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While vascular endothelial growth factor (VEGF) has been shown to be one of the key players in wound healing
by promoting angiogenesis current clinical applications of this growth factor to the wound environment are
poorly controlled and not sustainable. Hydrogels made of sulfated glycosaminoglycans (GAG) allow for the
sustained release of growth factors since GAGs engage in electrostatic complexation of biomolecules. In here,
we explore a set of hydrogels formed of selectively desulfated heparin derivatives and star-shaped poly(ethylene
glycol) with respect to VEGF binding and release and anticoagulant activity. As a proof of concept, supportive ef-
fects onmigration and tube formation of humanumbilical vein endothelial cellswere studied in vitro and thepro-
motion of wound healing was followed in genetically diabetic (db/db) mice. Our data demonstrate that the
release of VEGF from the hydrogels is modulated in dependence on the GAG sulfation pattern. Hydrogels with
low sulfate content (11% of initial heparin) were found to be superior in efficacy of VEGF administration, low an-
ticoagulant activity and promotion of angiogenesis.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Dermal wound healing is a dynamic process regulated by a multi-
tude of growth factors and cytokines. Aging, obesity, diabetes, cardio-
vascular disorders and autoimmune diseases interfere with wound
healing and can even cause non-healing, chronicwounds such as the di-
abetes foot ulcer [1]. Vascular endothelial growth factor (VEGF) has
been shown to be one of the key players inwound healing by promoting
angiogenesis [2–4]. Application of VEGF accelerated wound healing in
diabetic rodents [5–9]. However, when administered topically, soluble
growth factors rapidly delocalize in tissue fluids and become degraded
by proteases in chronic wound environments [10,11]. Nevertheless,
ulcer healingwas found to be improved in clinical trials upon topical ap-
plication of the VEGF gene-carrying plasmid (720 μg/m2 every 48 h) to
the foot ulcer surface [2,12]. A controlled-release system to protect and
sustainably deliver VEGF during wound healing while avoiding over-
dosage may be highly beneficial in the advanced wound management
[1,3].

In living tissues, cell surface heparan sulfate proteoglycans (HSPGs)
are known to bindVEGF [2,3,13], resulting in stabilization and improved
rner).
binding of VEGF to cell-surface receptors [5–7,14]. Heparin, an easily ac-
cessible highly sulfated glycosaminoglycan (GAG) produced in mast
cells, exhibits sulfation patterns resembling those of heparan sulfate
and binds a plethora of signaling molecules including VEGF [10,13]. Ac-
cordingly heparin-based matrices gained interest for growth factor de-
livery [2,12,15–23]. A modular starPEG-heparin hydrogel platform was
recently introduced for the decoupling of physical network properties
and biomolecular signaling characteristics [24–26]. The system is ad-
vantageous with respect to its mechanical properties (as required for
wound dressings) and the high content of heparin allowing for an
unperturbed loading and release of combinations of different factors
(including VEGF), which was previously demonstrated to support
morphogenesis of endothelial cells in vitro [26,27] and angiogenesis
in vivo [27,28]. Adjusting the sulfation pattern of heparin by selective
desulfation offers additional options for modulating uptake and release
of VEGF [29]while avoiding hemorrhagic side effects. A set of selectively
desulfated heparins was recently used in the formation of biohybrid
hydrogels with starPEG and demonstrated to allow for decoupling me-
chanical and biomolecular characteristics as previously reported for the
heparin-based gels [30]. Since the anticoagulant activity of heparin de-
pends on a fully sulfated pentasaccharide sequence including the rela-
tively rare 3-O sulfate [31,32], desulfation protocols covering this
moiety were considered particularly suitable to avoid bleeding. In
here, hydrogels with graded sulfation pattern, desulfated at 2-O, 6-O,
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N-position, 6-O and N or 2-O, 6-O and N-position (complete sulfate re-
moval) were synthesized and systematically studied with respect to
VEGF-A (VEGF) binding and release as well as anticoagulant activity.
Supportive effects of the modulated VEGF release on migration and
tube formation of human umbilical vein endothelial cells (HUVECs)
were examined in vitro and in the wound healing of diabetic (db/db)
mice. The chosen set of experiments was intended to pave the way for
potential future applications of the developed hydrogel system as
VEGF releasing wound dressing (see Fig. 1).

2. Materials and methods

Unless otherwise indicated, all chemicals were purchased from
Sigma-Aldrich, Munich, Germany. VEGF refers to recombinant VEGF-A
(VEGF 165) from PeproTech, Hamburg, Germany.

2.1. Preparation of desulfated heparin derivatives

All desulfated heparin derivatives were prepared starting from the
naturally occurring, fully sulfated heparin (SH; 14,000 g/mol; sodium
salt, porcine intestinal mucosa, Calbiochem, Darmstadt, Germany).

2.1.1. Pyridinium heparinate [33–35]
35 g of Amberlite IR-120 H+ ion exchange resin (Rohm and Haas,

Philadelphia, USA) was filled in a glass column and washed with deion-
ized water, regenerated for 30 min with 10% aqueous HCl, and washed
withwater until neutral pH. A solution of 1 g heparin in 45ml deionized
water was applied. The combined filtrate and washings were adjusted
Fig. 1.Hydrogel design using selectively desulfated heparin derivatives as hydrogel building blo
derivatives (2-O-DSH, 6-O-DSH, N-DSH, 6-O+N-DSH and cDSH), the corresponding theoretica
determined remaining sulfate content (mean± standard deviation fromn ≥ 3 for both polyelec
plete desulfated heparin, cDSH, see also Fig. 4B) and the anticoagulant activity (% activity comp
hydrogels for endothelial cell response (human umbilical vein endothelial cells — HUVECs) an
to pH 6.0 with pyridine. After solvent removal by evaporation, the
product was lyophilized (Lyovac GT2, GEA, Düsseldorf, Germany). Sub-
sequently, the pyridinium salt of heparin served as the starting com-
pound for the N- and 6-O-desulfation procedure.

2.1.2. N-desulfation (N-DS) procedure [35]
25 ml DMSO containing 5% water was added to the pyridinium salt

of heparin and the mixture was stirred for 1.5 h at 50 °C. After dilution
with 25 ml water pH was adjusted to pH 9.5 with 1 N aqueous NaOH.
The reactionmixture was dialyzed (MWCO= 8 kDa) against deionized
water for 3 days, concentrated with a rotary evaporator (R-205, Büchi,
Essen, Germany) and lyophilized with a freeze dryer (Lyovac GT2,
GEA, Düsseldorf, Germany). To remove the resulting free amino group,
which could possibly lead to heparin–heparin crosslinks upon
carbodiimide-activation for gel formation, the product was subjected
to N-acetylation procedure.

2.1.3. 6-O-desulfation (6-O-DS) procedure [34]
420 mg of the pyridinium salt of heparin was dissolved in 50 ml N-

methyl-2-pyrrolidone containing 10% water. The reaction was carried
out for 24 h at 90 °C. After cooling to room temperature 50ml deionized
water was added and pH adjusted to 9.0 by addition of 1 M aqueous so-
dium hydroxide. The reaction mixture was dialyzed (MWCO= 8 kDa)
against deionized water for three days, concentrated with a rotary
evaporator (R-205, Büchi, Essen, Germany) and lyophilized with a
freeze dryer (Lyovac GT2, GEA, Düsseldorf, Germany). As this process
additionally removes the N-sulfate, the product was subjected to the
N-resulfation procedure to obtain exclusively 6-O-desulfated heparin.
cks. Overview of functional groups at 2-O, 6-O and N-position of heparin and its desulfated
l sulfate content (assuming a desulfation efficiency of 100%) as well as the experimentally
trolyte titration and ATR–FTIR).Modulation of heparin release (exemplary shown for com-
ared to the activity of the standard heparin (SH), factor Xa based assay. Application of the
d for wound healing in genetically diabetic (db/db) mice.
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2.1.4. 2-O-desulfation (2-O-DS) procedure [33]
500 mg heparin was dissolved in 10 ml 0.4 M aqueous sodium hy-

droxide. The solution was frozen and lyophilized over night (Lyovac
GT2, GEA, Düsseldorf, Germany). Dissolving and lyophilizing was done
twice. The pH was adjusted to 9.0 with 20% acetic acid. After dialysis
(MWCO = 8 kDa) against deionized water for three days the reaction
mixture was concentrated and lyophilized.

2.1.5. N-acetylation (NAc) procedure [33]
20ml 10%methanol containing 50mMNa2CO3was added to the re-

actionmixture.While stirring 200 μl acetic anhydridewas added at 0 °C.
The pH was adjusted to 7–8 with saturated Na2CO3 solution. Every
30min 200 μl acetic anhydride was added for 3 h. The reaction mixture
was dialyzed (MWCO = 8 kDa) against deionized water for 3 days,
concentrated with a rotary evaporator (R-205, Büchi, Essen, Germany)
and lyophilized with a freeze dryer (Lyovac GT2, GEA, Düsseldorf,
Germany).

*Note: N-DS, 6-O-DS, 2-O-DS and NAc procedure were combined to
obtain completely desulfated heparin (cDSH).

2.1.6. N-resulfation procedure [33]
200 mg N-desulfated heparin was dissolved in 40 ml water. 400 mg

Na2CO3 and 400mg trimethylamine-sulfur trioxidewere added at room
temperature. The mixture was stirred for 24 h at 55 °C. After cooling to
room temperature, the reaction mixture was dialyzed (MWCO =
8 kDa) against deionized water for 3 days. The dialyzate was applied
to a columnof Amberlite IR-120H+-ion-exchange resin. ThepHwas ad-
justed to 9.5 with 0.1 M aqueous sodium hydroxide and dialyzed
(MWCO = 8 kDa) against deionized water for 3 days, concentrated
with a rotary evaporator (R-205, Büchi, Essen, Germany) and lyophi-
lized with a freeze dryer (Lyovac GT2, GEA, Düsseldorf, Germany).

2.2. Characterization of desulfated heparin derivatives

2.2.1. Polyelectrolyte titration [36]
The anionic charge of the different heparin samples (unmodified

and selectively desulfated heparin; 1 mg/ml in MilliQ, pH adjusted
to 10) was determined by the Particle Charge Detector (PCD,
Mütek GmbH, Herrsching, Germany) via titration with PDADMAC
(poly(diallyldimethylammonium chloride)), respectively. Based on
the exact charge compensation of the polyelectrolyte heparin by
dropwise added PDADMAC solution (as indicated by streaming poten-
tial measurements), the titration of the heparin samples reveals a quan-
titative and reproducible estimation of its charges. To determine the
heparin sulfate content, all the data were corrected for the charge con-
tribution of the carboxylic acid group by subtracting one quarter of
the overall charge of the non-desulfated heparin from all measured
values (considering only themajor sequence of heparin). Finally, the de-
crease of the anionic charge for the different desulfated heparins caused
by the sulfate removal is expressed with respect to the non-desulfated
heparin, which served as the control sample (sulfate content is set to
100%).

2.2.2. Infrared (IR) spectroscopy [30]
IR measurements on the different heparin samples (unmodified and

selectively desulfated heparin; 1 mg/ml in MilliQ) were performed on
an IFS 55 (EQUINOX, Bruker-Optics GmbH, Ettlingen, Germany) Fourier
transform IR (FTIR) spectrometer in the attenuated total reflection
(ATR) mode. The ATR–FTIR spectra were recorded on a special mirror
setup using the “single-beam sample reference” concept. For that, the
particular heparin solution was spread on the upper half (sample) of
the silicon internal reflection element (50 × 20 × 2 mm3) and the
lower uncoated half was used as the reference. Shuttling the two halves
repeatedly in the IR beam, recording the respective intensity spectra
(IReference(v), ISample(v)), and computing A(v) = − log(ISample(v) /
IReference(v)) resulted in well-compensated ATR–FTIR absorbance
spectra (A(v)). For determination of the heparin sulfate content, the in-
tensity peaks of the sulfate and the carboxylic acid groupwere recorded
and their ratio was calculated. The decrease of this ratio for the different
desulfated heparins indicated the sulfate removal, so that the remaining
sulfate content could be determined with respect to the non-desulfated
heparin, which served as the control sample (set to a sulfate content of
100%).

2.3. Preparation of starPEG-heparin hydrogels

StarPEG-heparin hydrogels –as well as gels made of starPEG and
desulfated heparin derivatives– were formed by crosslinking amino
end-functionalized four-arm starPEG (10,000 g/mol Polymer Source,
Inc., Dorval, Canada) with EDC/s-NHS activated carboxylic acid groups
of heparin or its desulfated derivatives [30]. A total polymer content of
11.76% 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 (γ) was
set to 3. To allow for cell-mediated remodeling of the matrix during
the in vivo experiments, hydrogel scaffolds with adapted mechanical
properties (γ=2)were similarly produced using a starPEG conjugated
to an MMP-cleavable peptide sequence [37].

For an application in different experimental setups, gels were
formed as surface-bound networks with a final thickness of ~50 μm
(3.13 μl gel mixture/cm2 used for quantitative VEGF binding/release
studies and in vitro cell culture experiments) as described in [38]. To
allow for an introduction into the in vivo system, small free-standing
hydrogel disks with a final thickness of ~2.5 mmwere prepared by pi-
petting 13.68 μl of the gel mixture between two 5 mm hydrophobic
glass cover slips treated with hexamethyldisilazane (Fluka, Seelze,
Germany). After polymerization overnight at 22 °C, each gel sample
was washed in phosphate buffered saline (PBS) to remove s-NHS/EDC
and any non-bound starPEG/heparin [24]. For cell culture, sterilization
was performed by UV-treatment for 30 min. For additional treatments,
all solutions were sterile unless otherwise indicated.

2.4. Biomolecular functionalization of starPEG-heparin hydrogels

Functionalization with 2 μg/gel cyclo(Arg-Gly-Asp-D-Tyr-Lys)
(RGD) peptide (Peptides International, Louisville, KY, USA) was per-
formed as described in [24]. Briefly, heparin carboxylic acid groups of
swollen hydrogels were activated with s-NHS/EDC solution (400 μl
with 25 mM s-NHS and 50 mM EDC in 1/15 M phosphate buffer
(pH 5)) for 45 min at 4 °C and subsequently incubated with RGD-
solution (400 μl with 5 μg/ml RGD dissolved in borate buffer) for 2 h
at room temperature. Finally, all samples were washed in PBS 3 times.
To immobilize VEGF165 (PeproTech GmbH, Hamburg, Germany) to
the starPEG-heparin networks, the respective protein was dissolved in
PBS at the desired concentration (0.1, 1 or 5 μg/ml). PBS-swollen, pure
or RGD-modified gels were immersed in this solution at room temper-
ature for 24 h followed by rinsing twice with PBS.

2.5. Characterization of VEGF binding and release by Enzyme-Linked Immu-
nosorbent Assay (ELISA)

Surface-bound gels (3.13 μl; n= 3)were placed in custom-made in-
cubation chambers that allowed onlyminimal interaction of the protein
solution with areas not originating from the hydrogel. 200 μl of VEGF (1
or 5 μg/ml) solutionwas added per cm2. Immobilizationwas performed
over night at 22 °C. The VEGF solution was removed followed by two
washes with PBS. Each of these solutions was collected and assayed in
duplicate using an ELISA Quantikine kit (R&D Systems, Minneapolis,
USA). After immobilization, VEGF was allowed to release from these
gels at 22 °C into 250 μl/cm2 of serum-free (SF) endothelial cell growth
medium (ECGM; Promocell GmbH, Heidelberg, Germany) supplement-
ed with 0.02% ProClin 300 + 1 mg/ml bovine serum albumin (BSA).
Samples were always taken at the same intervals (after 3, 6, 24 and
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96 h) and stored at−80 °C until analyzed by ELISA. An equal volume of
fresh medium was added back at each time point.

2.6. In vitro assays

2.6.1. Cell culture
Primary human umbilical vein endothelial cells (HUVECs), isolated

according to the procedure proposed by Weis et al. [39], were cultured
up to 80% confluence in medium containing supplement and 50 μg/ml
of ascorbic acid (Lonza, Walkersville, USA).

2.6.2. Transwell assay
Hydrogels (3.13 μl) were formed at the bottom of 24-well plates.

Upon overnight incubation with VEGF (1 or 5 μg/ml), hydrogels were
brieflywashedwith PBS. Transwell filters (3 μm,Millipore)were coated
with 50 μg/ml collagen type I in 0.02 acetic acid, washed twicewith PBS
and air-dried. The hydrogels were overlayed with 500 μl serum-free
medium. Full medium was used a positive control. 2 × 105 HUVECs
were seeded on each membrane is serum-free medium and cultured
for 6 h. Afterward, cells were fixed with 2% PFA for 15 min, following
by 30 min cell staining with 0.1% crystal violet in 20% methanol. Excess
of dye was washed off with several changes of distilled water. The non-
migrated cells on the upper side of themembranewere scraped off with
cotton tabs and the membranes were air-dried over night. The mem-
branes were photographed with microscope (Olympus IX50, 20× ob-
jective). The extent of cell migration was quantified by dye-staining
the cells on the filters with 10% acetic acid and measuring the intensity
of the dye at 590 nmwith TECANGenios plate reader. Subsequently, the
dye intensity was normalized to the intensity of positive control (full
medium).

2.6.3. Collagen overlay
Hydrogels (3.13 μl) were formed at the bottom of 48-well plate.

Upon overnight incubation with VEGF (1 or 5 μg/ml), hydrogels were
briefly washed with PBS and overlaid with 200 μl of 2.5 mg/ml collagen
type I solution (BD Pharmingen, Heidelberg, Germany). The collagen
gels were allowed to polymerize at 37 °C for 1 h. Before cell seeding,
hydrogels were equilibrated in 300 μl of ECGM for 1 h at 37 °C. HUVECs
were seeded at the collagen gels in the amount of 2 × 105/well and cul-
tured for 3 days. Finally, sampleswerefixedwith 3% glutaraldehyde and
subjected to light microscopy (Olympus IX50, 10× objective, Hamburg,
Germany). ImageJ software (developed by W. Rasband, National
Institutes of Health, Bethesda, USA) was used to quantify the length of
tubular structures. The results were shown as mean tube density
(mm/mm2) ± SEM.

2.6.4. Immunostaining
Samples were stained with Phalloidin CF488 (Biotum, Hayward,

USA). The images were taken with confocal microscope (SP5, Leica
Microsystems, Bensheim, Germany; 20×/0.70 objective).

2.7. Anticoagulant activity

The anticoagulant activity of the desulfated heparins was deter-
mined in an FXa based heparin assay (Chromogenix, Milano, Italy).
The modified heparins were added to citrate plasma and their anti-
FXa activity was rated to the activity of native heparin.

The coagulation time of recalcified citrate plasma was determined
using the fluorogenic thrombin substrate ZGGR-AMC (Technothrombin
SUB, Technoclone, Vienna, Austria) in the presence of phospholipids
(Technothrombin RA), the activator dextran sulfate (1 μg/ml, MW
500 kDa, Sigma-Aldrich) and the test-heparins up to 170 μg/ml. The
fluorescence was followed at λex = 360 nm, λem = 465 nm (Tecan
Genios, Tecan, Männedorf, Switzerland) and the time point of an in-
crease of 200 fluorescent units was defined as coagulation time.
2.8. In vivo wound healing assay

2.8.1. Excisional wounding and VEGF treatment in mice
Animal experiments were performed in accordance with the animal

ethics guidelines of the German law. Wounding of diabetic mice was
performed as previously described [9,40]. Briefly, backs of BKS.Cg-m
+/+ Leprdb/J (db/db) mice (Charles River Laboratories, Wilmington,
MA, USA) (male, 12–14weeks of age, n=20mice in total)were shaved
and four full-thickness punch biopsy wounds per mouse were created
enabling for simultaneous testing of 4 different conditions per mice.

In the first experiment, hydrogels formed of SH of different stiffness
with soft (storage modulus ≈2 kPa) and hard (storage modulus
≈6 kPa) hydrogels incubated with vehicle (PBS) or the hard gel with
VEGF (1 μg) (conditions 1–3) and pure PBS (no hydrogel) (condition
4) were tested (n = 10 mice with four wounds, i.e. 20 wounds at
every timepoint). In the second experiment, hydrogels prepared from
cDSH incubated with vehicle (PBS) or VEGF protein (0.1 μg or 1 μg)
(conditions 1–3) were placed into the wound site, plus one wound
with PBS alone (no hydrogel, condition 4) (n = 10 mice with four
wounds, i.e. 5micewith 20wounds at every timepoint). To avoid drying
of the gel, the wound was covered with a non-adhering gauze
(Adaptic®, J&J Norderstedt, Germany) and a semipermeable foil
(Hydrofilm®, Hartmann, Heidenheim, Germany). At day 10 or 15,
mice were sacrificed and the wound tissue was harvested for histologi-
cal analysis.When the semipermeable wound cover was lost during the
experiment, somewounds could not be evaluated for technical reasons.
2.8.2. Histology and immunohistochemistry
Wound tissue was excised and either fixed overnight in 4% parafor-

maldehyde in PBS, or embedded in Tissue-Tek OCT compound (Sakura
Finetek, Alphen aan den Rijn, The Netherlands), immediately frozen in
liquid nitrogen, and stored at −80 °C. Cryosections were stained with
hematoxylin/eosin or for immunohistochemical analysis were fixed in
acetone, unspecific binding sites were blocked with 3% BSA, and sec-
tions were incubated with polyclonal rat antisera against murine CD31
(BD Pharmingen), monoclonal rat antisera against murine Gr-1 (BD
Pharmingen), monoclonal rat antisera against murine F4/80 (Dianova,
Hamburg, Germany), or monoclonal Cy3 conjugated mouse antisera
against aSMA; bound primary antibody was detected using an Alexa
Fluor 488-conjugated polyclonal goat anti-rat antibody (Molecular
Probes, Invitrogen, Paisley, UK) or HRP conjugated polyclonal goat
anti-rat antibody (Southern Biotech, Birmingham, USA). As a control
for specificity, primary antibodies were omitted and replaced by irrele-
vant isotype-matched antibodies.
2.8.3. Morphometric analysis
Immunofluorescence/immunohistochemical microscopy was con-

ducted at indicated magnifications (Microscope Eclipse 800E; Nikon,
Melville, USA). Morphometric analysis was performed on digital images
using the Imaging Software Lucia G 4.80 (Laboratory Imaging Ltd.,
Prague, Czech Republic). The extent of epithelization and granulation
tissue formation was determined on hematoxylin/eosin (H&E)-stained
tissue sections as previously described [9,40]. For quantitative analysis
of vascular structures, the area that stained positive for CD31 within
the granulation tissue was calculated.
2.9. Statistical analysis

Statistical significance was calculated using the GraphPadPrism 5 or
GraphPad InStat software package (La Jolla, USA) and accepted for
p b 0.05 (*p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001). Data was an-
alyzed by the paired or unpaired Student's t-test or by One-way ANOVA
analysis followed by appropriate post-tests. For the in vivo experiments
with n ≥ 3 p values were of explorative character.



Fig. 2. Influence of the specific sulfate removal on the VEGF delivery by starPEG-heparin
hydrogels prepared from selectively desulfated heparin derivatives. 2A: Immobilization
efficiencyexpressed as % of appliedVEGF. 2B: Cumulative VEGF release expressed as %per-
cent of immobilization (release kinetics). 2C: Cumulative VEGF release after 96 h
expressed as ng/cm2 gel (absolute quantities).
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3. Results and discussion

3.1. Desulfation of heparin

Defined desulfated heparin (DSH) derivatives were obtained by ap-
plying previously described procedures targeting for the 2-O-, 6-O- and
N-sulfate groups of the unmodified (fully sulfated) heparin (SH) [41,
33–35]. Fig. 1 summarizes the resulting derivatives and gives their ex-
pected sulfate contents as well as the experimentally determined
values. Quantification was based on averaging data from both polyelec-
trolyte titration and ATR–FTIR spectroscopy [30]. Generally, the applied
methods led to an effective desulfation of more than 80% in agreement
with published procedures. Interestingly, all desulfated derivatives
showed an anticoagulant effect of less than 1% compared to SH, mea-
sured as anti-FXa–activity, see Fig. 1. The desulfated heparins also did
not delay the coagulation time of recalcified citrate plasma, indicating
that the whole coagulation cascade was not affected (data not present-
ed). This points to the fact that the rare 3-O sulfate necessary for effec-
tive thrombin inactivation [31,32] is removed independently of the
particular desulfation procedure. Thus, all desulfated derivatives should
not cause any hemorrhagic side effects.

Following a mean-field based approach to modulate mechanical
properties and sulfation patterns of biohybrid hydrogels independently
[30], hydrogels with graded sulfation pattern, desulfated at 2-O, 6-O, N-
position, 6-O andN aswell as 2-O, 6-O andN-position (complete sulfate
removal) were synthesized (see Fig. 1). The resulting hydrogels were
used to study the influence of a particular sulfate group (2-O, 6-O or
N, Section 3.2), the overall sulfate content (ranging from100 to ~10% re-
sidual sulfate content, Section 3.3), the growth factor loading concentra-
tion (Section 3.4) to the subsequent release of the protein. Furthermore,
the pro-angiogenic effects of the modulated VEGF release from the dif-
ferent hydrogels was analyzed in vitro (Section 3.5) and in vivo
(Section 3.6) (see Fig. 1).

3.2. Influence of the sulfate position on VEGF delivery

Since the meshsize of the hydrogels in the range of 8–10 nm
(according to the rubber elasticity theory for the 6–8 kPa stiff hydrogels,
see [30]) is large enough compared to the size of VEGFwith anhydrody-
namic diameter of ~6 nm[42], the VEGF diffusion throughout thematri-
ces shall be predominantly determined by the affinity of the protein to
the particular sulfated heparin derivative and not by the mesh size of
thehydrogel that is underpinned by earlier results of similar VEGF deliv-
ery out of different stiff hydrogels using the sulfated heparin as building
block [26].

As VEGF preferentially interacts with 6-O- and N-sulfate groups of
heparin, while nevertheless also the 2-O-sulfate and the carboxylic acid
residues contribute to the overall binding strength [29,43], it was deter-
mined whether the conjugation of VEGFwithin the starPEG-heparin hy-
brid networks is similarly influenced. As indicated in Fig. 2A, the removal
of only one sulfate group within starPEG-heparin gels did not show any
effect on the uptake of 1 μg/ml VEGF (200 μl/cm2 gel). For gels formed
out of SH, 2-O-, 6-O- or N-DSH, a comparable binding efficiency of
~93% (p N 0.05, ANOVA)was determined 24 h after contactwith the pro-
tein solution. The origin for this interesting behavior ismost likely due to
the high heparin content of the hydrogels with two remaining sulfate
groups per disaccharide unit being sufficient for efficient protein binding.

Considering the cumulative release of VEGF (Fig. 2B), similar kinetics
were observed for all hydrogels formed out of the different heparin de-
rivatives showing a comparable initial burst release within the first 6 h.
Such burst characteristics are often attributed to surface effects [44] and
could be caused by a VEGF fraction entrapped in the meshwork but not
specifically bound 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 materials for applications with a need
for long-term delivery profiles of growth factors.
However, besides the overall similar shape of the curves,
nevertheless different amounts of VEGF were sequestered (Fig. 2C)
within 96 h. Compared to SH (release of ~22 ng VEGF/cm2 gel; 12% of
immobilized amount) and 2-O-DSH (release of ~23 ng VEGF/cm2 gel;
12% of immobilized amount), the growth factor release could be signif-
icantly increased (p b 0.01, ANOVA) by using 6-O-DSH (release of
~34 ng VEGF/cm2 gel; 18% of immobilized amount) or N-DSH (release
of ~30 ng VEGF/cm2 gel; 16% of immobilized amount) as gel building
block. Since the immobilization of VEGF was hardly affected by the re-
moval of a single sulfate group (see discussion above), the growth factor
release efficiency (calculated as % released after 96 h normalized to the
VEGF amount used for hydrogel loading) was similar to the release nor-
malized to the immobilized amount, for SH: 11% vs. 12%, for 2-O-DSH:
11% vs. 12%, for 6-O-DSH: 17% vs. 18% and for N-DSH: 15% vs. 16%. In
contrast to the initial binding, upon larger time scales with repeated ex-
change of the releasemedium, analysis of the delivery clearly shows the
decisive role of these two key sulfate groups mediating the affinity be-
tween VEGF and heparin [29,43], whose removal substantially weakens
the interaction of the growth factor with the hydrogel.
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Consequently, the provision of VEGF could be specificallymodulated
by incorporation of 6-O-DSH or N-DSH into starPEG-heparin scaffolds,
where unaffectedly high binding efficiencies going alongwith neverthe-
less increased release rates were achieved.

3.3. Influence of the overall sulfate content on VEGF delivery

Besides the influence of a specific sulfate position, it was determined
that a variation of the overall sulfate content (see Fig. 1) could be ap-
plied to modulate VEGF delivery by starPEG-heparin hydrogels.

As previously discussed (3.2), the removal of the N-sulfate (~ 70%
sulfate remaining, see Fig. 1) did not influence the uptake of 1 μg/ml
VEGF (200 μl/cm2 gel) compared to hydrogels formed out of SH (un-
modified sulfate content of 100%). However, a successive decrease of
the sulfation degree to ~44% upon elimination of both the 6-O- and N-
sulfate as the key interaction sites for VEGF, the growth factor binding
efficiency was reduced to ~67% of applied protein (p b 0.05, ANOVA,
see Fig. 3A). Interestingly, although an additional removal of the 2-O-
sulfate to obtain cDSH even decreased the remaining sulfate content
Fig. 3. Influence of the overall sulfation degree on the VEGF delivery by starPEG-heparin
hydrogels prepared from selectively desulfated heparin derivatives. 3A: Immobilization
efficiencyexpressed as % of applied VEGF. 3B: Cumulative VEGF release expressed as % per-
cent of immobilization (release kinetics). 3C: Cumulative VEGF release after 96 h
expressed as ng/cm2 gel (absolute quantities).
down to ~11%, the lack of this particular residue, which is not consid-
ered to mediate the VEGF affinity to heparin, did not result in a further
reduction of the binding efficiency (~73%). Here, the large protein up-
take, despite the low sulfation degree, might be due to the overall
high heparin content of the hydrogels (~2000×molar excess compared
to VEGF), thereby still offering a substantial amount of VEGF binding
sites for a rather effective immobilization of the growth factor.

For the release kinetics (Fig. 3B), upon successive removal of the sul-
fate groups, the burst effect became slightlymore pronounced as indicat-
ed by the initial steep incline of the corresponding curves. Independently
of the particular sulfate content, after the burst release a continuous
(slow) release of VEGF was determined over the course of 96 h. As ex-
pected, the overall amount of sequestered VEGF (Fig. 3C) was found to
be significantly influenced by the sulfate content of starPEG-heparin
hydrogels. As discussed in Section 3.2 for N-DSH (~70% sulfate remain-
ing), even the lack of one residue involved in VEGF interactionwith hep-
arin significantly enhanced the protein release compared to SH. Similarly
to the binding studies, this effect could be increased further by removing
both the 6-O- and N-sulfate leading to a sulfation degree of only ~44%
(release of ~41 ng VEGF/cm2 gel; 31% of immobilized amount, p b 0.01,
ANOVA). Starting from these elevated levels, an additional elimination
of the 2-O-sulfate for cDSH giving ~11% sulfate remaining could not fur-
ther enhance the release efficiency (release of ~42 ng VEGF/cm2 gel; 29%
of immobilized amount). Noteworthy, although lower amounts of VEGF
Fig. 4. Influence of the protein concentration on the VEGF delivery by starPEG-heparin
hydrogels prepared from selectively desulfated heparin derivatives. 4A: Immobilization
efficiencyexpressed as % of appliedVEGF. 4B: Cumulative VEGF release expressed as %per-
cent of immobilization (release kinetics). 4C: Cumulative VEGF release after 96 h
expressed as ng/cm2 gel (absolute quantities).
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were immobilized with decreasing sulfate content, the absolute quanti-
ties of growth factors being released could be gradually elevated.

Furthermore, the release efficiency (calculated as % released after
96 h normalized to the VEGF amount used for hydrogel loading)
is increased: SH (100% sulfation): 11%, N-DSH (70% sulfation): 15%,
6O- +N-DSH (44% sulfation): 20% and cDSH (11% sulfation): 21%. Con-
sequently, the amount of VEGF available for delivery after immobiliza-
tion to the desulfated hydrogels can be adjusted to the particular
requirements of a certain application. Moreover, a further so-far-
unexplored advantage of this system could be a decreased re-binding
of hydrogel released growth factors and a reduced scavenging of cell-
secreted soluble effectors.

In sum, the delivery of VEGF by starPEG-heparin hydrogels can be
gradually tuned by targeted removal of specific sulfate residues that
mediate the heparin affinity of the particular growth factor (6O- and
N-sulfate in case of VEGF).

3.4. Influence of the loading concentration to the VEGF delivery

While the VEGF delivery was found to be adjustable upon changing
the type and content of its sulfate binding residues within the building
blocks for starPEG-heparin hydrogels, it was additionally analyzed
whether hydrogels with substantially reduced numbers of interactions
sites (cDSH with only ~11% sulfate groups remaining) are still applica-
ble to administer larger concentrations of the growth factor (5 μg/ml).

For hydrogels prepared from SH (Fig. 4A), the factor concentration
used for loading did not affect the immobilization efficiency (~97%,
p N 0.05, ANOVA). However, when cDSHwas incorporated into the scaf-
folds, the VEGF uptake of ~73% (1 μg/ml protein)was further reduced to
~43% when five times more growth factor was applied (p b 0.05,
ANOVA), indicating that the decreased number of available binding
sites for this derivative becomes a limiting factor in immobilizing higher
amounts of VEGF. However, considering a loading of 200 μl protein so-
lution per cm2 gel, binding efficiencies would result in ~150 ng VEGF/
cm2 for 1 μg/ml and ~430 ng VEGF/cm2 for 5 μg/ml. Thus, the uptake
of VEGF is still adjustable over a large range and might be sufficient to
Fig. 5. Endothelial cell response to hydrogel released VEGF. A) Cell migration through themem
gration as normalized to the positive control. C) Endothelial cell morphogenesis on a collagen
D. Quantification of the tube length of HUVECs on collagen I/starPEG-heparin gel sandwich aft
promote a certain cell response, as growth factors already elicit their bi-
ological function when present at pico- or nanomolar concentrations
[45].

The release kinetics of VEGF are strongly influenced for an applica-
tion of 5 μg/ml protein and the usage of cDSH as a starPEG-heparin hy-
drogel building block (Fig. 4B). Here, compared to all other conditions, a
steeper incline (i.e. faster release) at any time point is due to less avail-
able protein binding sites and therefore less efficient rebinding to the
hydrogel matrix. Similarly, the overall quantity of sequestered VEGF is
affected (Fig. 4C). For incorporation of unmodified SH into the gels, a
five times higher protein concentration in the loading solution resulted
in increased absolute amounts of VEGF being released (release of
~148 ng VEGF/cm2 gel, p b 0.001, ANOVA), but considering the
similar factor uptake, to a similar percentage of release and release effi-
ciencies (~12–15%) as for 1 μg/ml VEGF (see similar curves in Fig. 4B).
When cDSH is applied as a hydrogel building block, 5 μg/ml VEGF also
led to higher absolute quantities being sequestered (release of
~379 ng VEGF/cm2 gel) when compared to a five times lower protein
concentration (p b 0.001, ANOVA). Moreover, due to a lower initial
binding efficiency, different than for 1 μg/ml VEGF (see dissimilar curves
in Fig. 4B), almost all growth factor was released within 96 h (89% of
immobilized amount). Additionally, a further increased release efficien-
cy of up to 38% of the initially for the loading applied VEGF amount after
96 hwas found for this particular setting (5 μg/ml VEGF loaded to cDSH-
based gels).

Overall, the adjustment of sulfation degree in combination with dif-
ferent loading concentrations advantageously allows for tuning the up-
take and release of growth factors to/from the hydrogel matrices, both
with respect to the release kinetics and the released
amounts(Supplementary Fig. 2).

3.5. Endothelial cell response to hydrogel based VEGF gradients

VEGF is known for its multiple effects at the wound healing process
including the promotion of angiogenesis, epithelization and collagen
formation [3]. The pro-angiogenic action of VEGF results in chemotactic
branes depicted with crystal violet staining after 6 h culture. B) Quantified relative cell mi-
I/star-PEG-heparin gel sandwich visualized with phalloidin staining after 3 days culture.
er 3 days culture.
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endothelial cell migration, proliferation, ECM invasion and new blood
vessel formation [3]. Therefore, the effect of VEGF gradients established
from SH and cDSH hydrogels immobilized at the bottom of 24 well
plates loaded with either 0, 1, or 5 μg/ml growth factor has been inves-
tigated. Cell migration was analyzed by culturing the cells on transwell-
inserts coated with collagen type I as endothelial cell migration is pri-
marily mediated through integrin binding to the ECM [46] (Fig. 5A
and B). The cell migration was enhanced in the presence of VEGF-
releasing cDSH-hydrogels as compared to the empty hydrogels
(Fig. 5A). Importantly, the amount of migrating cells was higher in the
presence of desulfated heparin (cDSH) hydrogels due to the higher re-
leased VEGF amount (Fig. 4). A significant difference in the number of
migrating cellswas found for hydrogels loadedwith 1 μg/ml growth fac-
tor, but was less obvious for 5 μg/ml loading (Fig. 5B). The migratory
Fig. 6. cDSH-based hydrogels containing VEGF promotewound angiogenesis in diabeticmice. A
ed with vehicle only, cDSH+ PBS, cDSH based hydrogels loadedwith different amount of VEGF
vascularization and cellularity and is covered by a hyperproliferative and closed epithelium; in
subcutaneous fat; scale bar: 100 μm. B)Morphometric quantification of granulation tissue. C) M
ferentially treated wounds as indicated. D) CD31 (green) stained cryosections of day 10wound
represents a different wound tissue in a different mice; he, hyperproliferative epidermis; g, gr
dashed line outlines granulation tissue (day 10)/scar tissue (day 15).
response of endothelial cells to the administration of VEGF is known
to be concentration-dependent with a plateau of the effect observed at
higher concentrations [47]. This suggests that endothelial cell migration
reached a plateau due to the high VEGF release from both types of
hydrogels loadedwith 5 μg/ml of protein, thus resulting in a smaller dif-
ference between the SH and cDSH heparin.

To evaluate the response of endothelial cell to VEGF delivered across
tightly packed ECM meshworks as, for example, in wound healing, we
overlaid VEGF-loaded hydrogels with a thick, fibrillar collagen type I
layer prior to cell seeding (Fig. 5C and D). Accordingly, there was no di-
rect contact of the HUVECs with the starPEG-heparin matrix. Upon
3 days of culture, morphogenesis of endothelial cells was observed for
both types of SH and cDSH hydrogels releasing VEGF as indicated by
the formation of tubular structures at the collagen surface (Fig. 5C and
) Representative H&E stainings (cryosections) ofwounds, 10 and 15 days post injury, treat-
as indicated; granulation tissue in cDSH+ VEGF treated wounds is characterized by high
vehicle only or cDSH+ PBS treated wounds limited granulation tissue developed over the
orphometric quantification of blood vessels (CD31 stain) within granulation tissue of dif-
s treated as indicated; DAPI counterstaining of nuclei (blue); scale bar: 100 μm. Each point
anulation tissue; sf, subcutaneous fat tissue; dotted line, indicates basement membrane;
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D). Morphogenesis of HUVECs on the collagen I/starPEG-heparin sand-
wich was observed to be VEGF dose-dependent and did not take place
in the absence of VEGF, independent of the hydrogel type (Fig. 5C and
D). Tubular structure density was significantly higher when the cDSH
heparin was used at both 1 and 5 μg/ml loaded growth factor and in
good agreement with the total released amount (Fig. 4C) indicating
that increased VEGF release due to the desulfation results in more pro-
nounced angiogenic cell response in vitro.

3.6. VEGF-releasing hydrogels promotes wound angiogenesis in diabetic
mice

Vascular growth is essential for effective tissue repair and is pro-
foundly attenuated in the preclinical model of impaired healing such
as the diabetic db/db mouse [40,48,8]. Full thickness excision skin
wounds were created on the back of diabetic mice and the repair re-
sponse was characterized following a single, local treatment of wounds
with hydrogels formedout of SH or cDSHpreloadedwith/withoutVEGF.

In afirst experiment, soft and hard hydrogels based on SH, a hard hy-
drogel loaded with 1 μg VEGF per wound, and vehicle only (untreated,
no gel) treated wounds were investigated. The results show, that for
both time points (days 10 and 15 post injury) the wound tissue was
hemorrhagic (soft gel) or the hydrogel was not invaded by cells (hard
gel) (Supplementary Fig. 1). In viewof the excellent (low) anticoagulant
activity (see Section 3.1), a widely tuneable VEGF release (Sections 3.3
and 3.4) as well as a superior in vitro response of HUVECs to the modu-
lated VEGF release (Section 3.5) of cDSH based hydrogels, the second
in vivo study included those hydrogels only. Thus, vehicle only (PBS,
no gel), cDSH based hydrogels loaded with PBS or with different
amounts of VEGF (0.1 μg or 1 μg per gel) were transplanted and
wound assessment was performed after 10 and 15 days post injury,
and representativewound histologies for the different treatment condi-
tions are shown (Fig. 6).

Analysis of H&E-stained cryosections of wound tissue revealed that
at day 10 post injury in all conditions the hydrogel has been resolved
and replaced by granulation tissue that was covered by a
hyperproliferative neo-epithelium (Fig. 6A). Quantitative assessment
revealed that the extend of granulation tissue was significantly in-
creased when cDSH based hydrogels were pre-loaded with VEGF in
comparison to cDSH based hydrogels loaded with PBS or for vehicle
only treated wounds (Fig. 6B). The granulation tissue that developed
in the presence of cDSH based hydrogels containing VEGF was charac-
terized by a pronounced vascular response and increased cellularity
when compared to wound tissue treated with cDSH hydrogels loaded
with PBS or for vehicle only treated wounds (Fig. 6A). Staining for poly-
morphonuclear cells (Gr-1), macrophages (F4/80) and myofibroblasts
(aSMA-actin) revealed a similar density of abundant macrophages and
myofibroblastswithin the granulation tissue of VEGF and vehicle loaded
hydrogels, whereas polymorphonuclear cells were absent in all condi-
tions (data not shown). At high magnification, erythrocytes were de-
tected in the vessel lumen in VEGF-treated granulation tissue
indicating the functionality and integrity of the vascular structures.
Quantitative analysis of vascular structures by CD31 staining on cryo-
sections showed that PBS (vehicle only) or the unloaded hydrogels
(cDSH + PBS) had little effect on wound angiogenesis over the entire
time course of healing (Fig. 6C and D). In contrast, granulation tissue
that developed in the presence of hydrogel preloaded with VEGF was
characterized by a significantly increased vascular response at day 10
post injury. Notably, at both concentrations of VEGF the induction of
capillaries was significantly increased when compared to controls. At
day 15 post injury, the density of VEGF-induced vascular structures
within the scar tissue declined, indicating a timely limited angiogenic
response (Fig. 6C).

Collectively, our findings prove that the degree of heparin sulfation
in starPEG-heparin hydrogels are critical for obtaining an optimal set
of low anticoagulant behavior and high VEGF release (see Fig. 1) and
is therefore suitable to promote soft tissue growth (Fig. 6). Furthermore,
we demonstrate that VEGF, a master regulator of angiogenesis, can be
integrated and protected via the supportive starPEG-heparin hydrogel
matrix to promote the vascularization of the developing connective tis-
sue in diabetic impaired healing conditions.

3.7. Conclusion

Interactions of VEGF with starPEG-heparin hydrogels were success-
fully modulated by selective desulfation of the heparin unit. Specific re-
moval of single sulfate groups mediating protein-GAG affinity (6-O- or
N-sulfate) resulted in higher VEGF release rates at unaffected uptake
levels. Removal of both 6-O- or N-sulfate moieties or loading of in-
creased VEGF amounts reduced the growth factor binding efficiency
but enabled the delivery of higher amounts of the cytokine. Removal
of 10% of the sulfate groups of heparin was shown to be sufficient to re-
duce the anti-coagulant activity of below 1%.

Hydrogels formed out of cDSH were concluded to be superior with
respect to efficacy of VEGF administration, a low anticoagulant activity
and for the promotion of therapeutic angiogenesis.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.10.028.
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