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a b s t r a c t

Functional biomaterials that are able to bind, stabilize and release bioactive proteins in a defined manner
are required for the controlled delivery of such to the desired place of action, stimulating wound healing
in health-compromised patients. Glycosaminoglycans (GAG) represent a very promising group of compo-
nents since they may be functionally engineered and are well tolerated by the recipient tissues due to
their relative immunological inertness.
Ligands of the Epidermal Growth Factor (EGF) receptor (EGFR) activate keratinocytes and dermal

fibroblasts and, thus, contribute to skin wound healing. Heparin-binding EGF-like growth factor (HB-
EGF) bound to GAG in biomaterials (e.g. hydrogels) might serve as a reservoir that induces prolonged acti-
vation of the EGF receptor and to recover disturbed wound healing.
Based on previous findings, the capacity of hyaluronan (HA) and its sulfated derivatives (sHA) to bind

and release HB-EGF from HA/collagen-based hydrogels was investigated. Docking and molecular dynam-
ics analysis of a molecular model of HB-EGF led to the identification of residues in the heparin-binding
domain of the protein being essential for the recognition of GAG derivatives. Furthermore, molecular
modeling and surface plasmon resonance (SPR) analyses demonstrated that sulfation of HA increases
binding strength to HB-EGF thus providing a rationale for the development of sHA-containing hydrogels.
In line with computational observations and in agreement with SPR results, gels containing sHA dis-
played a retarded HB-EGF release in vitro compared to pure HA/collagen gels. Hydrogels containing HA
and collagen or a mixture with sHA were shown to bind and release bioactive HB-EGF over at least
72 h, which induced keratinocyte migration, EGFR-signaling and HGF expression in dermal fibroblasts.
Importantly, hydrogels containing sHA strongly increased the effectivity of HB-EGF in inducing epithelial
tip growth in epithelial wounds shown in a porcine skin organ culture model. These findings suggest that
hydrogels containing HA and sHA can be engineered for smart and effective wound dressings.

Statement of Significance

Immobilization and sustained release of recombinant proteins from functional biomaterials might over-
come the limited success of direct application of non-protected solute growth factors during the treat-
ment of impaired wound healing.
We developed HA/collagen-based hydrogels supplemented with acrylated sulfated HA for binding and

release of HB-EGF. We analyzed the molecular basis of HB-EGF interaction with HA and its chemical
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derivatives by in silicomodeling and surface plasmon resonance. These hydrogels bind HB-EGF reversibly.
Using different in vitro assays and organ culture we demonstrate that the introduction of sulfated HA into
the hydrogels significantly increases the effectivity of HB-EGF action on target cells. Therefore, sulfated
HA-containing hydrogels are promising functional biomaterials for the development of mediator releas-
ing wound dressings.

! 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Glycosaminoglycans (GAG) are essential components of the
extracellular matrix (ECM), being hyaluronan (HA) and dermatan
sulfate the ones prevailing in skin. Therefore, they are highly bio-
compatible and are often used as basic constituents in designing
biomaterials [1]. Native HA as non-sulfated GAG, or functionalized
derivatives thereof are widely used as building blocks in regenera-
tive medicine [2,3]. Especially HA derivatives with crosslinkable
thiol or acrylate groups [4,5] are broadly used to generate three-
dimensional structures [6]. Sulfated GAG like the naturally occur-
ring chondroitin sulfate (CS) and heparan sulfate are structural
and reservoir-forming matrix components of great physiologic rel-
evance [7–9]. Especially the highly variable sulfation motifs of GAG
direct the interactions with biological mediator proteins thereby
regulating the cell behavior (so called ‘‘sulfation code” [10]). Recent
developments in the design of functional biomaterials thus apply
chemically sulfated GAG for tailoring interaction with cells [11].

EGFR-signaling is mandatory for the successful closure of skin
wounds since these signals activate keratinocyte migration, prolif-
eration and activate the underlying dermal fibroblasts. Moreover,
first attempts using EGF proved the beneficial effects of EGFR
ligands for the treatment of disturbed wound healing [12,13].

The EGFR’s ligand HB-EGF potently supports migration and pro-
liferation of keratinocytes [14–16], but its way of presentation
determines whether migration (by immobilized HB-EGF) or prolif-
eration (by solute HB-EGF) is supported [17,18]. Furthermore, HB-
EGF induces the secretion of additional mediators by dermal
fibroblasts that activate keratinocytes and have pro-angiogenic
functions [19]. Beswick et al. reported an improved epithelial
regeneration by HB-EGF in oral wound mouse models [20]. Occa-
sionally, an advantage of HB-EGF over two other commonly used
growth factors, namely fibroblast growth factor-2 (FGF2) and EGF
was previously reported in healing studies [21,22]. HB-EGF specif-
ically induces the phosphorylation of EGFR-Y1045 and activates
Stat5, thus promoting cell proliferation and migration. The
heparin-binding (HB) domain of HB-EGF is responsible for EGFR-
mediated Stat5 activation, resulting in a more potent cellular pro-
liferation and migration than that mediated by EGF [22].

Direct application of recombinant proteins to non-healing or
burn wounds revealed to be ineffective due to short-lived activity
and rapid degradation [23]. Therefore, intelligent delivery systems
have to be developed which may preserve the integrity of the
mediators in the wound milieu and release active compounds over
longer time periods. Besides, the strategies of delivering proteins
and other bioactive molecules in an encapsulated form, the appli-
cation of hydrogels or other supporting materials that bind and
release such molecules in a controlled fashion may be part of the
solution and help to specifically improve healing of disturbed or
very large wounds. The negatively charged nature of GAG mole-
cules may facilitate the binding to positively charged residues in
proteins or domains [24].

HB-EGF interacts via its HB domain with native GAG as part of
proteoglycans located on the cell membrane and in the ECM
[25,26]. Strong interaction with negatively charged GAG may be

favorable for this molecule since bound HB-EGF may be retained
within the GAG-containing matrix and released slowly over time,
resulting in a long lasting local activity of HB-EGF.

In contrast to pure HA-based hydrogels which show poor cell
attachment and quick enzymatic degradation [27], HA-based
hydrogels incorporating collagen fibrils were reported to support
endothelial cell growth and to be more stable against enzymatic
degradation via hyaluronidase [28]. We aimed to analyze the inter-
action potential of HB-EGF with distinct chemically modified GAG
derivatives. For this, HA-modified hydrogels were investigated
towards their proposed capability to retain and slowly release
active HB-EGF that might exert beneficial effects on cells being
critical for skin wound healing. In case of large wounds (e.g. burns)
or disturbed wound healing (e.g. diabetes, infection or chronic
venous insufficiency), engineered hydrogels may provide fast and
sterile wound closure and initiate endogenous wound repair.
Hydrogels should form a beneficial micro-milieu that provides
key functions of the natural extracellular environment supporting
wound closure through migration and proliferation of the epider-
mal keratinocytes. We utilized a versatile HA/collagen-based
hydrogel platform that can be independently adjusted with respect
to mechanical and biochemical properties [28].

The effect of defined sulfation patterns and chain length of sul-
fated HA (sHA) derivatives on their interaction with HB-EGF in
comparison to native HEP and CS were investigated via surface
plasmon resonance (SPR). sHA was incorporated into the gels to
increase the number of potential binding sites for growth factors,
thus improving the binding and release characteristics for HB-
EGF and, finally, the cellular response. In order to gain a deeper
understanding on the experimentally observed binding and
release, we carried out an atomic-detailed characterization of the
interactions of HB-EGF with HA and sHA derivatives. For this, we
established theoretical models based on computer-aided molecu-
lar modeling and dynamics simulation techniques. The results
obtained from our computational and experimental binding stud-
ies help us to better understand GAG/HB-EGF molecular recogni-
tion and provide us with the rational basis for the development
of improved new hydrogels.

The effects of the hydrogels on cells relevant for cutaneous
wound healing were analyzed by in vitro studies using human
and porcine dermal fibroblasts (DF), a human keratinocyte cell line
(HaCat), and porcine skin organ culture.

2. Experimental section

2.1. Materials

Native HA (MW = 1,100 kDa from Streptococcus) was purchased
from Aqua Biochem (Dessau, Germany), CS (MW = 20 kDa, 70%
chondroitin-4-sulfate, 30% chrondroitin-6-sulfate, from porcine
trachea) was from Kraeber (Ellerbek, Germany), sulfur trioxide/
dimethylformamide complex (SO3-DMF, active SO3 ! 48%) and sul-
fur trioxide/pyridine complex (SO3-pyridine, active SO3 ! 45%)
were obtained from FlukaChemie (Buchs, Switzerland). Rat
collagen type I (coll) was received from Corning (Kaiserslautern,
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Germany), HEP (MW = 18 kDa, from porcine intestinal mucosa) and
biochemical reagents were purchased from Sigma-Aldrich
(Schnelldorf, Germany). Lithium phenyl-2,4,6-trimethylbenzoyl
phosphinate (LAP) was obtained from TCI Deutschland GmbH
(Eschborn, Germany) and human recombinant HB-EGF was from
R&D Systems (Wiesbaden-Nordenstadt, Germany). CS- and HEP-
hexasaccharides (degree of polymerization (dp) 6) were purchased
from Iduron (Manchester, UK).

2.2. Preparation of GAG derivatives

Low-molecular weight HA, low-sulfated HA (sHA1) and differ-
ently sulfated HA oligosaccharides were synthesized and charac-
terized as described earlier [29–33]. The influence of different
sulfation patterns of HA on the interplay with HB-EGF was studied
with a HA tetrasaccharide exclusively sulfated at the C6 position of
the N-acetylglucosamine residues (sHA1 dp4), a sulfated derivative
bearing no sulfate groups at the N-acetylglucosamine residues
(sHA2D46s dp4), a HA tetrasaccharide fully sulfated at the glu-
curonic acid residues carrying one additional sulfate group at the
C4 position of the N-acetylglucosamine residues (sHA3D6s dp4),
and with per-sulfated HA tetra- and hexasaccharides, where all
hydroxyl groups are substituted by sulfate groups (psHA dp4,
dp6). Acrylated HA (HA-AC) and acrylated sHA1 (sHA1-AC) were
prepared with acryloyl chloride according to previously described
protocols [28]. The analytical characteristics of these GAG deriva-
tives are reported in Table 1, while the structures of the studied
HA oligosaccharide variants is displayed in Fig. 1(A–E).

2.3. Preparation of hydrogels

HA/collagen hydrogels with and without sHA1-AC were pre-
pared as previously described [28]. In brief, 200 mL of HA-AC
(10 mg/mL) dissolved in 0.5 mg/mL suspension of collagen type I
fibrils were mixed with 20 mL LAP (1 mg/100 mL) dissolved in
water. 200 mL of this mixture were filled into wells of a 48 well
plate and photo-crosslinked with UV light (365 nm, 0.17 W/cm2)
for 600 s. HA-AC/sHA1-AC/coll gels were obtained by replacing
50 mL HA-AC by 50 mL of sHA1-AC (10 mg/mL) dissolved in
0.5 mg/mL suspension of collagen type I fibrils. Afterwards, the gels
were lyophilized, washed twice with water, and lyophilized again.

The characterization of the hydrogels has been previously
reported [28]. Scanning electron microscopy images proved the
porous structure of the freeze-dried hydrogels with pore sizes of
at least 100 mm. This porous structure with embedded collagen
fibers was obtained irrespectively of the presence or absence of
acrylated sulfated HA derivatives. Pure HA-AC/coll-based hydro-
gels showed an elastic modulus of 17 kPa ± 2 kPa, which is compa-
rable to those containing additional sHA1-AC (16 kPa ± 1 kPa).
However, the swelling ratio of the hydrogels differed depending
on the composition. Both gel types bound more water than their
initial dry weight within 5 min and gels with sHA1-AC absorbed
even more water than pure HA-AC/coll hydrogels (swelling ratios
of 47 ± 2 for HA-AC/coll and 74 ± 8 for HA-AC/sHA1-AC/coll). Both
hydrogel types were biodegradable in vitro within 48 h by treat-
ment with high hyaluronidase concentrations (1000U/mL) [28].

2.4. Surface plasmon resonance measurements of HB-EGF interaction
with GAGs

SPR studies were performed using a Biacore T100 instrument
(GE Healthcare, USA) at 37 "C in HBS-EP running buffer (10 mM
HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.05% surfactant
P20). HB-EGF was immobilized on a CM5 Series S sensor chip
(GE Healthcare) at 25 "C via amine coupling according to the man-
ufacturer’s protocol. An immobilization level of about 520RU was

Table 1
Characterization of chemically modified HA derivatives. The respective degree of
acrylation (D.S.AC) was estimated from 1H NMR spectra, while the degree of sulfation
(D.S.S) was calculated via the sulfur content determined with an elemental analyzer,
the Mw was analyzed by gel permeation chromatography with laser light scattering
detection. All sulfated oligohyaluronans are chromatographically pure compounds
with fully assigned 1H and 13C NMR spectra; several compounds were confirmed by
HRMS [30,31].

Sample D.S.S D.S.AC Mw (kDa)

HA – – 48.26
HA-AC – 0.6 145.68
CS 0.8 – 19.76
sHA1 1.2 – 26.42
sHA1-AC 1.5 0.7 27.01
HA (dp4) – – 0.78
sHA1 (dp4) 1.0 – 0.96
sHA2D46s (dp4) 2.0 – 1.36
sHA3D6s (dp4) 3.0 – 1.55
psHA (dp4) 4.0 – 1.76
psHA (dp6) 4.0 – 2.57

Fig. 1. Structure of analyzed HA and sHA oligosaccharides.
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obtained after injection of HB-EGF (10 mg/mL) dissolved in sodium
acetate buffer (pH 4.5) for 120 s at a flow rate of 5 mL/min. An acti-
vated and afterwards inactivated flow cell without immobilized

HB-EGF served as reference. For measurements of GAG binding
to immobilized HB-EGF, GAG samples dissolved in running buffer
to 1–400 mM disaccharide units were injected for 180 s at 30 mL/
min. After each injection and a dissociation time of 600 s, the sen-
sor chip surface was regenerated by injecting 5 M NaCl containing
5 mM NaOH for 60 s and allowed to stabilize for 1000 s. The signal
from the experimental flow cell with immobilized HB-EGF was cor-
rected by subtracting the signal from a buffer injection and the ref-
erence flow cell. The binding levels were recorded 10 s before the
end of injection in order to rank the GAGs according to their bind-
ing strength. All measurements were performed in triplicate. The
Biacore T100 evaluation software 2.03 was used to analyze the
binding parameters.

2.5. Computational analysis of GAG/HB-EGF interactions

2.5.1. Modeling of HB-EGF
Fold recognition methods were used to predict the three-

dimensional (3D) structure of the N-terminal region of HB-EGF
(residues 1–44 from a total of 86). For this, the threading algorithm
ProHit (ProCeryon Biosciences) [34,35] was employed as previ-
ously described [36]. The first 58 residues of HB-EGF were
threaded against a fold library containing all protein structures
currently available at the Protein Data Bank (PDB). Comparative
modeling methods were applied to build the full structure of HB-
EGF. The program Modeller implemented in Discovery Studio
(Accelrys) [37] was used for this purpose. The top scoring hit
resulting from the threading calculations (PDB-ID: 1ML4) [38]
was used as template to model the N-terminal region. A high-
resolution crystal structure containing an extracellular fragment
of EGF in complex with diphtheria toxin (PDB-ID: 1XDT) [39] and
a NMR structure consisting of an EGF-like domain (PDB_ID:
2RNL; model 16) were used as templates to model the rest of
HB-EGF (residues 45–85 and 35–84 of HB-EGF, respectively). The
resulting full structure of HB-EGF was energy refined by molecular
dynamics (MD) in AMBER14 [40] (vide infra; Section 2.5.4). The
lowest energy conformation was selected for further docking stud-
ies with the GAG derivatives.

2.5.2. Modeling of GAG derivatives
MOE (2016) [41] and AMBER14 [40] were used to model the fol-

lowing GAG molecules: tetrameric (dp 4) hyaluronan azide deriva-
tives HA, sHA1, sHA3D6s, psHA, hexameric (dp 6) psHA, HA-AC
and sHA1-AC (Fig. 1). Based on previous work [42], hexameric
GAG length (dp6) was considered as representative of polymeric
GAG for our docking studies.

2.5.3. Molecular docking
Binding of GAG derivatives to the modeled HB-EGF was ana-

lyzed by docking using Autodock 3 [43]. Autogrid 3 was used to
calculate the atomic potential of each structure covering the full
surface of HB-EGF with a grid box of 120 Å " 118 Å " 126 Å and
a grid spacing of 0.447 Å. The GAG molecules were treated as com-
pletely flexible and the protein rigid. The Lamarckian genetic algo-
rithm with an initial population size of 300 and a termination
condition of 10,000 generations and 9.995 " 105 energy evalua-
tions was used. A total of 1000 independent runs were carried
out. Spatial clustering of the top 50 docking solutions was per-
formed with the DBSCAN algorithm [44] as previously described
[45]. For each GAG-protein system, a representative GAG binding
pose was selected from the docking cluster obtained at the HB
domain, and the corresponding complex was further refined by
MD.

2.5.4. Molecular dynamics simulations
The GAG-protein complexes selected as representative from

the docking studies were further refined by MD simulations in
AMBER14 [40]. Charges were taken from the GLYCAM 06-j force
field [46] for the different sulfated hyaluronan units and from
the literature for sulfate groups [47]. AMM1-BCC charges [48]
were used for the azide group. RESP atomic charges [49,50] were
derived at the HF/6-31G(d) calculation level for the acrylate frag-
ment using Gaussian09 [51]. Parameters for the GAG were taken
from the GLYCAM-06j force field [46] and for the proteins from
the ff14SB force field [40]. Missing parameters of the azide and
acrylate groups were taken from the General Amber Force Field
(GAFF) [52]. Each GAG-protein complex was solvated in a trun-
cated octahedral box of TIP3P water molecules and neutralized
with Na+ or Cl# counterions. MD simulations were preceded by
two energy-minimization steps: i) only the solvent and ions were
relaxed with position restraints for the solute (500 kcal/mol$Å2)
using 1000 steps of steepest descendent minimization followed
by 500 steps of conjugate gradient minimization; ii) the entire sys-
tem was minimized without restraints applying 3000 cycles of
steepest descendent and 3000 steps of conjugate gradient equili-
bration. Then, the system was heated up from 200 K to 300 K in
20 ps with weak position restraints (10 kcal/mol$Å2). Langevin
temperature coupling with a collision frequency c = 1 ps#1 was
used at this step. The system was equilibrated under constant
pressure of 1 atm using periodic boundary conditions (NPT condi-
tions) at 300 K for 50 ps. A total of 50 ns MD simulation was car-
ried out at 300 K NPT conditions for each complex. The SHAKE
algorithm was used to constrain all bonds involving hydrogen
atoms. A time step of 2 fs was used during SHAKE algorithm. A
cutoff of 8 Å was applied to treat the non-bonded interactions
and the Particle Mesh Ewald (PME) method was used to treat
long-range electrostatic interactions. MD trajectories were
recorded every 10 ps. The pyranose rings in the GAG molecules
were harmonically restrained. Trajectories were visualized with
VMD [53]. Energy decomposition per residue as well as binding
free energy post-processing analysis of the last 300 frames from
the MD simulations were performed in implicit solvent using
theMM-GBSA method [54,55] as implemented in AMBER14. Data
analysis was carried out with OriginLab [56]. Figures were created
with PyMOL [57].

2.5.5. Electrostatic potential calculation
The electrostatic potential surface was calculated using the

PBSA program from AmberTools with a grid spacing of 1 Å.

2.6. Measurement of HB-EGF release from sHA1 containing hydrogels

HA-AC-coll and HA-AC-/sHA1-AC-coll hydrogels were incu-
bated over night at 37 "C in sterile 2 mL protein LoBind tubes
(Eppendorf, Germany) with 200 ng recombinant human HB-EGF
in 400 mL Dulbecco’s Modified Eagle Medium (DMEM, Biochrom,
Germany) supplemented with 5% fetal calf serum (FCS, Bio-
chrom), and 1% ZellShield (Biochrom) on an orbital shaker (fresh
HB-EGF). After incubation, the supernatant was aliquoted (HB-
EGF after incubation) and hydrogels were washed 3 times for
10 min with 1 mL DMEM, 5% FCS at 37 "C on an orbital shaker.
Gels were incubated with 1 mL DMEM, and 5% FCS for addi-
tional 3 days with replacement of medium at each day (release
24 h, 48 h and 72 h). Aliquots were stored at #80 "C until use.
Volumes of supernatants were determined by weighing. The
amount of released HB-EGF was analyzed with human HB-EGF
Quantikine ELISA Kit (R&D Systems) according to manufacturer’s
protocol.
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2.7. Cell culture

The investigations were approved by the local ethics committee
(269/16-ek) and conducted according to the Declaration of Hel-
sinki Principles (1975).

Human dermal fibroblasts (DF) were obtained from female
human breast skin, and porcine DF were isolated from pig ear skin
using a tissue dissociating protocol previously described [58]. Dis-
pase II (Roche Diagnostics GmbH, Mannheim, Germany) mediated
removal of the epidermal sheet was followed by digestion of the
dermal compartment with collagenase (Sigma-Aldrich Chemie
GmbH, Germany). To remove tissue debris the cell suspension
was passed through 70 mm filters (BD Biosciences, USA). Cells were
cultured with DMEM (Biochrom) supplemented with 10% FCS (Bio-
chrom) and 1% ZellShield (Biochrom) at 37 "C, 5% CO2 until conflu-
ence. DF were detached by 0.05% trypsin/0.02% EDTA (Biochrom).
For experiments, primary cells between passages 2–4 were used.
The human HaCat keratinocyte cell line was purchased from CLS
Cell Lines Service GmbH (Germany) and maintained in DMEM sup-
plemented with 10% FCS (Biochrom) and 1% ZellShield (Biochrom).

2.8. Analysis of HaCat cell migration

HaCat cells (7x104 per well) were seeded in an ImageLock 96
well plate (Essen BioScience, USA) and grown in DMEM supple-
mented with 10% FCS (Biochrom) and 1% Zellshield (Biochrom).
After 3 h medium was changed to DMEM supplemented with
0.5% FCS and cells were cultivated over night at 37 "C, 5% CO2.
Low serum conditions prevent cell proliferation that would other-
wise contribute to gap closure.

A 700–800 mm wide scratch was applied in the cell-monolayer
with IncuCyte# WoundMaker (Essen BioScience), and remaining
cells were washed twice with PBS (Biochrom). Recombinant HB-
EGF solutions in DMEM 0.5% FCS (0, 1, 5, 10 and 20 ng/mL) and
gel supernatants were added to the cells. Cells were incubated over
24 h-72 h, and migration was determined as closed part of initial
wound area every 30 min with IncuCyte# Scratch Wound Cell
Migration Software Module (Essen BioScience).

2.9. Analysis of HGF mRNA expression after stimulation of HDF with
HB-EGF-containing hydrogel supernatants

Human DF (4x104 per well) were seeded in a 6 well plate and
grown in DMEM supplemented with 10% FCS (Biochrom) and 1%
Zellshield (Biochrom). After 4 h, the medium was changed to
DMEM supplemented with 5% FCS and cells were cultivated
over-night at 37 "C, 5% CO2. Cells were stimulated with 20 ng/mL
HB-EGF (stock solutions) or gel supernatants (release 24 h, 48 h
and 72 h) in DMEM 5% FCS for 48 h).

Total RNA was directly prepared from cell cultures with Qiagen
RNeasy# Mini Kit (Qiagen, Germany) according to manufacturer’s
instructions. RNA quantity and purity were determined by spec-
trophotometry (ND-1000, Nano Drop Technologies, USA). First-
strand cDNA synthesis was performed with Superscript Mix
(Quantabio, USA) according to manufacturer’s instructions by
using 0.5–1.0 lg total RNA. GoTaq# qPCR Master Mix (Promega
Corporation, USA) with intercalating dye was used for qRT-PCR,
which was performed with a Rotor-Gene Q cycler (Qiagen). The
primers for human Hepatocyte growth factor (HGF;
NM_000601.5; HGFsense: CCACACCGGCACAAATTCTTG; HGF-
antisense: AGCCAACTCGGATGTTTGG) and unregulated reference
gene 40S ribosomal protein S26 (RPS26; NM_001029) [59]:
RPS26sense: CAATGGTCGTGCCAAAAAG, RPS26antisense: TTCACA-
TACAGCTTGGGAAGC were designed and verified with NCBI Primer
Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast) and syn-
thesized by Metabion International AG (Martinsried, Germany).

Fluorescence was measured for 20 s at 80–82 "C depending on
the melting temperature of amplified DNA. The specificity of PCR
product was confirmed one time by sequencing and by melting
curve analysis at the end of each run. HGF expression was normal-
ized to the reference gene RPS26.

2.10. Analysis of EGFR signaling

1,5 " 105 porcine fibroblasts/well were seeded in 6-well plates
and incubated at 37 "C, 5% CO2 with DMEM/10% FCS (Biochrom)
until wells were almost confluent followed by incubation over
night with DMEM/0.5% FCS. Cells were washed once with PBS
and then incubated for 5 min with recombinant HB-EGF in DMEM
(10 ng/mL) or non-diluted supernatants of HB-EGF-exposed HA-
and sHA-hydrogels. After 5 min supernatants were completely
removed and cells were washed once with cold PBS on ice. Cell
extracts were prepared by cooled lysis with a mixture of 10"
RIPA-buffer (Cell Signaling Technologies, Germany), 100" HaltTM

Phosphatase Inhibitor Cocktail (Thermo Scientific, USA) and 100"
HaltTM Protease Inhibitor Cocktail (Thermo Scientific) diluted in
aqua dest. Cell lysates were harvested with Cellscraper and briefly
sonicated for 30 s with following centrifugation for 10 min at
14,000g. Protein content was determined with a BCA test (Thermo
Scientific). Supernatants were denatured with 5" Laemmli buffer
containing b-mercaptoethanol. 15mg protein/lane was separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(TGX Stain-FreeTM Protein Gels 4–20%, Biorad, USA) and blotted
on nitrocellulose membranes (ProtranTM 0.45 mm GE Healthcare,
UK). Activated pAkt was detected by a rabbit anti-phosphoAkt
(Ser473) primary antibody (Cell Signaling Technologies (CST),
#4060, Germany). Complete Akt was detected after stripping with
a rabbit anti Akt antibody (CST, #4691, Germany). Goat-anti-rabbit
IRDye# 680RD and goat-anti-rabbit IRDye# 800 (LI-COR Inc., USA)
were used as secondary antibodies. Blots were visualized using
Odyssey Fc Imaging System (LI-COR Inc). The signals were normal-
ized to the expression of GAP-DH (AB 2302, Merck, Germany).

2.11. Organ culture of porcine skin

Ears from freshly sacrificed pigs were obtained from the
Medical-Experimental Center of Leipzig University. Organ culture
was set up according to a method described by Brander et al. [60]
and slightly modified. After washing the ears for 5 min under run-
ning tap water and careful removal of hairs without damaging the
epidermal layer, ears were disinfected for 5 min with paper towels
soaked in Sterillium (Bode, Germany). Next to rinsing the ears with
sterile 0.9% NaCl-solution, plicae scaphae were incubated with
Betaisodona-solution (Mundipharma, Germany) for 5 min. Excess
solution was blotted away with sterile paper towels. Strips of epi-
dermal layer were removed from top of plicae scaphae using a sharp
razorblade resulting in long epidermal wounds of about 5 mm
width. Using a scalpel, cuts were created parallel to thewoundmar-
gins and whole plicae were removed from the underlying adipose
tissue. The resulting skin strips were cut into pieces providing rect-
angular sections (1 cm " 0.5 cm). Rectangular woundswith parallel
wound margins were created enabling reproducible microscopic
analysis of wound margins in consecutive specimen. The wounded
skin pieces were cultured in 12-well plates with dermis down on
three layers of sterile gauze soaked with 2 mL of DMEM with 5%
FCS (Biochrom). During culture, the epidermis was exposed to the
air and the medium contact was given through the dermis.

HA-AC/sHA1-AC/Coll hydrogels were pre-loaded with HB-EGF
as described above (see 2.6). After a washing step the hydrogels
were placed directly on the wounds overlapping the wound mar-
gins. For wounds with solute HB-EGF, 20 mL of stock solution
(20 ng/mL; final: 400 ng per wound) were added.
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The cultures were incubated at 37 "C for 48 h. Then the
wounded skin was fixed in 4% buffered formaldehyde and embed-
ded in paraffin.

2.12. Histological analysis

For histological examination, dewaxed, and rehydrated sections
(6 mm thickness) were used. Sections were stained with Masson-
Goldner-Trichrome according to manufacturer’s protocol (Carl-
Roth, Germany) and mounted with Entellan (Merck). Pictures were
taken using a Keyence BZ9000 microscope (Keyence, Germany).
The length of newly forming epidermis tips was measured with
ImageJ [61] on both wound sites, and 8–12 wounds were analyzed
per condition. The analysis was performed by two independent
investigators (TW & ST).

2.13. Statistics

For statistical significance evaluation, experiments were
repeated at least three times. Two-way ANOVA with Bonferroni
post-hoc test were used to evaluate differences between groups.

Epidermal tip length was analyzed by one way ANOVA with
Fishers LSD Posthoc Test.

P values <0.05 were considered statistically significant.

3. Results

3.1. Analysis of GAG/HB-EGF interaction

The potential interactions of chemically modified HA deriva-
tives with HB-EGF were studied by SPR. Binding analyses showed
a concentration-dependent binding of sulfated GAG to immobi-
lized HB-EGF (Fig. 2). sHA1 interacted with HB-EGF stronger than
CS at a concentration of 100 mM D.U., while there were no signifi-
cant differences between both GAG at lower concentrations. No
binding was detected for non-sulfated HA at 1 and 10 mM D.U.
(Fig. 2B). Native HEP, which served as additional control, showed
a binding strength comparable to sHA1 at 100 mM D.U., even
though HEP has a higher D.S.S (Fig. 2B). Furthermore, HEP/HB-
EGF complexes were less stable than sHA1/HB-EGF complexes as
indicated by the much faster dissociation of HEP compared to
sHA1 after the end of injection (Fig. 2A).

Fig. 2. Interaction of GAG polysaccharides and GAG oligosaccharides with HB-EGF. (A) Binding sensorgrams of 100 lMD.U. native GAG polysaccharides (HA, CS and HEP) and
sHA1 to HB-EGF surfaces and (B) normalized binding levels corrected for the molecular weight of the respective GAG. (C) Binding sensorgrams of 400 lM D.U. GAG
oligosaccharides to immobilized HB-EGF and (D) normalized binding levels corrected for the molecular weight of the respective GAG. Two-way ANOVA: *p < 0.05, **p < 0.01,
***p < 0.001 vs. respective treatment; n = 3. (E) Electrostatic potential surface of the HB-EGF model. Contour color gradients: +5.0 kT/e (blue) and #5.0 kT/e (red). (F) Molecular
docking results of psHA (dp 4) with HB-EGF. HB-EGF is shown as a blue cartoon with the HB domain in green. psHA (dp 4) is depicted in orange sticks.
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For mechanistic studies regarding their interaction with HB-
EGF, differently sulfated HA oligosaccharides were analyzed in
comparison to native HA-, CS- and HEP-hexasaccharides. Injections
of HA (dp4), sHA2D46s (dp4) (Fig. 2C and D), CS (dp6), and HEP
(dp6) (Fig. S1) did not result in any detectable binding signal. This
suggests that longer HEP chains are required for interaction with
HB-EGF. In contrast, sHA1 (dp4) which is exclusively sulfated at
the C6 position of the N-acetylglucosamine, sHA3D6s (dp4) and
psHA (dp4, dp6) bind HB-EGF in a concentration-dependent man-
ner (Fig. 2D). Except for sHA2D46s (dp4), the binding strength of
sHA tetrasaccharides increased with the D.S.S.

The molecular recognition of GAG by HB-EGF was further inves-
tigated by molecular modeling. The 3D structure of the full HB-EGF
protein has not been yet been experimentally resolved and at the
PDB there is only a structure available containing a fragment of
its C-terminal region which lacks the putative GAG recognition
region at the HB domain. Therefore, a combined approach based
on threading and comparative modeling techniques was employed
in order to build a 3D model of the full structure of solute HB-EGF
(86 residues without pro-peptide). Residues D1-E58 (comprising
the N-terminal and part of the experimentally resolved C-
terminal region) were threaded against a fold library containing
all currently available protein structures in order to look for possi-
ble structural matches to predict their 3D fold. The best scoring
structure obtained (PDB-ID: 1ML4) was taken as template for mod-
eling the N-terminal region. The available structures of a fragment
of the C-terminal region of HB-EGF and an EGF-like domain were
used as templates for the modeling of the rest of the residues. A
refined 3D model of the full structure of HB-EGF was obtained by
applying MD simulations (2.5.4). The calculated electrostatic
potential of HB-EGF suggested that the N-terminal and HB regions
could be involved in GAG binding (Fig. 2E). Molecular docking and
MD-based energy analyses indicated that recognition of GAG by
HB-EGF takes place precisely on the HB basic patch of the protein
(Figs. 2F, S2).

The strength of the computed interaction energies between the
investigated GAG and HB-EGF ranked as follows: psHA (dp4)
> sHA3D6s (dp4) > psHA (dp6) > sHA1 (dp4) > HA (dp4) (Table 2).
These results are in agreement with the SPR binding data obtained
experimentally (Fig. 2C and D). Considering the studied HA
tetrasaccharides, binding increased with higher D.S.S. The interest-
ing weaker binding obtained for psHA (dp6) in comparison to
sHA3D6s (dp4) and psHA (dp4), in spite of having higher number
of sulfate groups, was further investigated. Per-residue free bind-
ing energy decomposition analysis revealed that residues R32,
K33, K34, K35, K41 and K42 in the HB domain were contributing
most in GAG binding (Fig. S3). It is of note that psHA (dp6) showed
significantly lower interaction energies with the key residues in
comparison to sHA3D6s (dp4) and psHA (dp4), which explain the
rationale behind the lower binding experimentally observed.

3.2. Release of HB-EGF from hydrogels

In this study we aimed to develop hydrogels that bind and
release HB-EGF for their use as wound dressings. For biological
validation, the HB-EGF binding and releasing capacity of HA-AC-
and sHA1-AC-modified hydrogels and the biological activity of
the released HB-EGF were determined.

First, we evaluated the binding and releasing profiles of HA-AC-
and sHA1-AC-modified hydrogels loaded with recombinant human
HB-EGF (Fig. 3). We could demonstrate that sHA1-AC-containing
hydrogels bind 36.7% ± 12.7% of the added HB-EGF, while HA-AC-
containing hydrogels captured 28.8% ± 16.1% (Fig. 3A). However,
the sHA1-AC-modified hydrogels released significantly less

HB-EGF compared to solely HA-AC modified hydrogels (Fig. 3B).
It is of note that also the sHA1-containing hydrogels release
approx. 1 ng HB-EGF per 24 h during the observing period of 72 h
(Fig. 3B), which might give a suitable local concentration of HB-
EGF exerting local biological function.

In order to quantify the established interactions and to shed
light on their molecular basis, we performed a computer-based
investigation of the binding of HA-AC and sHA1-AC to HB-EGF
(Fig. S4) using our molecular models. The calculated interaction
energies for the HA and sHA1 acrylate derivatives in complex with
HB-EGF (Table 3) were stronger for sHA1-AC than for HA-AC, which
is in good agreement with the binding and release data obtained
experimentally for the acrylated hydrogels (Fig. 3). In addition,
the results obtained from our per-residue energetic contribution
analysis indicated more favorable interactions with protein resi-
dues K41, K42, and R43 for sHA1-AC than for HA-AC (Fig. S5).

Fig. 3. Binding and release of HB-EGF from HA-AC/sHA1-AC hydrogels: (A) The HB-EGF content was measured before and after the incubation with the hydrogels. Gels were
immersed in 200 ng of HB-EGF overnight. (B) The release of recombinant human HB-EGF from hydrogels containing HA-AC or sHA1-AC was quantified per 24 h by ELISA.
n = 3, ***p < 0,005.

Table 2
MM-GBSA binding free energies obtained for oligo-
hyaluronan derivatives in complex with HB-EGF.

GAG DGGAG/HB-EGF (kcal/mol)

psHA (dp4) #100.9 ± 9.5
sHA3D6s (dp4) #81.8 ± 9.6
psHA (dp6) #77.5 ± 8.8
sHA1 (dp4) #34.5 ± 5.5
HA (dp4) #24.8 ± 4.9

S. Thönes et al. / Acta Biomaterialia 86 (2019) 135–147 141



3.3. Biological activity of hydrogel released HB-EGF

Based on these interaction studies, we performed an in vitro
study aiming to investigate the effects of solute HB-EGF on cell
types that are essentially involved in wound healing: dermal
fibroblasts, a human keratinocyte cell line as well as an organ cul-
ture of wounded porcine skin.

Table 3
MM-GBSA binding free energies obtained for acrylate
hyaluronan derivatives in complex with HB-EGF.

GAG DGGAG/HB-EGF (kcal/mol)

HA-AC (dp6) #16.4 ± 4.7
sHA1-AC (dp6) #42.2 ± 7.2

Fig. 4. Recombinant human HB-EGF stimulates keratinocyte migration when added directly (A) as well as after release from HA-AC- or sHA1-AC-containing hydrogels.
Scratched HaCat cell monolayers were incubated with HB-EGF (Stock solution, 1–20 ng/mL) (A) or fractions recovered from supernatants of HB-EGF containing hydrogels (B,
C). (A) The time course of scratch closure for different concentrations of HB-EGF is shown. (B) represents the cell covered area after 24 h. (C) displays the cell covered area after
72 h. (D) shows representative photographs of scratched wells after 24 h of culture. Bar: 200 lm. ***p < 0.005, **p < 0.01, *p < 0.05 significant changes compared to non-
treated HaCat (control), n = 3, 8 wells per condition.
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In line with previous findings [18], HB-EGF is able to stimulate
migration of a keratinocyte cell line (HaCat) in a concentration-
dependent manner. Solute HB-EGF starting from a concentration
of 1 ng/mL had a detectable, and from 10 ng/mL a statistically sig-
nificant effect on cell migration measured by an automated
scratch-assay (Fig. 4A).

Next, we evaluated the effects of HB-EGF in supernatants from
HA- or sHA1-modified hydrogels. Fractions of supernatants from
HA-AC or sHA1-AC containing hydrogels induced HaCat cell migra-
tion after 24 h with similar effectiveness compared to a solution of
freshly prepared HB-EGF that was used at 5 ng/mL (Fig. 4B and C).
Thus, hydrogels containing HA-AC or sHA1-AC release pro-
migratory concentrations of HB-EGF for at least 72 h (Fig. 4B–D).

EGFR-signaling is known to induce HGF expression in dermal
fibroblasts (DF) [62]. HGF has paracrine activity, stimulating ker-
atinocyte migration and differentiation during wound healing
[63] and, thus, it synergizes with HB-EGF. When analyzing the gene
expression of HGF in human DF, a significant induction of HGF was
detected by recombinant HB-EGF added from stock solutions as
well as by HB-EGF released from hydrogels modified with HA-AC
or sHA1-ACafter 48 h of exposure (Fig. 5). Strikingly, the binding
and release process from the hydrogels did not impair the biolog-
ical activity detected by comparable induction efficiency as for
fresh HB-EGF stock solution (20 ng/mL) (Fig. 5).

As reported previously, HB-EGF exerts its effects by activating
EGFR signaling. Upon activation of EGFR by ligands, the MAPKKK/
pAkt/cRaf and following the MAPK (ERK1/2/p44/42) signaling
pathways can be activated [64]. In a set of experiments we could
demonstrate that pre-adsorbed HB-EGF released from loaded
HA-AC- or sHA1-AC-modified hydrogels induces EGFR signaling
cascade in porcine DF in contrast to empty HA-AC- and sHA1-
AC-containing hydrogels. This was visualized and quantitated by
detecting activated pAkt (Fig. 6). These phosphorylation events
reflect growth factor signaling probably by HB-EGF-activated EGFR
and substantiate the bioactivity of HB-EGF released from both
HA-AC- and sHA1-AC-containing hydrogels for at least 72 h.

3.4. Gels with sHA1 enhance the effect of HB-EGF on initial epithelial
tip expansion

In addition to cell culture experiments, we tested whether HB-
EGF bound to sHA1-AC-containing hydrogels is more efficient in
supporting keratinocyte proliferation and migration during wound

healing than soluble HB-EGF. A porcine skin organ culture model as
described by Brandner et al. [60] was modified by creating rectan-
gular wounds with a razor blade in order to generate parallel
wound margins with fixed initial distance throughout the wound.
Wounds were generated in porcine ear skin and the tissue was cov-
ered with HA-AC/sHA1/coll hydrogels, which were partially loaded
with HB-EGF. After 48 h of culture, wound closure was analyzed by
measurement of the lengths of the newly formed epidermal tips
(or ‘‘migrating epidermal tongue” [65]) (Fig. 7A). Hydrogels con-
taining sHA1-AC loaded with HB-EGF significantly enhanced epi-
dermal tip length compared to unloaded hydrogels and untreated
controls (Fig. 7A and B).

Fig. 5. HB-EGF induces HGF expression in human dermal fibroblasts when added
directly as well as after release from HA-AC or sHA1-AC-containing hydrogels.
Human DF were incubated for 48 h with HB-EGF solutions released from HA-AC-
and HA-AC/ sHA1-AC-containing hydrogels over 24 h, 48 h and 72 h. The HGF
expression in untreated fibroblast cultures were set to 1 (dashed line). n = 4;
*p < 0.05, **p < 0.01, ****p < 0.0001 unpaired T-test vs. control.

Fig. 6. Induction of Akt-phosphorylation in porcine DF after exposure to HB-EGF
released from HA-AC- or sHA1-AC-containing hydrogels. DF were incubated with
HB-EGF (stock solution, 10 ng/mL) or fractions recovered from supernatants of HB-
EGF containing hydrogels after incubation, 24 h, 48 h and 72 h for 5 min. Signal
intensity for phosphorylated Akt was normalized to GAPDH and calculated
relatively to control supernatants from empty hydrogels after incubation (-HB-
EGF). (A) The fold induction of collected data from 3 independent experiments is
shown. (B) Representative blots for DF treated with supernatants from HB-EGF
loaded HA-AC/coll- (upper panel) and HA-AC/sHA1-AC/coll-hydrogels (lower panel)
are shown. M: marker; ctrl: DF starved in 0.5% FCS, n = 3, *p < 0.05.
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4. Discussion

The application of recombinant protein mediators is one option
to improve disturbed wound healing. Studies with recombinant
PDGF demonstrated that very high protein amounts and multiple
applications are required. These regimen are cost intensive and
the repeated intervention may disturb the healing process [66].
Thus, these mediators have to be immobilized in order to preserve
their integrity and function within the reactive wound milieu.
Therefore, functional biomaterials that specifically bind and
release the bioactive proteins in a controlled manner have to be
developed for the topical application on non-healing wounds.

GAG are essential components of the ECMwith high biocompat-
ibility. They are often used as constituents in designing biomateri-
als [1]. The aim of the present study was to improve the bioactivity
of HB-EGF, a central mediator of keratinocyte and fibroblast activa-
tion during wound healing, by using this reservoir-forming capac-
ity of GAG. Since sulfated HA displayed higher binding to HB-EGF

in comparison to HEP and CS, we used the high negative charge
content of HA molecules and certain variations of their sulfation
pattern for the binding of HB-EGF to HA/collagen-based hydrogels.
Moreover, HEP has been shown to display anti-coagulant activity
impairing its use in wound treatment [67]. To overcome this prob-
lem, sulfate groups have to be removed from HEP resulting in
decreased interactions with positively charged mediators [68]. In
contrast to HEP, an anti-coagulative activity of sHA derivatives is
only reported for those having a sulfation degree above 2.5 per
repeating disaccharide unit [67]. Thus, as the degree of sulfation
of the incorporated sHA1-AC is significantly below this value, we
expect no anti-coagulative effects of the developed hydrogels.

The benefit of introducing negative charges into the molecule
was previously reported by the high affinity of HB-EGF toward
CS and heparan sulfate proteoglycans [69,70]. Here, sulfation of
HA increased its binding to HB-EGF, resulting in comparable bind-
ing strength to native CS and HEP. A sulfation-dependent increase
of sHA binding was also reported for other growth factors like bone

Fig. 7. HB-EGF released from sHA1-AC-containing hydrogels supports epidermal tip formation for wound closure in porcine skin organ culture. sHA1-AC-containing HA-AC/
Coll hydrogels were partially loaded with 200 ng HB-EGF per gel and applied for 48 h on experimental wounds of porcine skin. Alternatively, 400 ng solute HBEGF was added
directly to the wounds. (A) The epidermal tip length was analyzed by Masson-Goldner Trichrome staining of paraffin sections relative to untreated wounds. Bars: 500 lm
(whole wounds); 100 lm (insets). (B) Data on combined tip lengths of both wound sites. n = 3 with 3–4 sections per condition *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001
respectively by one-way ANOVA with Fisher-LSD test.
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morphogenetic protein 2 (BMP-2), BMP-4, and transforming
growth factor-b1 [32,71,72]. It is of note that only sHA-
tetrasaccharides containing at least one sulfate group at C4 or C6
position of the N-acetylglucosamine residue were able to interact
with HB-EGF. However, the binding response of psHA (dp6) was
significantly lower compared to its tetrameric counterpart, indicat-
ing an additional influence of the sHA chain length. A similar effect
was observed in previous psHA/TIMP-3 interaction studies [33].
There, especially the size and location of HEP-binding regions were
identified as factors that determine whether an increased GAG
chain length stabilizes or limits the binding to a distinct protein
region [73].

The significantly stronger binding obtained for HB-EGF with
sHA derivatives compared to HA could be substantiated by theo-
retical models at atomic detail, thus successfully illustrating the
rationale behind the hydrogel system with tunable HB-EGF release
profiles. Therefore, sHA1 as GAG derivative based on biotechnolog-
ically accessible HA was chosen for hydrogel modification to tune
the HB-EGF interaction profiles.

Introduction of sHA1-AC resulted in a slightly increased binding
and decreased release of HB-EGF from these hydrogels. Both gel
types contain mainly HA-AC (about 95% in case of HA-AC/coll
and about 71% in case of HA-AC/sHA1-AC/coll). Thus, differences
in their HB-EGF binding capacities may not be significant. Hydro-
gels containing sHA1-AC did not any display burst release com-
pared to HA-AC-hydrogels, which reflects the strongly increased
binding of sHA or sHA-AC derivatives to HB-EGF compared to
non-sulfated HA variants as shown by SPR binding and in silico
studies. The obtained results from HB-EGF release experiments
are also in line with previous data showing that the incorporation
of sHA1-AC decreases the release of positively charged proteins
like lysozyme from hydrogels. This is due to an enhanced electro-
static interaction with negatively charged sulfate groups present in
sHA1-AC [28].

sHA1-modified gels controlled the growth factor release in a
much stronger manner compared to HB-EGF release studies with
HEP-containing crosslinked collagen gels, which were character-
ized by a quick release of HB-EGF (more than 65% after 48 h)
[74]. This is in accordance to our SPR results demonstrating a
higher binding strength of sHA1 compared to native HEP, even
though the degree of sulfation of sHA1 is lower than that of HEP.
It is of note that the sHA1-containing hydrogels release approxi-
mately 1 ng of HB-EGF per 24 h during the observing period of
72 h. Thus, there might be a suitable concentration of HB-EGF
around the hydrogels that could exert local biological function.

Concerning biological activities of hydrogel-released HB-EGF it
was striking that the growth factor released from sHA1-AC-
containing hydrogels stimulated HaCat migration as effectively as
HB-EGF released from HA-AC/coll hydrogels even though the latter
amount of HB-EGF was 2.5–8 fold higher. These results imply that
binding of HB-EGF to gels with sHA1 helps to maintain growth fac-
tor activity over time. Apparently, the developed hydrogels are
able to resemble important properties of the native ECM, which
is known to sequester and protect growth factors from degradation
by binding to sulfated GAGs [75].

The EGFR downstream signaling is activated during skin wound
healing in fibroblasts and keratinocytes [76,77]. Here, HB-EGF
released from HA-AC- and sHA1-AC-containing hydrogels effec-
tively activated DF with respect to active signaling (Akt and cRaf
phosphorylation), and induction of HGF expression as reported
by Niiyama et al. [62]. During wound healing fibroblast-derived
HGF exerts paracrine effects on keratinocytes [63]. Thus, activation
of EGFR signaling pathways may support wound closure by acti-
vating relevant cell types.

Most interestingly, the low concentrations of HB-EGF released
from preloaded hydrogels were effective also in wounded organ

culture when the proteolytic milieu from the wounded skin was
present. Remarkably, the pre-loaded hydrogels releasing HB-EGF
(approx. 1–10 ng/mL) were more effective compared to the
directly applied HB-EGF solution (400 ng/wound). These findings
strongly support the hypothesized benefit of HB-EGF binding to
sHA1-AC-containing hydrogels. Likewise, Johnson and Wang
reported that the application of 1000 ng HB-EGF in a free form
failed to accelerate wound closure in a splinted mouse wound
model [18]. In this study high amounts of HB-EGF, stabilized as a
coacervate, were required to induce an accelerated healing of
full-thickness excisional wounds in mice after 7 or 17 days [18].
Therefore, our and other data demonstrate that reversible immobi-
lization of HB-EGF may strongly improve its local bioavailability
and stability in the skin.

Here, we investigated the initial effects on epidermal tip forma-
tion after wounding until 48 h post-wounding. Tip formation ini-
tially involves mainly keratinocyte migration [78] of both basal
and suprabasal keratinocytes supplied by proliferation in the sur-
rounding epidermis [79]. HB-EGF was shown to induce this ker-
atinocyte migration [14,15]. Methodically, longer times of organ
culture are accompanied by increasing tissue degradation that
would affect analysis. However, future in vivo studies will have
to show whether the developed hydrogels containing sHA1-AC
can be used to promote wound repair of skin tissue.

The fact that the addition of sHA1-containing hydrogels without
addition of HB-EGF was effective compared to untreated or solute
HB-EGF treated wounds is in line with earlier findings where sulfa-
tion of HA alone had beneficial effects on wound repair by enhanc-
ing the interaction with proteins and modifying the outcome of
inflammation or matrix remodeling [42,68,80]. Here, the modifica-
tion of the local milieu by so far unknown mechanisms, like stabi-
lization or scavenging of proteins might play a role and is subject of
further investigations.

In summary, bioinspired HA/collagen hydrogels containing
sHA1-AC reversibly bind HB-EGF and restore its bioactivity to stim-
ulate keratinocytes, fibroblasts, and wound repair. These findings
might be translated to biomaterials inducing an improved healing
response of injured skin tissues.

5. Conclusion

In this study we proved the hypothesis that introduction of HA
or sulfated HA into hydrogels may enable reversible binding of HB-
EGF, a mediator that supports wound repair by activating epider-
mal keratinocytes and dermal fibroblasts. This study was based
on the in silico modeling of the three-dimensional structure of
HB-EGF and the structure-based analysis of its interaction with
HA derivatives. Experimental interaction studies, binding and
release analysis and different in vitro assays and organ culture
demonstrate that the introduction of sulfated HA into the hydro-
gels significantly increases the effectivity of HB-EGF action on tar-
get cells. In conclusion, hydrogels functionalized with sulfated HA
are promising biomaterials for the development of mediator
releasing wound dressings.
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