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a b s t r a c t

Sulfated glycosaminoglycans are promising components for functional biomaterials since sulfate groups
modulate the binding of growth factors and thereby influence wound healing. Here, we have investigated
the influence of an artificial extracellular matrix (aECM) consisting of collagen I (coll) and hyaluronan
(HA) or highly sulfated HA (hsHA) on dermal fibroblasts (dFb) with respect to their differentiation into
myofibroblasts (MFb). Fibroblasts were cultured on aECM in the presence of aECM-adsorbed or soluble
transforming growth factor b1 (TGFb1). The synthesis of a-smooth muscle actin (aSMA), collagen and
the ED-A splice variant of fibronectin (ED-A FN) were analyzed at the mRNA and protein levels. Further-
more, we investigated the bioactivity and signal transduction of TGFb1 in the presence of aECM and
finally made interaction studies of soluble HA or hsHA with TGFb1. Artificial ECM composed of coll
and hsHA prevents TGFb1-stimulated aSMA, collagen and ED-A FN expression. Our data suggest an
impaired TGFb1 bioactivity and downstream signaling in the presence of aECM containing hsHA, shown
by massively reduced Smad2/3 translocation to the nucleus. These data are explained by in silico docking
experiments demonstrating the occupation of the TGFb-receptor I binding site by hsHA. Possibly, HA sul-
fation has a strong impact on TGFb1-driven differentiation of dFb and thus could be used to modulate the
properties of biomaterials.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The development and application of functional biomaterials is
necessary to support dermal wound healing in acute and chronic
skin wounds, like trauma or chronic ulcerations [1]. Cutaneous
wound healing is a multistep process that involves several cell types
and events, beginning with the inflammatory response, migration
and proliferation of dermal and epidermal cells and ending with ma-
trix synthesis in order to fill the wound gap and re-establish the
mechanical barrier of the skin [2–4]. During these processes dermal
fibroblasts (dFb) are crucially involved, rapidly adhering to the
wound matrix, proliferating and subsequently synthesizing extra-
cellular matrix (ECM). To obtain an ECM synthesizing phenotype
dFb have to differentiate into myofibroblasts (MFb) [5,6].

Myofibroblasts are key players in the physiological reconstruc-
tion of connective tissue after injury [5]. They synthesize high
amounts of ECM components like collagen and during non-patho-
logical wound healing they are removed by apoptosis when epithe-
lialization occurs [7]. The transition from dFb to MFb requires
stimulation with transforming growth factor b1 (TGFb1) and
mechanical tension [5]. Myofibroblasts express the ED-A splice
variant of fibronectin (ED-A FN) and a-smooth muscle actin
(aSMA) [8], which is integrated into stress fibers and thereby gen-
erates contractile forces. Despite the synthesis of collagen and the
expression of ED-A FN, aSMA expression and fibrous organization
represent the most reliable marker of differentiated MFb [6]. The
formation and contraction of granulation tissue is essential to
maintain tissue integrity, to reduce the size of the wound and close
the defect, resulting in a scar. But when apoptosis of MFb is lacking,
pathological changes result in hypertrophic scars or fibrosis [7].
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TGFb1 is the key cytokine in the evolution of lesions characterized
by MFb formation [6].

TGFb1 is a disulfide bonded homodimeric cytokine [9] that is se-
creted as a part of the large latent complex, which consists of the
latency-associated protein, latent TGFb1 binding protein 1 and
the growth factor itself [10,11] and, thereby, can be stored in the
ECM [12,13]. The protease-independent release and activation of
latent TGFb1 requires integrin-mediated MFb contraction in the
presence of a stiff growth substrate [14]. Binding of active TGFb1

to TGFb receptor II (TGFbRII) leads to the recruitment and phos-
phorylation of TGFb receptor I (TGFbRI). This heteromeric complex
phosphorylates cytoplasmic Smad2 and Smad3, resulting in the
heteromeric Smad2/3 complex that binds to Smad4 and is translo-
cated to the nucleus to regulate gene transcription of a variety of
genes [5,12]. However, alternative signaling pathways are known,
as discussed later.

A promising approach for the development of functional bioma-
terials is the combination of native ECM components with chemi-
cally modified substances to selectively modulate physiological
processes like wound healing. Here we have investigated an artifi-
cial ECM (aECM) consisting of collagen I (coll) as a structural pro-
tein and several hyaluronan (HA) derivatives. Hyaluronan is a
natural, polyanionic, linear heteropolysaccharide, consisting of
repeating non-sulfated disaccharide units of D-glucuronic acid (b-
1–3) and N-acetyl-D-glucosamine (b-1–4) [15,16]. In skin this gly-
cosaminoglycan (GAG) represents a major component of the ECM
and is mainly produced by fibroblasts [17]. For this study HA
was chemically modified by the introduction of sulfate groups to
obtain highly sulfated derivatives in comparison with native HA.
This chemical modification aims to increase the binding of cell-
derived growth factors like TGFb1. GAGs are interesting molecules
for artificial biomaterial design because of their low immunogenic-
ity and their property to bind, concentrate and prevent the diffu-
sion of growth factors. Furthermore, they can improve and
stabilize the presentation to relevant receptors and protect growth
factors from proteolytic degradation [18–20]. The main GAG types
differ only slightly in the basic sugar backbone of the GAG chain.
However, subsequent sulfation, deacetylation and epimerization
modifications distinguish individual GAG chains and are critical
for their specific activity [21]. Protein–GAG recognition is driven
by ionic interactions because of the high negative charge provided
mainly by sulfate but also by carboxylate groups of the GAG and
basic amino acids of the protein. The topology and distribution of
basic amino acids in the GAG-binding site influence the specificity
of molecular recognition of GAG sequences [20,22,23]. Despite the
degree of sulfation, GAG–mediator interactions are also affected by
the position of the sulfate groups within the anhydrosugar repeat-
ing unit and by the linkage of sulfate group to the sugar ring (O- or
N-sulfation) [24].

The introduction of sulfate groups along the carbohydrate back-
bone of GAGs has been generated by non-template driven pro-
cesses and thereby provides heterogeneity in the fine structure of
these molecules. It is known that the interaction of different GAGs
with different proteins is dictated by the pattern and orientation of
the sulfate groups along the carbohydrate backbone [25,26]. A
Table 1
Nomenclature and characteristics of native, LMW and sulfated HA.

Sample Description S content (%) DSS

HA Native HA
hsHA Highly sulfated HA 13.4/13.5 3.1/3.4
LMW-HA Thermally degraded HA

DSS, average number of sulfate groups per disaccharide repeating unit (possible DSS r
according to Salek-Ardakani et al. [24]; PD, polydispersity index (molecular weight dist
certain protein can also interact with different sulfation patterns
with different binding affinities and kinetics, whereby the kinetics
affect the functions of cytokines or chemokines and the biological
outcomes [27]. Moreover, the site on the protein recognised by the
GAG structure contributes to whether GAG binding supports or
inhibits a signaling process [28]. Thus, guided modifications to
GAG structures may support or inhibit ligand–receptor interac-
tions, providing a special mechanism for regulatory control.

Our previous work with sulfated GAGs integrated in collage-
nous matrices showed that initial adhesion and cell proliferation
of dFb progressively increased with the degree of GAG sulfation,
while synthesis of the ECM components coll and HA was decreased
on aECM containing highly sulfated GAG. The MFb differentiation
marker aSMA was not significantly affected by aECM within 48 h
at the mRNA level in resting fibroblasts [29].

Since we hypothesize that TGFb1 interactions with sulfate
groups could influence its bioavailability and thereby could regu-
late MFb differentiation, the present study has investigated the im-
pact of aECM with highly sulfated HA (hsHA) on the TGFb1-driven
differentiation of dFb to MFb by analyzing the induction of MFb
marker genes aSMA, coll and ED-A FN in dFb within 72 h in the
presence of aECM-adsorbed or soluble TGFb1. Furthermore, we
provide data on the underlying mechanisms concerning the bioac-
tivity and signal transduction of TGFb1 in the presence of highly
sulfated aECM and, finally, we provide an in silico interaction mod-
el of non-sulfated HA and highly sulfated derivatives with TGFb1,
which supports our data on the influence of HA sulfation on the
bioactivity of TGFb1.
2. Materials and methods

2.1. Preparation and characterization of aECM

2.1.1. Materials
Native high molecular weight HA from Streptococcus was ob-

tained from Aqua Biochem (Dessau, Germany). The synthesis and
analysis of hsHA derivatives were described in Kunze et al. [15]
and Hintze et al. [18]. Low molecular weight HA (LMW-HA) was
prepared by controlled thermal degradation of native HA according
to Moeller et al. [30]. The characteristics of the HA derivatives used
are summarized in Table 1.
2.1.2. Artificial extracellular matrices
The preparation, analysis and stability of aECM were described

previously [29,31]. In brief, the coll/GAG matrices were produced
by in vitro fibrillogenesis of rat collagen I (BD Bioscience, Heidel-
berg, Germany) in the presence of different GAGs in tissue culture
plates (Nunc, Langenselbold, Germany). 1 mg ml�1 acid-solubilized
coll was mixed 1:1 with the same concentration of HA or the appro-
priate same molarity of disaccharide units for hsHA according to the
molecular weight of the disaccharide units (Table 1). This approach
was chosen to compare the same number of possible binding sites,
since these compounds are heterogeneous in length and differ sig-
nificantly in the molecular weight of their disaccharide units.
Mw (Da) PD Mw disaccharide unit (g mol-1)

1,174,865 4.80 401.3
49,725/51,145 1.70/1.73 717.6/748.3
47,785 2.37 401.3

ange 0 6 DSS P 4.0); Mw, weight-averaged molecular weight determined by GPC
ributions) determined by GPC according to Salek-Ardakani et al. [24].
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Collagen was allowed to form fibrils for 16–18 h at 37 �C and
then dried on the plates. The coatings were dried again after two
washing steps with 0.5 ml of deionized water. All aECM coatings
were washed with phosphate-buffered saline (PBS) for 1 h at
37 �C before cell seeding. Characterization of the generated coat-
ings revealed a ratio of coll and HA of 7:1, LMW-HA 19:1 and hsHA
24:1 [29,31].

2.2. Isolation and culture of primary human dermal fibroblasts

The study was approved by the local ethics committee (065-
2009) and conducted according to the Declaration of the Helsinki
Principles (1975).

Primary human dFb from healthy breast skin were isolated as
previously described [32] by dispase II (Roche Diagnostics GmbH,
Mannheim, Germany)-mediated removal of the epidermal sheet
and digestion of the dermal compartment with collagenase
(Sigma–Aldrich Chemie GmbH, Steinheim, Germany). Cell suspen-
sion was passed through 70 lM filters (BD Biosciences, Bedford,
MA) to remove tissue debris. Dermal fibroblasts were cultured
with Dulbecco’s modified Eagle’s medium (DMEM) (Biochrom
AG, Berlin, Germany) supplemented with 10 vol.% fetal calf serum
(FCS) (Biochrom) and 1 vol.% penicillin/streptomycin (P/S) (PAA
Laboratories GmbH, Pasching, Austria) at 37 �C, 5% CO2 until con-
fluence. Cells between passages 2 and 8 were used and detached
using 0.05% trypsin/0.02% EDTA (Biochrom). Dermal fibroblasts
were cultured on aECM for 72 h with DMEM/10% FCS/1% P/S at
37 �C, either untreated or with TGFb1 added to the culture medium
after cell seeding or in the presence of aECM-adsorbed TGFb1

(10 ng ml�1, R&D Systems, Wiesbaden, Germany). 10 ng ml�1

recombinant human TGFb1 in DMEM/0.1% (w/v) bovine serum
albumin (BSA) (PAA Laboratories GmbH) were added to aECM for
2 h at 37 �C to enable growth factor adsorption. The supernatant
was removed and used for TGFb1 quantification. The wells were
briefly washed with PBS and used for cell seeding.

For investigations of TGFb1–GAG interaction dFb were exposed
to TGFb1 and soluble LMW-HA or soluble hsHA. To exclude the
influence of molecular weight (MW) on the interaction with TGFb1

we decided to apply LMW-HA, which has an average MW of 48 kDa
and therefore shows a similar average MW as hsHA (50 and
51 kDa, respectively). 5 � 104 dFb were incubated for 72 h at
37 �C, 5% CO2 in DMEM/10% FCS/1% P/S in 6-well plates. 10 ng ml�1

TGFb1, 50 lg ml�1 LMW-HA, 50 lg ml�1 hsHA or combinations of
growth factor with GAGs were added. Before supplementation of
dFb, all components were preincubated for 1 h at 37 �C, 5% CO2

to allow TGFb1 and GAG to interact in the case of combined
application.

2.3. RNA preparation and quantitative real time PCR (qRT-PCR)

aECM was provided in 6-well plates and incubated with 5�104

dFb per well for 72 h at 37 �C. Total RNA was directly prepared
from the monolayers with a Qiagen RNeasy� Mini Kit (Qiagen, Hil-
den, Germany). RNA quantity and quality were determined by
spectrophotometry (ND-1000, Nano Drop Technologies, Wilming-
ton, DE). First strand cDNA synthesis was performed as previously
described [34] using 1 lg total RNA. GoTaq� qPCR Master Mix (Pro-
mega Corporation, Madison, WI) was used for qRT-PCR, which was
performed with a Rotor-Gene Q cycler (Qiagen): denaturation for
5 min at 95 �C; 28–40 amplifications of denaturation (92 �C, 10 s),
annealing under primer-specific conditions (20 s) and target
gene-specific extension (30 s at 61 �C). The primers were synthe-
sized by Metabion International AG (Martinsried, Germany) (see
Supplementary Table 1). Fluorescence was measured for 20 s at
80–82 �C depending on the melting temperature of the amplified
DNA. The specificity of the PCR products was confirmed by melting
curve analysis at the end of each run. Genes were normalized to
the unregulated reference gene rps26[33]. Results are expressed
as fold induction with respect to corresponding coll controls.

2.4. Immunofluorescence staining

aECM was provided in 8-well glass Chamber Slides (Thermo Sci-
entific, Rochester, NY). For the analysis of aSMA, ED-A FN and col-
lagen 4 � 103 dFb per well were cultured for 72 h at 37 �C. For
Smad2/3 investigations 1 � 104 dFb per well were cultured for
5 h at 37 �C. Cells were fixed with 4% (w/v) paraformaldehyde
(Roth, Karlsruhe, Germany), permeabilized with 0.5 vol.% Tween
20 (Roth) and blocked with 0.1 vol.% Tween 20/3% (w/v) BSA. The
applied primary antibodies mouse monoclonal Cy3-conjugated
anti-aSMA(clone1A4, Sigma–Aldrich), rabbit polyclonal anti-colla-
gen I (Abcam, Cambridge, UK), mouse monoclonal anti-fibronectin
(IST-9, Abcam) and rabbit monoclonal anti-Smad2/3 (D7G7, Cell
Signaling Technology, Danvers, MA) were combined with the
secondary antibodies goat anti-rabbit–Alexa Fluor 568 or goat
anti-mouse–Alexa Fluor 568, respectively (Invitrogen, Darmstadt,
Germany). Appropriate negative controls were provided by the
incubation of parallel samples with the respective isotype matched
controls: mouse IgG2a (BD Biosciences), mouse IgG (Antibodies
Online GmbH, Aachen, Germany), rabbit IgG (Antibodies Online
GmbH) (Supplementary Fig. 1). Cytoskeletal F-actin and nuclei
were stained with phalloidin–Alexa Fluor 488 (Invitrogen) and
4’,6-diamidino-2-phenylindole hydrochloride (DAPI) (Merck,
Darmstadt, Germany), respectively. Samples were mounted with
Mobiglow (MoBiTec GmbH, Göttingen, Germany). Microscopy
was performed with a Keyence BZ-9000E and the corresponding
software BZ-II Viewer and BZ-II Analyzer (Keyence, Neu-Isenburg,
Germany).

2.5. TGFb1 bioassay

To quantify biologically active TGFb1 we used mink lung epithe-
lial cells (MLEC) which had been stably transfected with a fragment
of human plasminogen activator inhibitor-1 (PAI-1) fused to a
luciferase reporter gene [34]. MLEC were maintained in DMEM
supplemented with 10% FCS, 1% P/S and 200 lg ml�1 G418
(Sigma–Aldrich) at 37 �C, 5% CO2. aECM was provided in White-
F-Bottom 96-well plates (Nunc) and incubated with either
DMEM/2% FCS or DMEM/2% FCS/2 ng ml�1 TGFb1 for 2 h at 37 �C
to enable growth factor adsorption. After a brief washing step with
PBS, 1.5 � 104 MLEC per well were seeded with DMEM/2% FCS and
incubated for 24 h at 37 �C, 5% CO2. Compared with the untreated
control (MLEC in contact with aECM without TGFb1) and aECM pre-
incubated with TGFb1, the third experimental group was directly
stimulated with 2 ng ml�1 TGFb1. Supernatant was removed and
the wells were washed three times with PBS before cooled lysis
with 1 � Cell Culture Lysis Reagent (Luciferase Assay System,
Promega Corp.) for 20 min. Chemiluminescence was measured
immediately after addition of Luciferase Assay Substrate. The raw
data were blanked against the appropriate raw data for controls
(MLEC cultured on aECM without TGFb1). Fold induction was cal-
culated with reference to equally treated coll controls.

2.6. Quantification of aECM-adsorbed TGFb1

The amount of aECM-adsorbed TGFb1 was calculated by sub-
traction of the quantified non-adsorbed TGFb1 from the applied
amount of 10 ng ml�1 TGFb1. This quantification was made by ELI-
SA with TGFb1 capture antibody MAB240 (R&D), which was
blocked with 1% BSA (w/v) and 5% (w/v) sucrose (Roth) before
incubation with supernatants. Detection was accomplished with
the biotinylated TGFb1-specific detection antibody BAF240 (R&D)
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in combination with streptavidin–horseradish peroxidase and the
substrate 3,30,5,50-tetramethylbenzidine (Sigma–Aldrich). The
reaction was stopped with 1 M H2SO4 and absorbance was mea-
sured at 450 nm.
2.7. Molecular docking experiments

2.7.1. Structures
The structures of HA tetrasaccharide derivatives were modeled

using the structure of a HA octasaccharide available in the Protein
Data Bank (PDB i.d. 2BVK, NMR). Short GAGs are considered rea-
sonable models to study GAG–protein interactions (in an analo-
gous manner to small peptides for the study of protein–protein
interactions), which is reflected in the current scientific literature
and in GAG–protein complexes in the PDB in which short oligo-
mers (average 4- to 8mer) have been used to study the molecular
bases of GAG–protein recognition and to try to understand their
biological activity. Besides, detailed cluster analysis of the docking
results obtained for short GAGs may contribute to add important
information for the possible interpretation of putative binding
modes of longer GAGs [35], i.e. the partial overlap (i.e. superimpo-
sition of equivalent periodic units) of members within the same
cluster and between clusters may be interpreted as the elongation
direction of the oligochain and may therefore be indicative of pos-
sible binding modes of longer GAG molecules.

The GAG geometries were optimized with the AMBER99 force
field implemented in the Molecular Operating Environment
(MOE) (Chemical Computing Group Inc., Quebec, Canada). The X-
ray structure of TGFb1 used for computational analysis was ob-
tained from the tertiary complex of TGFb1 with TGFbRI and TGFbRII
(PDB i.d. 3KFD, 2.99 Å).
2.7.2. Docking of GAGs
Blind docking experiments with flexible HA, HA4, HA6, HA46,

HA462’ and HA463’ tetrasaccharides (Table 2) to TGFb1 and to
the complex TGFb1/TGFbRII were carried out using Autodock 3
[36]. The atomic potential grid of the proteins was calculated with
a spacing of 0.8 Å. The Lamarckian genetic algorithm was used as a
search algorithm with an initial population size of 300 and a termi-
nation condition of 10,000 generations or 999,500,000 energy eval-
uations. A total of 1000 independent runs were performed. The top
50 docking solutions were taken for further analysis.
2.7.3. Clustering
Spatial clustering of the docking solutions was performed using

the DBSCAN algorithm [37] with a neighborhood search radius e of
4 Å. The distance between two structures was defined as the root
mean square of atomic distances, while pairing nearest atoms of
the same type. This distance metric is invariant under symmetry
transformations applied to GAGs. For the further analysis we con-
sidered clusters in the 50 top scored solutions having at least four
members.
Table 2
Nomenclature of HA derivatives used for molecular docking
experiments.

GAG abbreviation Description

HA (–GlcU–GlcNAc–)n

HA4 (–GlcU–GlcNAc4S–)n

HA6 (–GlcU–GlcNAc6S–)n

HA46 (–GlcU–GlcNAc4S6S–)n

HA462’ (–GlcU2S–GlcNAc4S6S–)n

HA463’ (–GlcU3S–GlcNAc4S6S–)n

GlcU, glucuronic acid; GlcNAc, N-acetylglucosamine.
2.8. Statistical analysis

All presented data were derived from primary cells from at least
three independent donors. Experiments were performed in tripli-
cate or quadruplicate. Results are presented as means ± standard
errors of the mean. Data were analyzed using the Mann–Whitney
test.
3. Results

We investigated the impact of an aECM containing hsHA on the
biological effects of TGFb1, a key factor for MFb differentiation
which is essential for wound closure. We focused on the well-
known induction of several marker genes of MFb which are in-
duced by TGFb1.
3.1. Effect of hsHA-containing aECM on TGFb1-stimulated expression
of MFb marker genes aSMA, collagen and ED-A FN

Since aSMA is an accepted marker for differentiated MFb [6] in-
duced by TGFb1 we analyzed aSMA mRNA expression in the pres-
ence of aECM (Fig. 1A, white bars), aECM with adsorbed TGFb1

(Fig. 1A, grey bars) and aECM with directly added soluble TGFb1

(10 ng ml�1, Fig. 1A, black bars) within 72 h. mRNA expression
analysis by qRT-PCR revealed down-regulation of aSMA mRNA le-
vel for coll/hsHA in comparison with coll and non-sulfated coll/HA
when not stimulated with TGFb1 (Fig. 1A, white bars). Stimulation
with adsorbed or soluble TGFb1 generally shows at least a 2-fold
increase in mRNA expression in comparison with non-stimulated
controls. Dermal fibroblasts growing on coll/hsHA exhibit a re-
duced aSMA mRNA level in comparison with the non-sulfated ma-
trix coll/HA when stimulated with aECM-adsorbed TGFb1 and a
significant reduction after directly applied TGFb1 (Fig. 1A, grey
and black bars). The TGFb1-induced cytoplasmic aSMA should be
incorporated into stress fibers [5,38], which impart high contractile
activity due to the presence of aSMA in vivo and in vitro [39,40].
Here, the presence and fibrous organization of aSMA (red) at the
protein level after 72 h was investigated by immunofluorescence
staining (Fig. 1B) and supports the mRNA data. Representative im-
age sections show that stimulation with soluble TGFb1 increases
aSMA expression and incorporation into stress fibers on all inves-
tigated matrices except for coll/hsHA, which shows similar levels
to unstimulated controls. aECM-adsorbed TGFb1 results in in-
creased expression but less pronounced integration of aSMA into
stress fibers. The comparison of fluorescence signals indicates im-
paired TGFb1-driven aSMA protein expression on coll/hsHA con-
taining aECM. Staining for F-actin (green, inset) and nuclei (blue)
monitor regular dFb morphology.

Furthermore, the synthesis of coll is a crucial process during the
later stages of wound healing to refill the wound defect with native
ECM, which is mainly realized by TGFb1-stimulated differentiated
MFb [4,7]. We analyzed the collagen Ia1 mRNA expression of dFb
cultured on aECM for 72 h in the absence of TGFb1 (Fig. 2A, white
bars) and in the presence of aECM-adsorbed (Fig. 2A, grey bars)
or soluble TGFb1 (Fig. 2A, black bars). In resting dFb the culture
on coll/hsHA results in significantly decreased collagen I(a1) mRNA
expression compared with coll and the respective non-sulfated
aECM coll/HA (Fig. 2A, white bars). Also, after stimulation with
aECM-adsorbed or directly added TGFb1 collagen Ia1 mRNA expres-
sion is significantly decreased on coll/hsHA (Fig. 2A, grey and black
bars). Representative immunofluorescence staining for collagen I
(red) after 72 h (Fig. 2B) support these mRNA data and show that
stimulation with 10 ng ml�1 TGFb1 generally leads to increased col-
lagen I deposition, while collagen I staining of dFb grown on coll/
hsHA is reduced in comparison with dFb on coll and coll/HA. In



Fig. 1. aECM with hsHA prevents TGFb1-stimulated aSMA expression at the mRNA and protein levels. (A) qRT-PCR data for dFb cultured on aECM for 72 h in the absence of
TGFb1 (white bars), the presence of aECM-adsorbed (grey bars) or soluble TGFb1 (10 ng ml�1) (black bars). Fold induction refers to the untreated coll control. Error bars
represent the means ± standard errors of the mean. ⁄p < 0.05; ⁄⁄p < 0.01; n = 4. (B) Representative immunofluorescence staining for aSMA (red), nuclei (blue) and F-actin
(green, insets). Bar 50 lm (magnification 60�).
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contrast, cells cultured on aECM with adsorbed TGFb1 show less
pronounced collagen I expression on all aECMs (Fig. 2B).

Moreover, MFb can be characterized by the expression of ED-A
FN, a specific splice variant of fibronectin [6,40], which is also
important in promoting further MFb differentiation [39]. As for
the other TGFb1-regulated MFb marker genes, we found down-reg-
ulation of the ED-A FN mRNA level after 72 h for dFb grown on coll/
hsHA in unstimulated (Fig. 3A, white bars) or TGFb1-stimulated
(Fig. 3A, grey and black bars) samples in comparison with dFb
grown on coll and coll/HA. Regarding the differences from the
appropriate non-sulfated matrix coll/HA, the ED-A FN mRNA
expression level is significantly reduced when dFb were cultured
on coll/hsHA. The presence of ED-A FN at the protein level after
72 h was investigated by immunofluorescence staining and simi-
larly revealed a reduction in ED-A FN expression for dFb cultured
on coll/hsHA (Fig. 3B).

These results indicate that aECM with hsHA hinders TGFb1-
stimulated aSMA, collagen and ED-A FN expression at the mRNA
and protein levels in comparison with non-sulfated aECMs.
3.2. Mechanism of reduced TGFb1 activity in the presence of hsHA
containing aECM

3.2.1. Adsorption of TGFb1 to aECM
Since the interaction of TGFb1 with several GAGs, like heparin

[41] and sulfated HA, has recently been published [42] we mea-
sured the ability of aECM to bind TGFb1. To quantify the amount
of aECM-adsorbed TGFb1 within 2 h at 37 �C non-adsorbed TGFb1

was measured by ELISA and the resulting amount of adsorbed
TGFb1 per culture area calculated (Fig. 4A). Coll/hsHA bound 2.4-
fold more TGFb1 than the non-sulfated aECM coll/HA, which sug-
gests a critical role of HA sulfation in TGFb1 binding. Although
coll/hsHA bound significantly more TGFb1, the differentiation of
dFb towards the MFb phenotype was clearly inhibited, as shown
for aSMA, collagen and ED-A FN expression (Figs. 1–3).

3.2.2. TGFb1. bioactivity and downstream signaling
To test the bioactivity of aECM-adsorbed TGFb1 the growth fac-

tor-mediated signal transduction was analyzed. The quantification



Fig. 2. TGFb1-stimulated collagen I expression is reduced on aECM with hsHA at the mRNA and protein levels. (A) mRNA expression analysis for collagen I(a1) of dFb cultured
on aECM for 72 h in the absence of TGFb1 (white bars), or the presence of aECM-adsorbed (grey bars) or soluble 10 ng ml�1 TGFb1 (black bars). Fold induction refers to the
untreated coll control. Error bars represent the means ± standard errors of the mean. ⁄p < 0.001; n = 4. (B) Representative immunofluorescence staining for collagen I (red),
nuclei (blue) and F-actin (green, insets). Bar 100 lm (magnification 20�).
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of bioactive TGFb1 was measured by MLEC-mediated chemilumi-
nescence in response to active growth factor [34]. MLEC were cul-
tured on aECM for 24 h in the presence of adsorbed TGFb1 or
directly added soluble TGFb1 (2 ng ml�1). To ensure the same
amounts of adsorbed TGFb1 on all aECMs lower amounts of TGFb1

(2 ng ml�1) were applied. After 2 h at 37 �C remaining free TGFb1

was detected by ELISA. As shown in Fig. 4B, of the initial amount
of TGFb1 about 0.43 ± 0.065 ng cm�2 is equally bound to all aECMs.
This concentration lies within the linear range of MLEC response to
TGFb1 (Supplementary Fig. 2). The incubation of MLEC on coll/
hsHA with adsorbed TGFb1 (Fig. 4C) reveals a reduced response
in comparison with non-sulfated aECMs with adsorbed TGFb1. Di-
rect stimulation with soluble TGFb1 (Fig. 4D) shows similar effects.

To show that aECM with hsHA interferes with TGFb1-mediated
signal transduction in primary dFb Smad translocation on aECMs
was studied. Intracellular signal transduction of TGFb1-stimulated
cells involves the phosphorylation of Smad2 and Smad3 and the
formation of a heteromeric Smad2/3 complex in the cytoplasm.
Subsequently this complex is translocated to the nucleus to regu-
late gene transcription [12,43]. Immunofluorescence staining for
Smad2/3 (red) of dFb cultured on aECM for 5 h shows clear trans-
location of cytoplasmic Smad2/3 to the nucleus when stimulated
with 5 ng ml�1 TGFb1 for non-sulfated aECMs coll and coll/HA
(Fig. 4E). In contrast, TGFb1 stimulation of dFb cultured on coll/
hsHA reveals massively reduced Smad2/3 translocation to the nu-
cleus. The reduced response of MLEC to TGFb1 in combination with
hsHA and the failure of nuclear translocation of Smad2/3 in dFb
incubated with coll/hsHA and TGFb1 suggest impaired bioactivity
of the growth factor in the presence of hsHA.

3.2.3. Interaction of TGFb1 and highly sulfated HA
We investigated the possible molecular mechanisms of inhibi-

tion of TFGb1 activity by coll/hsHA. In silico docking experiments
suggest an interaction of hsHA with TGFb1. Fig. 5A shows a



Fig. 3. aECM with hsHA prevents TGFb1-stimulated ED-A FN expression at the mRNA and protein levels. dFb were cultivated on aECM for 72 h in the absence of TGFb1, the
presence of aECM-adsorbed or soluble TGFb1 (10 ng ml�1). (A) mRNA expression of ED-A FN for untreated samples (white bars), or dFb exposed to aECM-adsorbed (grey bars)
or soluble TGFb1 (black bars), respectively. Fold induction refers to the untreated coll control. Error bars represent the means ± standard errors of the mean. ⁄p < 0.001; n = 4.
(B) Representative immunofluorescence staining for ED-A FN (red), nuclei (blue) and F-actin (green, insets). Bar 50 lm (magnification 60�).
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diagrammatic representation of the crystallographic structure of
the complex TGFb1/TGFbRI/TGFbRII (PDB i.d. 3KFD) and the struc-
tures of HA and HA463’ tetrasaccharides docked on the surface of
TGFb1. The docking results obtained show the following.

i. TGFb1 binds more strongly to HA derivatives with a higher
degree of sulfation.

ii. There is a significant difference in the distribution of the
docked GAGs on the surface of TGFb1 depending on their
sulfation pattern. In particular, we observed that the
higher the sulfation of the HA derivative, the more prob-
able it is that it occupies the TGFbRI binding site on
TGFb1.

iii. We did not observe different orientations for the docked
GAGs, but rather an ‘‘elongation direction’’ for the putative
binding sites described, which could be indicative of the pos-
sible binding mode for longer GAGs.
For one of the clusters obtained for HA (upper cluster in Fig. 5A)
we observe that residue K13 establishes key interactions. Further-
more, we observe that the GAG molecules in the cluster fit into the
surface shaped by two loop regions in TFGb1 (residues 46–50 and
69–73), which are not positively charged. For the other cluster ob-
tained for HA (lower cluster in Fig. 5A) we observe two key inter-
acting residues, R107 and K110. In the case of sulfated HA463’ the
docking solutions obtained overlap with the so-called ‘‘finger helix
cavity’’ at the TFGbRI interface and establish key interactions with
the basic residues K31, K60, H68 and K97 (Supplementary Fig. 3). It
is known that before the recruitment of TGFbRI, TGFbRII is required
to bind to TGFb1 [12]. Therefore, we also performed molecular
docking calculations for HA derivatives on the complex TGFb1/
TGFbRII. The results obtained show that the most probable docking
solutions are in the same regions found when docking without
TGFbRII, indicating that receptor RII binding to TGFb1 has no effect
on occupancy of the studied recognition sites for GAGs.



Fig. 4. aECM with hsHA adsorbs the highest amount of TGFb1 but impairs TGFb1 bioactivity and prevents downstream signaling. (A) The adsorption of TGFb1 on aECM within
2 h at 37 �C was determined by quantification of non-adsorbed TGFb1 and subtraction of the initial TGFb1 concentration of 2.08 ng cm�2 (10 ng ml�1). (B) Equal adsorption of
�0.43 ng cm�2 (�2 ng ml�1) TGFb1 to the aECM ensuring a TGFb1 concentration within the linear range of the MLEC reporter assay. (C, D) Chemiluminescence referring to
PAI-1 promoter activation as an indicator of bioactive TGFb1 was determined. MLECs were cultured on aECM for 24 h in the presence of adsorbed TGFb1 (C) or after addition of
soluble TGFb1 (2 ng ml�1 = 0.625 ng cm�2) (D). Fold induction refers to the equally treated coll control. Error bars represent the means ± standard errors of the mean.
⁄⁄p < 0.01, n = 3. (E) Immunofluorescence staining for Smad2/3 (red) of dFb cultured on aECM for 5 h. Bar 100 lm (magnification 20�); inset bars 50 lm.
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To test this in silico model experimentally dFb were exposed to
TGFb1 and either soluble LMW-HA, hsHA or combinations of the
growth factor with these GAGs. Before supplemention of dFb the
components were preincubated for 1 h to allow TGFb1–GAG inter-
action. To exclude any influence of the total MW on the interaction
with TGFb1 we decided to apply LMW-HA, which has a similar MW
to hsHA. mRNA expression analysis for aSMA, collagen I(a1) and
ED-A FN (Fig. 5B) shows a reduction in mRNA levels when TGFb1-
stimulated samples were simultaneously treated with hsHA
(Fig. 5B, grey bars). Furthermore, preincubation of hsHA with
TGFb1 impaired Smad2/3 translocation in dFb, while LMW-HA
did not (Fig. 5C). Data obtained from computational and cell bio-
logical analyses indicate that hsHA hinders dFb to MFb differenti-
ation, probably by occupation of the TGFbRI binding site on
TGFb1, thus preventing receptor binding, signal transduction and
expression of aSMA, collagen I(a1) and ED-A FN mRNA.
4. Discussion

Due to the synthesis of new ECM and their contractile activity
MFb have an essential role during the later stages of wound healing
when the wound defect has to be filled and contracted to close the
wound [6,44]. In dermal wound healing the contractile activity of



Fig. 5. Highly sulfated HA prevents TGFb1-mediated signal transduction and induction of aSMA, collagen I(a1) and ED-A FN mRNA expression by occupation of the TGFbRI
binding site. (A) Molecular docking of HA and HA463’ tetrasaccharides on the surface of TGFb1. The structure of the complex TGFb1/TGFbRI/TGFbRII (PDB i.d. 3KFD) is shown
in diagrammatic representation (TGFb1 in yellow, TGFbRI in dark grey and TGFbRII in light grey). Clustering analysis was performed for the top 50 scoring docking results
(Supplementary Table S2). The two clusters obtained for HA (12 and 5 members, respectively) are shown as red sticks and the two clusters obtained for HA463’ (11 and 6
members, respectively) are shown as blue sticks. (B) mRNA expression analysis for aSMA, collagen I(a1) and ED-A FN were performed for dFb cultivated for 72 h in the
absence of TGFb1 and GAGs (control, white bars) or with addition of 10 ng ml�1 TGFb1, 50 lg ml�1 LMW-HA, 50 lg ml�1 hsHA or combinations of growth factor with GAGs.
Fold induction refers to the untreated control. Error bars represent the means ± standard errors of the mean. ⁄p < 0.05; ⁄⁄p < 0.01; n = 3. (C) Immunofluorescence staining of
dFb cultured for 5 h with 5 ng ml�1 TGFb1, 50 lg ml�1 LMW-HA preincubated with 5 ng ml�1 TGFb1 or 50 lg ml�1 hsHA preincubated with 5 ng ml�1 TGFb1 to analyze
nuclear translocation of Smad2/3 (red). Bar 100 lm (magnification 20�).
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MFb is terminated when the tissue is repaired. Then aSMA expres-
sion decreases and MFb are removed by apoptosis [45]. However,
in pathological wound healing MFb activity persists and leads to
tissue deformation resulting in hypertrophic scars or even keloids
[46]. TGFb1 is considered to be the major growth factor directly
promoting MFb differentiation [5,38] and is locally released by res-
ident [3] and inflammatory cells, especially by macrophages [47]
and platelets [48]. Although enormous advances in the develop-
ment of skin substitutes have occurred in the past three decades,
there are still major obstacles to be overcome in the quest for an
optimal skin substitute, which includes controlling MFb differenti-
ation and scar formation [49]. Continuing our investigations on
sulfated GAGs as growth-promoting ECM substitutes for dFb [29],
in this study we examined whether sulfated HA has an impact
on the biological effects of TGFb1 with respect to the induction
of marker genes for MFb. Our results from qRT-PCR and
immunofluorescence staining show that hsHA impairs the TGFb1

stimulation of MFb markers at the mRNA and protein levels.
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Immunofluorescence staining does not provide quantitative data
and consequently best illustrates strong differences in protein
expression. However, the regulation of mRNA expression can be
confirmed as a tendency.

In the absence of TGFb1 dFb grown on aECM with hsHA show
decreased basal levels of MFb marker gene expression, which is
in line with our previous data [29]. Although TGFb1 stimulation
can be observed on all matrices, the aECM with hsHA hinders
TGFb1-stimulated expression of MFb marker genes stronger than
non-sulfated aECM. The decrease in TGFb1-driven induction of
gene expression can be observed independently of the method of
presentation of TGFb1 in the culture system, suggesting that an
interaction of hsHA and TGFb1 might take place both in the super-
natant and on the aECM coating. Investigations of these aECM with
human mesenchymal stem cells (hMSC) showed that coll synthesis
was promoted by hsHA containing aECM with adsorbed TGFb1,
which is in contrast to our results [31]. Although, specific receptors
have been found on nearly all mammalian cells, the effects of
TGFb1 differ according to cell type, growth conditions and concen-
tration of growth factor [50] and are the subject of complex regu-
lation. The effects of TGFb1 may depend on the method of
recruitment from the latent complex in vivo, on orchestration with
co-stimulating proteins or on the spatio-temporal binding se-
quence to different receptors on different cell types.

TGFb1 can induce different signal cascades: signaling through
p38 MAPK results in induction of collagen synthesis whereas Smad
signaling is required for MFb differentiation in several cell types
[51–54]. Interestingly, for another protein of the TGFb family, bone
morphogenetic protein-2 (BMP-2), it has been shown that the
resulting signal depends on whether the cytokine binds to RI prior
to RII engagement (resulting in p38 MAPK signaling) or whether
BMP-2 binds to the preformed receptor complex of RI and RII
(resulting in Smad signaling) [55].

Further, additional proteins may be differently involved in
generating the effects on the different cell types. Thus Grotendorst
et al. showed in their pioneering work that TGFb1 may initiate pro-
liferative or differentiating responses in rat kidney fibroblasts
depending on the co-mediators. Insulin-like growth factor-2 was
necessary for MFb differentiation and epidermal growth factor
co-stimulated proliferation with TGFb1 [56]. However, the two
processes were not observed simultaneously, suggesting two alter-
native, discrete signaling programs.

Other authors have demonstrated that secreted protein acidic
and rich in cysteine (SPARC) can interfere with TGFb1 signaling in
mesangial cells. SPARC binding to TGFbRII may block cJun-related
pathways and direct the cells to Smad signaling [57]. Together with
the observations of Choi et al. [58] showing that SPARC expression
in hMSC may depend on the growth substrate, it is conceivable
that TGFb1 can exert different responses in dFb and hMSC on differ-
ent substrates.

From the receptor site, the proteoglycan content of TGFbRIII
may determine the efficiency of TGFb1 signaling. TGFbRIII also pre-
sents TGFb1 to TGFbRII and augments TGFb1 responses in myo-
blasts [59]. However, its activity in supporting the TGFb1 signal
depends on the number and size of proteoglycans in the molecule.
Large amounts or large proteoglycan molecules like heparan sul-
fate may interfere with the presentation of TGFb1 to TGFbRII,
whereas removal of heparan sulfate augmented the TGFb1 re-
sponse [60]. Although these topics have not yet been addressed
in the context of aECM with sulfated HA, it is conceivable that
TGFb1 could have different effects on various cell types.

When measuring the amount of aECM-adsorbed TGFb1 we
could show 2.4-fold more TGFb1 bound to aECM with hsHA in com-
parison with non-sulfated aECM. These data suggest that sulfate
groups significantly increase TGFb1 binding to HA. Indeed, adsorp-
tion of TGFb1 to aECM and its subsequent release depend on the
degree of HA sulfation [31]. In a detailed study by Hintze et al.
[42] it was shown by surface plasmon resonance and ELISA that
pure hsHA exhibits the tightest interaction with human recombi-
nant TGFb1 when compared with HA derivatives with a lower de-
gree of sulfation. Our data indicate that this also holds true for
hsHA in collagenous matrices.

Naturally occurring sulfated GAGs play critical roles in cellular
processes by binding and regulating a remarkable number of
growth factors [61]. Heparin is known for its ability to stabilize
the binding between fibroblast growth factor-2 (FGF-2) and its
receptor and promoting receptor dimerization [28,62]. Addition-
ally, heparan sulfate can bind FGF-2 on the cell surface to protect
it from proteolytic degradation and generate a reservoir of growth
factor [63–65]. Furthermore, FGF-10 and dermatan sulfate (DS)
markedly enhanced migration of keratinocytes in an in vitro wound
scratch assay, while heparin sulfate and chondroitin sulfates (CS)
did not. These data strongly suggest that specific DS structural
properties are necessary to promote FGF-10 function [66]. From
these examples we conclude that the design of sulfated GAG might
be a way to generate materials with desired biological functions.

Investigations of the native highly sulfated GAGs heparin and
heparin sulfate show a potentiation of TGFb1 biological activity
[41,67–69] and also chemically sulfated dextrans enhance the re-
sponse of MLEC to TGFb1 [70], suggesting that highly sulfated
GAG might positively influence the activity of this growth factor.
However, our data for dFb indicate that the hsHA acts in an oppo-
site manner with regard to MFb differentiation. The degree of sul-
fation, the position of sulfated groups and the structure of the
sugar backbone have been shown to influence the GAG–TGFb1

interaction [18,42] and putatively result in various biological
effects.

Although we are aware that besides TGFb1 mechanical forces
are also important for MFb formation [6,14], we have here focused
on the mechanism behind the attenuated activity of TGFb1 in the
presence of hsHA. The major pathway through which TGFb1 regu-
lates, for instance, the expression of aSMA is the Smad signaling
pathway. Binding of active TGFb1 to TGFb1RII and TGFbRI results
in translocation of the Smad2/3 complex to the nucleus, where
gene transcription is regulated [5,12,43]. Our data obtained with
TGFb1-exposed MLEC reporter cells on aECMs showing abrogated
translocation of the Smad2/3 complex to the nucleus strongly sug-
gest an impaired bioavailability of TGFb1 in the presence of hsHA.

Further reasons for the lack of signal transduction by TGFb1 are
conceivable (e.g. modified TGFbR expression on fibroblasts grow-
ing on aECM with hsHA or degradation of TGFb1 by aECM-immobi-
lized proteases). However, we suppose that the accessibility of
TGFb1 to receptors might be the reason for the effects observed.
Detailed atomic data obtained from docking experiments indicated
that hsHA occupies the TGFbRI binding site on TGFb1 and thus it
might prevent functional signaling resulting in the induction of
aSMA, collagen I(a1) and ED-A FN expression in dFb. Although
the TGFb1 interface with TGFbRII is more basic than the interface
with TGFbRI [71], our docking results reveal a clear preference of
HA463’ for the TGFbRI site. This preference for the RI site might
be due to the fact that the basic residues in the RII site (i.e. R25,
K31, H34 and R94) are less favorably distributed to optimally rec-
ognize HA463’. In addition, residue K31, one of the anchoring
points for HA463’ on TGFb1, is located in the interface of the ter-
nary complex that is part of both the RI and RII sites. Because of
this close proximity of the RI and RII binding sites it could be sug-
gested that with elongation of the docked GAG molecules the RII
site could be partially impaired. This model is supported by exper-
imental data from blocking experiments with LMW-HA and hsHA.
Preincubation of TGFb1 with hsHA but not with LMW-HA blocks
TGFb1-driven Smad2/3 translocation and induction of gene expres-
sion. Since this was not the case for LMW-HA, the experimental
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data support the in silico model and data of Hintze et al. [42] who
showed that TGFb1 functionally interacts predominantly with
hsHA molecules.

Our findings suggest that the introduction of hsHA in biomate-
rial coatings could modify wound healing processes by selected
interactions with TGFb1 and putatively also other growth factors.
Furthermore, a putative use of hsHA is conceivable for alternative
anti-fibrotic strategies in order to prevent the development of tis-
sue contracture and excessive collagen deposition leading to
hypertrophic scars or keloids. Consequently, hsHA, either as a com-
ponent of biomaterials or pharmaceutical agent, might offer a
promising option to interfere with TGFb1-driven fibrosis in various
local fibrotic disorders.
5. Conclusion

Based on previous data showing that aECM consisting of coll
and HA induces proliferation of dFb in a sulfation-dependent man-
ner, while ECM synthesis was reduced [31], we analyzed the im-
pact of this aECM on TGFb1-driven expression of MFb marker
genes. We found that the bioactivity of TGFb1 was significantly re-
duced by hsHA. Our data suggest that hsHA prevents TGFb1 signal-
ing by occupation of the TGFbRI binding site and thereby reduces
TGFb1-driven MFb differentiation. Hence, hsHA seems to be an
interesting option to modify TGFb1-driven effects or even to inter-
fere with fibrotic processes. In the light of the intended use of such
an aECM for non-healing wounds possibly adjustment of the HA
sulfation grade could result in improved matrices, since prolifera-
tion of dFb as well as MFb differentiation are essential steps during
dermal wound healing.
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