomolecular functionalization, mechanical
matrix parameters of engineered materials are important to
promote a desired cellular response [52]. starPEGeheparin hydro-
gels allow for a variation of the mechanical characteristics at
constant biofunctionalization with adhesion ligands (RGD) and GFs
(FGF-2 and VEGF). In consequence, the gel system permits to
unravel the impact of bulk characteristics of materials (i.e., stiffness,
meshsize, and hydration) on the proliferation and differentiation of
HUVECs without altering the presentation of biomolecular cues.

For pure gels and gels modified with FGF-2 or VEGF, where
survival due to lacking adhesion ligands was generally hardly
possible, a change in the mechanical properties could not improve
either HUVECs proliferation/survival nor cell morphology.
However, for substrates modified with RGD, RGD/FGF-2 or RGD/
VEGF increasing cell numbers were found on the gels with low
starPEG to heparin ratio (more soft and loose networks), indicating
that such network structures are most beneficial to promote
HUVECs proliferation/survival. However, for the same types
of hydrogels, results were different in terms of the effect on
cell morphology. In the case of networks modified with RGD, RGD/
FGF-2 or RGD/VEGF, HUVECs cultured on the intermediately
crosslinked gel type g ¼ 3 showed a slightly more elongated shape.
This finding is in agreement with results of [5], where it was shown
that substrate requirements for endothelial cell growth and



Fig. 3. Interactions of various biomodified hydrogels with HUVECs after 3 days of culture. 3A: representative fluorescence microscopy images after live/dead staining of HUVECs
(viable cells ¼ green; dead cells ¼ red) on the different substrates or the corresponding FN controls (scale bar 130 mm). 3B: HUVECs proliferation/survival as accessed via cell
numbers on the different networks or the corresponding FN controls quantified by an MTT assay. All data are presented as mean � root mean square deviation from n ¼ 3e5.
For statistics see supplementary data. 3C: HUVECs morphology as accessed via cell circularity on the different networks or the corresponding FN controls quantified by the
circularity calculation within ImageJ 1.41�. All data are presented as mean � root mean square deviation from n z 30e200 cells quantified on up to 9 different substrates. For
statistics see supplementary data.
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differentiation differ. Under culture conditions that give rise to
strong proliferation, thus resulting in confluent monolayer-like
growth pattern, cells lose their morphological differences once they
form cell-cell contacts [53]. In turn, it has been shown that
substrates that were able to turn on endothelial cell differentiation
simultaneously switched off cell proliferation [5].

In summary, biomodified starPEGeheparin hydrogels are
well-suited substrates for the culture of HUVECs. Moreover, by
adjusting the physicochemical structure of the scaffolds inde-
pendently of the biomolecular functionalization, endothelial cell
behavior (e.g. proliferation/survival and morphology) could be
tuned. It was found that low starPEG to heparin ratios creating
more soft and loose networks in combination with provision of
an adhesion ligand and the cytokine FGF-2 showed the most
beneficial effects on proliferation/survival. In contrast, hydrogels
formed by intermediate starPEG to heparin ratios modified with
RGD and VEGF promoted HUVECs differentiation into tube-like
structures.

4. Conclusion

StarPEGeheparin hydrogels can be utilized as highly efficient
storage and adjustable release systems for various heparin-binding
GFs. Based on that, biomolecular and biophysical cues of the
modular gel matrix can be varied independently to trigger cellular
survival, proliferation and differentiation. Using the resulting
options, we were able to demonstrate that HUVECs respond to the
provision of FGF-2 and VEGF through engineered gel matrices in
ways depending on the adhesiveness and elasticity of the applied
materials as well. Systematic variation of multiple biomolecular
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signals paralleled by the modulation of viscoelastic characteristics
permits the adaptation of the reported gel system to the require-
ments of an array of tissue engineering applications. The matrix
design can be furthermore extended through modification of the
building blocks (e.g. the sulfation pattern of heparin) or incorpo-
ration of enzymatically cleavable peptide crosslinkers [54]. In sum,
starPEGeheparin hydrogels with customized GF delivery profiles
afford powerful cell-instructive materials to advance regenerative
therapies.
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