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Abstract: Unmodified and GRGDS peptide-modified six
arm PEG star based hydrogels (Star PEG) have been
applied as a multifunctional, easy to handle coating sys-
tem for textile polyvinylidene fluoride (PVDF) structures,
which prevent unspecific protein and cell adsorption and
control-specific cell adhesion. The reactive isocyanate-ter-
minated Star PEG has been successfully applied to am-
monia-plasma treated two- and three-dimensional PVDF
surfaces. Easy modification of the surface hydrogel by
mixing in of GRGDS peptide during the coating step or
subsequent coupling of GRGDS was determined by TOF-
SIMS. Unmodified and GRGDS-functionalized hydrogel
surfaces show distinct protein repellency, as demon-
strated by fluorescence microscopy after incubation with
fluorescent labeled proteins and Surface MALDI-TOF-

Mass Spectroscopy. Cell culture experiments with pri-
mary human dermal fibroblasts, primary fetal rat fibro-
blasts, and human osteoblasts on GRGDS and/or KRSR
Star PEG-modified two- and three-dimensional substrates
show advancement in cell adhesion and proliferation
compared with untreated PVDF surfaces, whereas pure
star PEG-coated surfaces show no cell adhesion. The com-
bination of protein and cell repellent properties with spe-
cific biofunctionality and easy application of the coatings
will enable their application for 3D-scaffolds. � 2009
Wiley Periodicals, Inc. J Biomed Mater Res 92A: 1538–
1551, 2010
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INTRODUCTION

Tissue engineering using synthetic templates has
become an emerging domain of biomedical
research1. A great deal of effort has gone into devel-
oping novel polymeric materials with improved
functionality.2–4 Such biomaterials possess mechani-
cal and physical properties that allow them to
replace defect functions of a tissue, part of an organ,
or the complete organ like, heart valves, blood ves-

sels, tendons, ligaments, etc. As biomedical devices
are interfacing with biological systems, they must
not initiate an adverse reaction of the organism (non-
cytotoxic) but perform with an appropriate host
response in their specific application.5 Because of the
potential risk in long-term applications and the
costly and time-consuming processes for the certifi-
cation of newly developed polymers for implants,
prostheses, and medical devices, standard polymers
like poly(propylene) (PP), poly(tetrafluor ethylene)
(PTFE), poly(ethylene terephthalate) (PET) and poly
(dimethyl siloxane) (PDMS) are currently used in
clinical long-term applications as hernia meshes, mi-
crovascular anastomotic coupling devices, artificial
ligaments, and artificial vascular grafts.6–9 All of
these polymers, however, reveal some disadvan-
tages, for example, PET has been shown to degrade
after some years, as been demonstrated for vascular
grafts.10–13 Similarly, cases of disintegrated PET-
meshes have been reported.14,15 PTFE as mesh mate-
rial is usually manufactured in the form of foils,
thus lacking a sufficient integration into the sur-
rounding tissue.14 PP, widely used as suture material
and for most mesh constructions, is rather stable in
long-term applications, but shows a comparatively
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high bending stiffness, resulting in rather stiff mesh
prosthesis. Furthermore induction of an accentuated
inflammatory foreign body reaction has been
reported as a major disadvantage.16,17 As a particu-
larly inert polymer having superior mechanical
properties in certain applications, poly(vinylidene
fluoride) (PVDF) has received much attention and
generated considerable interest for use as an implant
component.18–20 However, its performance in bio-
medical applications suffers from its surface proper-
ties. The surface of native PVDF is slightly nega-
tively charged and rather hydrophobic. As a result,
PVDF exhibits a strong protein affinity. Non-specific
protein adsorption combined with partial or full
denaturation of the protein on the foreign surface is
a key step in the initiation of unwanted biological
reactions of the human body. This first step in a for-
eign body response can lead to many problems,
ranging from life threatening to merely inconvenient
consequences, like acute and chronic inflammation,
fibrous encapsulation, occlusion of small diameter
artificial blood vessels, complement activation, bio-
fouling combined with subsequent bacteria adhesion,
proliferation of the bacteria and infection of the host,
and, at last, device failure.21–25

Therefore, we postulate two major also per se not
sufficient requirements for a biomaterial. First, it
should prevent unspecific adsorption of components
of the blood and the interstitial fluid with the conse-
quence of an uncontrolled stimulation of the
immune system. Second, the biomaterial should
direct the response of the biological system towards
healing and reconstruction of the organic functions.
Here the hypothesis is, that initial interfacial interac-
tions will control to a large extent the further accep-
tance and healing and thus the long time perform-
ance of an implant. Hence besides general surface
properties such as surface energy, surface roughness,
and surface chemical composition, also time con-
trolled specific binding and stimulation must be con-
sidered while developing advanced biomaterials.

In this report, we describe a strategy to fabricate
PVDF devices with improved cell-repellent surface
properties that can be functionalized with specific
ligands to control adhesion, spreading, and prolifera-
tion of mesenchymal-derived cells like osteoblasts
and fibroblasts. The initial activation of PVDF surfa-
ces achieved by low-pressure microwave (MW)-
induced ammonia-plasma is followed by coating the
activated PVDF surfaces with Star PEG. Bioactivation
with GRGDS and other ECM peptide sequences was
achieved by two different strategies, simultaneously
and consecutively.26 All modification steps were fol-
lowed by means of contact angle measurements, op-
tical microscopy, X-ray photoelectron spectroscopy
(XPS), and time-of-flight secondary ion mass spec-
troscopy (TOF-SIMS). Protein adsorption and repel-

lence studies were carried out by matrix-assisted
laser desorption ionization time-of-flight mass spec-
troscopy (MALDI-TOF-MS) and fluorescent micros-
copy. In vitro cell culture experiments were started
with cytocompatibility tests, using Live/Dead stain-
ing. Cell experiments were carried out with primary
human osteoblasts, primary dermal fibroblasts, and
fetal rat fibroblasts studying adhesion, spreading
and proliferation on ultra thin ECM peptide-modi-
fied Star PEG-coated PVDF samples. Furthermore,
surface modifications and cell seeding experiments
were carried out on 3D PVDF textile structures. The
prevention of cell adhesion on unmodified Star PEG
coatings as well as cell adhesion and proliferation on
ECM peptide-modified surfaces in standard cell cul-
ture media is demonstrated, independent from sub-
strate geometry.

MATERIALS AND METHODS

Substrate materials

Glass cover slips (Marienfeld, Germany), with 15-mm
diameter, were used as substrate materials. The substrates
were cleaned by 5-min sonification in an Ethanol/Hexane
solution [21:79] [m/m] and dried under nitrogen flow.
PVDF granulate (Solvay S.A., Belgium) was used as
received. PVDF meshes were manufactured by the insti-
tute for textile technology of the RWTH Aachen University
(ITA). The meshes were cleaned by 4 h soxhlet extraction
with an Ethanol/Hexane solution [21:79] [m/m] and dried
for 1 h at 508C.

Solvents and reagents

Six-arm star shaped NCO terminated prepolymers (Star
PEG) with a backbone of statistically copolymerized 80%
ethylene oxide and 20% propylene oxide (Mn 5 12,000g
mol21, PD 5 1.08) were prepared as previously
described27 and stored in a Unilab glove box (MBraun).
The RGD peptide (GRGDS) was obtained from Bachem
(Switzerland) and used as delivered. Tetrahydrofuran
(THF) was dried over LiAlH4 and distilled under nitrogen.
Dimethylformamide (Fluka, 99.8%, Germany) under crown
cap was used as received. Millipore water was produced
by a Purelab Plus system (USF Elga, Germany). Phosphate
Buffered Saline (PBS) (Sigma-Aldrich, Germany) was gen-
erated by dissolving the PBS powder in 1 L of degassed
millipore water. The fluorescent marker 4-chloro-7-nitro-
benzofurazan (Fluka, Switzerland) was used as received.
The fluorescence-labeled proteins Avidin Texas Red and
Albumin rhodamine B were obtained from the Invitrogen
Corporation (US) and used as received. Lysozyme, insulin,
and bovine serum albumin were obtained from Sigma-
Aldrich (Germany), stored at 2188C and used as received.
Syringe filters with pore size 0.2 lm were purchased from
Whatman (Germany). GRGDS and KRSR peptide were
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obtained from Bachem (Germany), stored at –188C and
used as received.

Spin coating of PVDF onto glass cover slips

Under nitrogen PVDF granulate was dissolved in a
THF/DMF mixture [3:1] [v/v] at 808C to gain a 0.56% so-
lution [m/v]. For spin coating, the cleaned cover slips sub-
strates were placed on the spin coater (Convac 1001 S, Ger-
many) and then accelerated within 1 sec to the final rota-
tion speed of 4500 rpm, and kept rotating for 3 min.
During this time, 12 drops of filtered (syringe filter) PVDF
solution are applied to the rotating substrate. After spin
coating, the samples are tempered for 2 h at 1608C and 1 h
at 195 C.

Ammonia-plasma treatment of two- and
three-dimensional samples

Plasma treatment was carried out in a low pressure
microwave plasma system AK 330 (Roth & Rau Oberflä-
chentechnik AG, Germany). Samples were treated at a
pressure of 0.4 mbar with an ammonia gas flow of 30
sccm, for a total time of 300 seconds. Three-dimensional
samples (meshes) were treated for 300 seconds on both
sides.

Application of diisocyanate terminated star
polyethers to the two- and three-dimensional
samples

Onto the two-dimensional samples, the Star PEG is spin
coated. Star PEG (100 mg) is dissolved in 1 mL THF in the
glove box. This solution is transferred out of the glove box
and 9 mL Millipore water is added. After 5 min, the solu-
tion is filtered through a 0.2-lm syringe filter and used for
spin coating. For spin coating, the plasma polymerized
substrates were placed on the spin coater (Convac 1001 S,
Germany) covered by the solution and then accelerated
within 1 sec to the final rotation speed of 2500 rpm, and
kept rotating for 40 sec. The resulting films were dried
under nitrogen flow and stored over night in ambient
atmosphere.

For three-dimensional samples, the star PEG is dip
coated. The Star PEG solution is generated in the same
way as mentioned above. After the 5-min wait, the PVDF
mesh is dipped for 5 min into the Star PEG solution. Later,
the samples were dried under nitrogen flow and stored for
12 h in ambient atmosphere. Subsequently, the samples
were rinsed with Millipore water and dried under nitro-
gen flow.

Biofunctionalization of the star PEG coating
with ECM peptide

Application of the GRGDS to the Star PEG coating can
be done in two separate ways, incorporation during the
spin or dip coating process or subsequent coupling after
spin or dip coating. For incorporation, the GRGDS is dis-

solved in the used Millipore water at a concentration of
1 lmol mL21. For subsequent coupling, the samples are
dip coated for 5 minutes into either a 0.1 or a 0.2 lmol
mL21 GRDGDS or a 0.1/0.1 lmol mL21 GRGDS/KRSR so-
lution in Millipore water, after the spin or dip coating
application of the Star PEG. Afterwards the samples were
dried under nitrogen flow and stored for 12 h in ambient
atmosphere. Then the samples were rinsed with Millipore
water and dried under nitrogen flow.

Contact angle measurements

Contact angle measurements were performed with a Go-
niometer G1 (Krüss GmbH, Germany) with Millipore
water, using sessile drop and captive bubble methods. Ses-
sile drop measurements were conducted after equilibrium
of the drop on the surface was reached, typically 10 sec af-
ter drop placement. Before captive bubble measurements
substrates were submerged in Millipore water for at least
8 h. Ten measurements were performed on each substrate.
The resulting value of each single measurement is the av-
erage value of left and right contact angle. Errors were
determined through evaluation of the standard deviation
of the measurements.

Microscopy

Light microscopy and fluorescence microscopy were
performed by means of an Axioplan2 Imaging microscope
from Zeiss (Germany). Microscopy pictures were taken
with a Zeiss AxioCam MRC5 camera. An N XBO 75 lamp
from Zeiss was used as light source for fluorescence mi-
croscopy. Filter system for the NBF was filter set F41-018
from AHF analysentechnik AG (Germany), and filter sys-
tem for Avidin Texas Red and Albumin rhodamine B was
filter set 31 from Zeiss (Germany). Filter system for Live/
Dead staining of cell culture samples was filter set 6 from
Zeiss.

XPS analysis

XPS analysis of surface modified samples was per-
formed on an AXIS Ultra spectrometer (Kratos Analytical,
UK), equipped with a monochromatized Al Ka source. The
pressure during analysis was typically 5 3 1028 mbar. The
elemental composition of samples was obtained from sur-
vey spectra, collected at a pass energy of 320 eV. Binding
energies were referenced to the aliphatic carbon peak at
285.0 eV. High resolution elemental spectra were recorded
at a pass energy of 40 eV. The emission angle of electrons
was set at 358 with respect to the sample normal, which
results in an information depth of about 10 nm.

Assessment of surface protein adsorption
by fluorophore labeled proteins

Samples were half dipped into a solution of 1 g polysty-
rene in 50-mL toluene with a speed of 10 mm min21 and
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withdrawn with the same speed to result a polystyrene
film of 100-nm thickness (determined by ellipsometry). For
dip coating, a homemade device with the motor and gear-
ing combination 1524.A0671 from Faulhaber GmbH KG
(Germany) was used. After evaporation of the solvent, the
samples were immersed into a solution of 1 mg mL21 Avi-
din Texas Red or Albumin rhodamine B conjugate in PBS
buffer for 20 min at room temperature, washed thrice with
pure PBS buffer solution, thrice with Millipore water, and
dried with a stream of nitrogen. Then the samples were
examined by fluorescence microscopy.

Assessment of surface protein repellency by
surface MALDI-TOF mass spectrometry

Lysozyme (1 mg mL21), porcine insulin (1 mg mL21),
and bovine serum albumin (1 mg mL21) were dissolved in
PBS buffer pH 7.4, respectively. The samples were
immersed into the protein solutions at 378C for 1 h. After
washing thrice with buffer and thrice with Millipore water
to remove loosely adsorbed proteins and salt, the samples
were examined by means of Surface MALDI-TOF MS. Sur-
face MALDI-TOF mass spectra were obtained using a
BRUKER BIFLEXTM III MALDI time-of-flight mass spec-
trometer (Bruker-Franzen Analytik GmbH, Germany)
equipped with a nitrogen laser (337 nm wavelength and
3 ns pulse width). Samples were placed onto the stainless
steel sample holder, sinapic acid in a 0.1% solution of tri-
fluoroacetic acid in acetonitrile/water was applied onto
the sample surface, and the solvent was left to evaporate
before the sample holder was inserted into the spectrome-
ter. The adsorbed protein molecules were desorbed of the
surface and embedded into the matrix crystals that formed
on the samples. Pulsed laser irradiation caused volatiliza-
tion and ionization of matrix crystals with the embedded
proteins. Time-of-flight secondary ion mass spectrometry
of Star PEG and Star PEG plus GRGDS-modified samples
was carried out.

Determination of GRGDS presence in star PEG
coatings by time-of-flight secondary ion
mass spectroscopy

TOF-SIMS spectra were obtained using a TOF-SIMS IV
instrument (Ion-TOF GmbH, Germany) with a reflectron
analyzer, a cluster Bi ion source (25 keV), and a pulsed
electron flood source for charge neutralization. The pri-
mary pulsed ion beam current was 1.0 pA and the primary
dose was lower than 1.0 3 1013 ions cm22 (static SIMS
limit). All experiments were performed using a cycle time
of 100 ms (mass range 0–800 m/z). The mass spectral reso-
lution (DM/M) was typically greater than 6000 at m/z 5
27. Positive and negative ion spectra were acquired from a
100 lm 3 100 lm area.

Cell culture and analysis

In vitro experiments were performed with primary
human dermal fibroblasts (hdF) (patient: female, 38 years,

passage 2), primary fetal rat fibroblasts (FRF) (seven
Sprague-Dawley rat fetuses, passage 2), and primary
human osteoblasts (HOB) (patient: female, 35 years, pas-
sage 2). Cells were stored frozen in liquid nitrogen until
usage. FRFs and hdFs were seeded into flasks in high glu-
cose Dulbecco’s modified Eagle’s medium (DMEM) with
supplements of 10% fetal calf serum (FCS), 1 U mL21 peni-
cillin, and 1 mg mL21 streptomycin. Primary HOBs were
cultivated in osteoblast growth media with 10% fetal bo-
vine serum, 1% penicillin/streptomycin, and ascorbic acid
50 mg L21. Cells were grown at 378C and humidified
atmosphere containing 5% CO2 (standard cultivation con-
ditions). The media were changed every 2–4 days, and
cells were passaged when they reached 70–80% confluence
before being used for experiments. Cells of passages 4–6
where used for experiments in this study. Cells were har-
vested by brief exposure to 0.25% trypsin and 1 mM
EDTA in PBS and seeded onto the substrate. For adhesion
studies onto flat samples, a 300-lL cell suspension (hdF,
FRF, and HOB) was prepared on a distinct area of the
sample in a defined concentration (3 3 104 cells mL21).
Samples were incubated under standard cell culture condi-
tions at 378C, and humidified atmosphere containing 5%
CO2. Cell adherence and spreading were visualized at var-
ious times [24 h (1 day), 48 h (2 days), 120 h (5 days)] via
fluorescence and/or light microscopy. Cell viability was
measured with Live/Dead staining kit (Invitrogen,
Germany), whereas cell morphology was visualized by
hemalum staining. Before staining with hemalum, cells
were fixed in 4% formalin solution (pH 7.4, PBS, 30 min)
and vigorously rinsed with deionized water. For adhesion
studies on surface modified PVDF meshes, three-dimen-
sional samples were shaken in a 1 3 106 cells mL21 of hdF
cell suspension in histosette cassettes, under standard cell
culture conditions. Samples were taken at 96-h (4 days)
and 216-h (9 days) and fixed in 4% formaldehyde in PBS
(pH 7.4). After vigorous washing with deionized water,
samples were dehydrated and embedded in paraffin. Cell/
material paraffin block was cut with a microtome in 4–
5 lm slides. Sections were mounted onto glass slides and
paraffin was extracted by xylol. Cells were stained by he-
matoxylin-eosin and visualized by light microscopy.

RESULTS AND DISCUSSION

Coating of two- and three-dimensional PVDF
substrates for characterization of surface
modification

Because of the fact that PVDF does not possess
functional groups that allow for surface modification
and its intrinsic inertness, the surface must be acti-
vated for chemical binding by a plasma treatment.28–33

In the presented work, two- and three-dimensional
PVDF samples have been treated by low-pressure
MW-induced ammonia-plasma to induce the crea-
tion of amine groups on the PVDF surface [Fig. 1(a)].
The generation of amino groups on the substrates
occurs statistically. These ammonia-plasma activated
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PVDF surfaces were coated with a ultrathin hydrogel
in order to impede protein adsorption and cell adhe-
sion.34–36 As shown in Figure 1(b,c), a densely cross-
linked layer of polyethylene glycol was generated
from six-armed star-shaped prepolymers with a stat-
istically copolymerized backbone of 80% ethylene
glycol and 20% propylene glycol.37–39 The arms are
end-functionalized with isophorone diisocyanate,
resulting in isocyanate-terminated prepolymers (Star
PEG). These prepolymers bind covalently to the sub-
strate by addition to the surface amino groups on
the PVDF surface. Coating of the amino-functional-
ized PVDF substrates with Star PEG was performed
by spin coating onto two-dimensional PVDF sub-
strates or dip coating of three-dimensional PVDF
meshes with an aqueous solution of the Star PEG
prepolymers [Fig. 1(b)]. In this solution, water par-

tially hydrolyzes isocyanate groups to carbamic acid,
which is instantly decarboxylated to form amino
groups. The amino groups then react with other iso-
cyanate groups to form a urea linkage between two
arms of the star-shaped prepolymers. It is important
to note that reaction of amino groups with the iso-
cyanates is much faster than hydrolysis,40 thus oligo-
merization takes place in solution. Upon immersion
of the substrate, Star PEG prepolymers and oligom-
ers react with the surface amino groups on the
PVDF and covalently bind to the substrate. As the
Star PEG layer remains hydrated after the coating
procedure, the reaction described above finally leads
to a densely crosslinked layer of urea-linked Star
PEG molecules with remaining amino-functional
dangling ends. These layers are homogeneous and
smooth, as has been reported previously.41 Due to
the slow hydrolysis of the isocyanate groups, the
cross-linking process requires at least 24 h for the
isocyanate groups to be completely hydrolyzed.
Thus, a convenient time window remains in, which
the isocyanate functionality of the surface can be
used for covalent immobilization of compounds.
This can be used to incorporate extracellular matrix
molecules like glycoproteins or short peptides
derived there of, which can bind directly to receptor
proteins in the cell membrane and thus promote spe-
cific cell adherence.42,43 In this study, a bioactivation
of the Star PEG coating for specific cell adhesion
was achieved by coupling with GRGDS and\or
KRSR peptide sequences by two different strategies,
simultaneous coupling [Fig. 1(c)], and consecutive
coupling [Fig. 1(d)]. Physicochemical characterization
of all surface modification steps was conducted,
along with assessment of protein repellent proper-
ties, quantitative cell proliferation on, and cytocom-
patibility tests on two- and three-dimensional PVDF
samples. Two different types of primary fibroblasts,
hdF and FRF, were used to investigate the cytocom-
patibility of the described surface coatings. FRFs
were chosen for improved transferability of cell cul-
ture results to in vivo biocompatibility test with
Sprague Daley rats. Furthermore HOBs adherence
was studied for surfaces equipped with the osteo-
blasts specific sequence KRSR.44 As the cell adher-
ence promotion of the GRGDS and KRSR peptides
have already been mentioned in literature and also
have been found by the authors in previous studies,
it was chosen not to incorporate GRDGS or similar
scrambled peptides as controls in this study.26,37

Physicochemical characterization

Surface modifications and coating quality were
assessed by contact angle measurements, optical mi-
croscopy, XPS, and TOF-SIMS.

Figure 1. Idealized schematic illustration of the modifica-
tion of the PVDF surface. (a) Initial activation of PVDF sur-
faces achieved by low-pressure microwave-induced ammo-
nia-plasma. (b) Coating of the activated PVDF surfaces
with Star PEG molecules. Biofunctionalization with
GRGDS and\or KRSR peptide was achieved by two differ-
ent strategies. (c) consecutively and (d) simultaneously.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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To determine surface wettability the water contact
angle of unmodified and modified PVDF two-dimen-
sional substrates was determined in sessile drop and
captive bubble mode. A pure unmodified PVDF sur-
face shows a contact angle of 698 in sessile-drop
mode and an angle of 688 in captive-bubble mode.
After ammonia-plasma treatment, contact angles
drop to 42 (sessile drop) and 45 (captive bubble).
Subsequent coating of the plasma–treated PVDF sur-
face with Star PEG and biofunctionalization of the
Star PEG coating by subsequent or simultaneous
coupling of GRGDS peptide onto the surface pro-
duced values in a range of 41–438 for sessile-drop
mode and 40–418 for captive-bubble mode. There
were no statistically significant differences in contact
angle between pure Star PEG coatings and with
GRGDS biofunctionalized Star PEG coatings. These
values correlated with previously determined values
for water contact angles on Star PEG coatings.45

To verify the surface modification steps, XPS
experiments were carried out on two- and three-
dimensional unmodified and surface-modified PVDF
samples. Table I shows the elemental composition
and carbon bond energy of approximately the outer-
most 10 nm of the uncoated PVDF surface, the am-
monia-plasma–treated PVDF surface and Star PEG
as well as biofunctionalized Star PEG coated two-
dimensional PVDF surfaces. Pure PVDF shows an
elemental composition, which is consistent with the
expected theoretical composition of 50% carbon and
50% fluor content. After ammonia-plasma treatment,
carbon, oxygen, and nitrogen content increased to
respectively 71.6, 5.8, and 1.9%. The fluor content of
the surface decreased from 52.1 to 20.6%. Addition-
ally, more and higher energetic carbon species were
detected after plasma treatment. It is well known
that upon ammonia-plasma treatment of polymers,
the formation of amino groups and other nitrogen
containing groups is concurrent with oxidative proc-
esses. Both processes, the introduction of N into the
PVDF surface as well as the partial oxidation, are

confirmed by the XPS data presented here. The
occurrence of amine groups after ammonia-plasma
treatment has been found by authors in previous
studies, for instance, by causing the surface to react
with an amine-reactive fluorescent dye: 4-chloro-7-
nitrobenzofurazane after ammonia-plasma treat-
ment.46 After coating of the plasma–treated PVDF
surface with Star PEG and biofunctionalization of
the Star PEG coating by subsequent or simultaneous
coupling of GRGDS peptide and subsequent cou-
pling of KRSR peptide onto the surface typical val-
ues of surface atomic content for Star PEG coatings
were detected.41 There were no significant differen-
ces detected between pure Star PEG coatings and
with GRGDS/KRSR biofunctionalized Star PEG coat-
ings. The amount of detected fluor on the Star PEG
modified surface decreased massively to 1.8% or
less. XPS measurements on unmodified and modi-
fied three-dimensional PVDF textile structures
showed similar results.

To detect small amounts of GRGDS peptide in the
top most 2 nm of the biofunctionalized Star PEG
coatings TOF-SIMS measurements were carried out
on a pure Star PEG coating and a Star PEG coating
biofunctionalized by the coupling of 1.0 lmol mL21

GRGDS simultaneously during the coating. Figure 2
shows positive and negative TOF Static SIMS spectra
recorded on pure and biofunctionalized Star PEG
coatings. Cationic and anionic fragments, which
were only present on the biofunctionalized coatings
and were indicative for the presence of GRGDS pep-
tide in the uppermost 2 nm of the coating, are listed.

Characterization of surface protein repellency

Protein repellant properties of the Star PEG and
biofunctionalized Star PEG coatings were further
examined. Therefore, two-dimensional Star PEG-
coated PVDF samples were halfway dipped into a
polystyrene (PS) solution to yield samples, that were

TABLE I
XPS Elemental Composition (in At. %), Bond Energies and Fractions of Carbon (C1s) Species of: a) Pure PVDF,

b) Ammonia Plasma-Treated PVDF, c) Star PEG-Coated PVDF Surfaces, d) Consecutively Bio Activated
Star PEG Surface, e) Simultaneously Bio Activated Star PEG Surface

Sample

C1s in Atom-%

O1s N1s F1sAtom-

285,0 286,5 287,7 290,5

C��H
C��C

C��O
C��N

R��C¼¼O
O��C��O

CF2
O��CO��O

a) PVDF 46,4 23,9 – – 22,5 1,5 – 52,1
b) NH3-Plasma 71,6 54,6 5,1 4,8 7,1 5,8 1,9 20,6
c) Star PEG coating 73,0 18,8 54,2 – – 24,7 1,5 0,9
d) Star PEG þ GRGDS 73,4 26,1 47,3 – – 23,3 2,0 1,3
e) Star PEG þ GRGDS 71,9 16,7 55,2 – – 24,5 1,8 1,8
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half covered by PS, a hydrophobic compound
known to induce protein adsorption.47 Adsorption of
Avidin Texas Red conjugate and albumin rhodamine
B conjugate was analyzed by means of fluorescence
microscopy. Representative fluorescence microscopy
images are presented in Figure 3. In all cases, the
protein adsorbs on the PS, which results in a high
fluorescence intensity, whereas the biofunctionalized
Star PEG-coated sample areas on the two-dimen-
sional samples do not show fluorescence intensity
higher than the background intensity, indicating the
lack of adsorbed protein. Unmodified and Star PEG-
modified three-dimensional PVDF textile structures
were incubated with Avidin Texas Red conjugate.
Representative fluorescence microscopy images are
presented in Figure 3. Pure PVDF three-dimensional
textile structures required very short exposure times
of 300 ms. Star PEG-coated and biofunctionalized
Star PEG-coated three-dimensional textile structures
required exposure times in a range of 17–20 sec. The
need to use a short exposure time (300 ms) to get a

clear fluorescence microscopy picture of the textile
structure indicates that a large amount of fluorescent
protein is present on the surface. After Star PEG
coating of the surface one needs a large exposure
time to amass the necessary light to generate a clear
picture of the Star PEG-coated structure. This signi-
fies that a very small amount of fluorescing protein
is present on the Star PEG-coated structure. This
indicates a significant improvement of protein repel-
lence after coating with Star PEG.

The ability of the Star PEG and biofunctionalized
Star PEG coatings to repel insulin as well as albumin
was assessed by Surface-MALDI-TOF mass spec-
trometry. Insulin was chosen as a model protein
because of its relatively small size (Mw 5778 Da) and
spheroid shape to test the density of the PEG coating
on the surface. Albumin was chosen as a model pro-
tein because of its relatively high concentration in
the blood and bodily fluids and its tendency to be
the first protein to adsorb onto a foreign material
surface introduced into the body. Furthermore, they

Figure 2. (a) Positive TOF Static SIMS spectra recorded on Star PEG and bioactivated Star PEG þ GRGDS surface, (b)
Cationic fragments indicative for GRGDS presence on the bioactivated Star PEG þ GRGDS surface, (c) Negative TOF Static
SIMS spectra recorded on Star PEG and bioactivated Star PEG þ GRGDS surface, and (d) Anionic fragments indicative for
GRGDS presence on the bio activated Star PEG þ GRGDS surface. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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have Surface-MALDI-TOF-MS that detects small
amounts of material but is difficult to quantify.25,48

Figure 4 shows surface-MALDI-TOF-MS spectra
from surfaces incubated with insulin (left-hand side)
and albumin (right-hand side). Insulin could only be

detected on pure PVDF and ammonia-plasma–
treated PVDF surfaces. Albumin could only be
detected on the pure PVDF surface. On Star PEG
and biofunctionalized Star PEG coatings no insulin
and albumin could be detected.

Figure 3. Fluorescence microscopy with fluorophore labeled proteins on two-dimensional samples (a) with Avidin Texas
Red conjugate on a biofunctionalized Star PEG þ GRGDS surface and a polystyrene reference surface, (b) with albumin
rhodamine B conjugate on a biofunctionalized Star PEG þ GRGDS surface and a polystyrene reference surface. On three-
dimensional PVDF textile structures with Avidin Texas Red conjugate, (c) pure PVDF with an exposure time of 300 ms,
and (d) biofunctionalized Star PEG þ GRGDS with an exposure time of 17 sec.

Figure 4. Surface-MALDI-TOF mass spectra of insulin (left hand side) and albumin (right hand side) on (a) pure PVDF,
(b) ammonia plasma treated PVDF, (c) Star PEG-coated PVDF, (d) Star PEG-coated PVDF biofunctionalized by consecutive
coupling of 0.1 lmol mL21 of GRGDS, and (e) Star PEG-coated PVDF biofunctionalized by mixing in 1.0 lmol mL21 of
GRGDS, during the coating step.
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Cell proliferation on and cytocompatibility tests of
two- and three-d-dimensional PVDF structures

Figure 5 presents the results of static cell-culture
experiments with primary hdF, FRF, and HOB cells
on two-dimensional PVDF samples. Figure 5(a)
shows cell adhesion values of hdF cells on the vari-
ous modified surfaces and controls. No values for
pure unmodified Star PEG coatings are displayed in
Figure 5, as no cells adhered to them in the 24, 48,
and 72 h time periods. As to be expected, cell adhe-
sion and proliferation on tissue culture poly styrene
(TCPS) control surfaces was very good. After 72 h,
the number of adherent hdFs on TCPS was over
100%, indicating that the 96 well bottoms were as
completely covered and that cells started to grow
into the third dimension. Cell adhesion and prolifer-
ation on the native unmodified PVDF surface was
low. Although of comparable wettability, TCPS and
unmodified PVDF surfaces exhibited different hdF
adhesion and proliferation characteristics.1,33 After
ammonia-plasma treatment of the PVDF surface, ini-
tial adhesion of the hdF cells was quite low (24,
48 h), whereas the proliferation on the plasma-
treated PVDF surface was very good with adherent
cell values after 72 h, reaching the same cell density
as for the TCPS control after 72 h. The high adherent
cell value reached after 72 h on ammonia-plasma-
treated PVDF is believed to be due to the introduc-
tion of oxygen- and nitrogen-containing functional
groups into the PVDF surface by the ammonia
plasma, which is understood to be very beneficial
for cell proliferation.49 As previously described, a
coating of pure Star PEG resulted in no hdF adhe-
sion, as also shown in Figure 6(g,i). An introduction
of GRGDS peptide in concentrations of 0.1 or
0.2 lmol mL21 by consecutive coupling onto the Star
PEG coating [Fig. 1(c)] resulted in both low cell ad-
hesion and low proliferation. A concentration of
0.1 lmol mL21 was therefore sufficient for a low ini-
tial specific cell adhesion onto the surface, which
induced a subsequent hdF proliferation and homoge-
neous seeding of the surface after 72 h. An increase
in concentration to 0.2 lmol mL21 GRGDS peptide
neither influenced the amount of initial adhered
cells, nor the proliferation rate. An introduction
of GRGDS peptide in a higher concentration of
1.0 lmol mL21 through simultaneous coupling of
the peptide during the Star PEG coating process
[Fig. 1(d)] produced a surface, which showed a sig-
nificantly increased hdF adhesion and proliferation
as compared to the consecutive immobilization of
GRGDS. In case of the Star PEG coatings with simul-
taneously immobilized GRGDS peptide, it is be-
lieved that the increased initial adhesion is promoted
by the higher density of the GRGDS peptide on the
coated surface. An advantage of simultaneous cou-

pling method is the easy control over the peptide
sequence to Star PEG molecule ratio just by the
amount of peptide added to the water phase prior to
mixing with the star prepolymer molecules in
THF.37 However, a disadvantage of the simultaneous

Figure 5. Adherent cells on TCPS control, unmodified,
ammonia-plasma treated, Star PEG and biofunctionalized
Star PEG-coated PVDF surfaces. The adherent cell num-
bers after 24 h show initial adhesion; the cell numbers af-
ter 72/120 h area measure for cell proliferation. Adherent
cell numbers for (a,b) are shown relative to a determined
confluent cell mat. Adherent cell numbers for (c) are
shown relative to the TCPS 120 h control. No values for
pure unmodified Star PEG coatings are shown as no cells
adhere to them. a: hdF adherence on TCPS control and
PVDF samples with 0.1, 0.2 lmol mL21, consecutively and
1.0 lmol mL21, simultaneously coupled GRGDS on Star
PEG. b: FRF adherence on TCPS control and PVDF sam-
ples with 0.1, 0.2 lmol mL21, consecutively and 1.0 lmol
mL21 simultaneously coupled GRGDS peptide. d: HOB
adherence on TCPS control and 0.1 lmol mL21 GRGDS,
0.1 lmol mL21 KRSR and a mixture of 0.1 lmol mL21

GRGDS and 0.1 lmol mL21 KRSR consecutively coupled
to the Star PEG coating.
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Figure 6. Examples for adherent human dermal fibroblasts on TCPS controls, unmodified and modified PVDF two-
dimensional surfaces. Hemalum staining of TCPS control after (a) 24 h (d) 48 h. Native PVDF surface after (b) 24 h, (e) 72 h.
Ammonia- plasma- treated PVDF surface after (c) 24 h, (f) 48 h. Star PEG-treated PVDF surface after (g) 24 h, (j) 72 h.
0.1 lmol mL21 GRGDS coupled consecutively to Star PEG coating after (h) 24 h, (k) 48 h. 1.0 lmol mL21 GRGDS coupled
simultaneously during Star PEG coating after (i) 24 h, (j) 48 h. Live/Dead staining of 0.1 lmol mL21 GRGDS coupled consec-
utively to Star PEG coating after (m) 24 h, (n) 48 h. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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peptide coupling method is the need to use higher
peptide concentrations, due to the fact that a certain
amount of the peptide is located in the coating inac-
cessible for the cells and their receptors. This might
be not acceptable for implant modifications, espe-
cially when longer and more expensive peptide
sequences will be used. Here the consecutive cou-
pling method could be advantageous.

The similarity of the cell adhesion values after 24
and 48 h is believed to be due to the arresting of the
cells in G0 phase caused by the trypsination proce-
dure used to harvest the cells, before being applied
to the tested surface. This effect is described in litera-
ture.50 However, cell spreading is increased after 48 h
(Fig. 6).

As seen in Figure 6, hdFs are adhered but show
lower spreading on unmodified PVDF in comparison
to TCPS and ammonia-plasma–treated PVDF after 24
h. Furthermore, cell spreading and hdF density on
the surface are comparable for the TCPS control and
ammonia-plasma–treated PVDF after 48 h. Pure Star
PEG coatings resulted in no hdF adhesion, as shown
in Figure 6(g,h). Consecutive coupling of 0.1 lmol
mL21 GRGDS onto the Star PEG coating gives a sim-
ilar amount of initially adhered cells after 24 h in
comparison to unmodified PVDF, but as shown in
Figure 6(i) cell spreading is much better. After 48 h,
hdFs demonstrate an increase in cytoplasm/nucleus
ratio and a slight increase in adherent cell numbers
for this particular area of sample surface. Addition-
ally, Live/Death stainings confirm the typical fibro-
blast morphology and demonstrate that all adhered
cells are viable and not negatively influenced by the
surface coating. Figure 6(k,l) show the increased ini-
tial cell adhesion, spreading, and a higher prolifera-
tion rate due to the increased GRGDS presence on
the surface.

Figure 5(b) shows equivalent initial adhesion and
proliferation characteristics of FRFs as compared to
hdFs. Cell test micrographs (not shown) of FRFs
demonstrate behavior similar to hdFs on all surfaces.

Several studies have demonstrated improved cell
attachment, proliferation, and spreading by modify-
ing materials with integrin-binding peptide sequen-
ces.43 Recently, an increasing number of studies
have shown that proteoglycan-binding domains of
several cell adhesion mediating proteins can modu-
late cell spreading and stress fiber formation in dif-
ferent cell types.51,52 Thus, it is believed that cell sur-
face proteoglycans cooperate with integrins in regu-
lating maximal cell adhesion and spreading.53

Indeed, a few studies have demonstrated improved
cell attachment and spreading using both integrin
and proteoglycan-binding domains to biofunctional-
ize biomaterial surfaces.54,55 In this study, we pur-
sued this strategy to biofunctionalize PVDF-Star PEG
surfaces with the reported proteoglycan-binding

peptide KRSR56 alone and in combination with
GRGDS peptide. We hypothesized that the peptide
combination would stimulate cell-binding and
spreading above that of single-peptide couplings.
Figure 5(c) illustrates the initial adherence and pro-
liferation behavior of HOBs on TCPS controls and
Star PEG coatings consecutively coupled with either
0.1 lmol mL21 GRGDS, 0.1 lmol mL21 KRSR, or a
mixture of 0.1 lmol mL21 GRGDS and 0.1 lmol
mL21 KRSR. As is to be expected, initial HOB adhe-
sion and proliferation on TCPS control surfaces is
good. Coupling of a single peptide, either GRGDS or
KRSR shows moderate initial adherence and low
proliferation behavior, whereas the combination of
GRGDS and KRSR demonstrates good initial adher-
ence (24 h) and proliferation (120 h) of the HOBs.
This indicates that osteoblasts adhesion is mediated
by different receptor types. The RGD sequence is
known to promote cell adhesion via the Integrin
a5b1 and the KRSR sequence is specific for osteo-
blasts adhesion via proteoglycan-based receptors.57

This causes synergy effects, which amplify adhesion
and proliferation of HOBs.56,58

Live/Death stainings of HOBs on Star PEG coat-
ings consecutively coupled with either 0.1 lmol
mL21 GRGDS, 0.1 lmol mL21 KRSR, or a mixture of
0.1/0.1 lmol mL21 GRGDS/KRSR surfaces, are
shown in Figure 7. Here an increase in cell number
and cell clustering for the GRGDS/KRSR surface is
seen as opposed to the single GRGDS and KRSR sur-
faces after 48 h. As observed in the 120 h micro-
graphs of the central area of the investigated sam-
ples, osteoblasts are distributed homogeneously and
show good adhesion, viability, and spreading

Conversely, in another study Dettin et al. observed
that a combination of RGD/KRSR did not increase
osteoblast adhesion on TCPS, in comparison to sur-
faces modified with only RGD or KRSR.54 This dem-
onstrates impressively, that not only bioligand-type
or bioligand-mixture influences the cell/biomaterial-
surface interaction, but also surface-bioligand con-
centration, character of bioligand-presentation, and
finally its bioavailibility seem to be important as
well.26,37,59 Another critical point is that most studies
performed only short-term cultivation experiments
with osteoblasts.60 Here, we cultivated HOBs on
PVDF-Star PEG-GRGDS, PVDF-Star PEG-KRSR, and
PVDF-Star PEG-(GRGDS/KRSR) for 120 h. Finally,
enhanced HOB spreading was observed on all three
peptide-modified PVDF-Star PEG surfaces [Fig. 7(b,d,f)].

Figure 8 illustrates long-term cell culture experi-
ments with human fibroblasts on Star PEG-coated
three-dimensional PVDF monofilament meshes. Af-
ter 4 days, no cell adhesion and proliferation is seen
on hemalum stained histological cross-sections of
pure Star PEG-coated PVDF meshes [Fig. 8(a)]. After
9 days, cell adhesion and proliferation on pure Star
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PEG-coated PVDF meshes was very minor. An intro-
duction of 0.1 lmol mL21 GRGDS onto the Star PEG
coating by consecutive coupling gives good hdF ad-
herence after 4 days [Fig. 8(c)] and good cell prolifer-
ation onto and around the PVDF monofilaments af-
ter 9 days. PVDF monofilament meshes coated with
GRGDS peptide in a higher concentration of 1.0
lmol mL21 through simultaneous coupling of the

peptide during the Star PEG coating process [Fig.
1(d)] produced a surface, which showed an even
more increased hdF adhesion and proliferation rate
after 4 and 9 days, as compared to the consecutive
immobilization of GRGDS. These results confirm the
transferability of the coatings with good quality
from two-dimensional samples to three-dimensional
PVDF monofilament meshes. The easy application of

Figure 8. Examples for adhesion and proliferation of human dermal fibroblast on PVDF monofilament meshes. Star PEG-
coated PVDF after (a) 4 days, (d) 9 days. 0.1 lmol mL21 GRGDS coupled consecutively to Star PEG coated PVDF after (b)
4 days, (e) 9 days. 1.0 lmol mL21 GRGDS coupled simultaneously during Star PEG-coated PVDF after (c) 4 days, (f) 9
days. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 7. Determination of cell viability of human osteoblasts by Live/Dead staining of 0.1 lmol mL21 GRGDS coupled
consecutively to Star PEG coating after (a) 48 h, (b) 120 h. Of 0.1 lmol mL21 KRSR coupled consecutively to Star PEG
coating after (c) 48 h, (d) 120 h. Of a mixture of 0.1 lmol mL21 GRGDS and 0.1 lmol mL21 KRSR coupled consecutively
to Star PEG coating after (e) 48 h, (f) 120 h. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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the Star PEG coatings as well as the combination of
protein and cell repellent properties and their spe-
cific biofunctionality provides large potential for fur-
ther applications in surface modification of three
dimensional-scaffolds for implantation.

CONCLUSIONS

The development of a coating system for two- and
three-dimensional PVDF substrates, which is protein
repellent, cell repellent, and able to be biofunctional-
ized for specific cell adhesion, has been presented.
Successful immobilization of ECM peptide sequences
was determined by TOF-SIMS. Furthermore, protein
repellency of the unmodified and biofunctionalized
Star PEG coatings was assessed by Surface MALDI-
TOF-MS and microscopy of fluorescent labeled pro-
teins. Cells were viable on the biofunctionalized Star
PEG coatings as determined by Live/Death staining.
The easy application of the Star PEG coatings, as
well as the combination of protein repellent and cell
repellent properties and their ability to be specifi-
cally biofunctionalized by either simultaneously or
consecutively coupling of cell adhesive peptide
sequences provides large potential for further appli-
cations in surface modification of three-dimensional
PVDF scaffolds for implantation. Especially, the abil-
ity to target specific cells for adhesion by implement-
ing cell adhesive mediators, particular for a single
cell class, in the hydrogel coating, and the ability to
create cell repellent and specific cell adhesive
domains on a single implant (e.g., for a smart artifi-
cial tendon prosthesis) hold much promise.

The authors thank Prof. Helmut Thissen of CSIRO Mo-
lecular and Health Technologies (Melbourne, Australia),
Dr. Grant van Riessen and Dr. Narelle Brack of Latrobe
University (Melbourne, Australia) for their assistance with
the TOF-SIMS measurements.
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lick V. PVDF as a new polymer for the construction of surgi-
cal meshes. Biomaterials 2002;23:3487–3493.

18. Laroche G, Marois Y, Guidoin R, King MW, Martin L, How
T, Douville Y. Polyvinylidene fluoride (PVDF) as a biomate-
rial: From polymeric raw material to monofilament vascular
suture. J Biomed Mater Res 1995;29:1525–1536.

19. Lynen Jansen P, Klinge U, Anurov M, Titkova S, Mertens PR,
Jansen M. Surgical mesh as a scaffold for tissue regeneration
in the esophagus. Eur Surg Res 2004;36:104–111.

20. Junge K, Rosch R, Klinge U, Krones C, Klosterhalfen B, Mert-
ens PR, Lynen P, Kunz D, Preiss A, Peltroche-Llacsahuanga
H, Schumpelick V. Gentamicin supplementation of polyviny-
lidenfluoride mesh materials for infection prophylaxis. Bio-
materials 2005;26:787–793.

21. Tang L, Jennings TA, Eaton JW. Mast cells mediate acute
inflammatory responses to implanted biomaterials. Proc Natl
Acad Sci U S A 1998;95:8841–8846.

22. Johnson R, Harrison D, Tucci M, Tsao A, Lemos A, Puckett
A, Hughes JL, Benghuzzi H. Fibrous capsule formation in
response to ultrahigh molecular weight polyethylene treated
with peptides that influence adhesion. Biomed Sci Instrum
1997;34:47–52.

23. Bos GW, Scharenborg NM, Poot AA, Engbers GH, Beugeling
T, van Aken WG, Feijen JJ. Blood compatibility of surfaces
with immobilized albumin-heparin conjugate and effect of
endothelial cell seeding on platelet adhesion. J Biomed Mater
Res 1999;44:330–340.

24. Kidane A, Park K. Complement activation by PEO-grafted
glass surfaces. J Biomed Mater Res 1999;44:640–647.

25. Kingshott P, St. John HA, Griesser HJ. Direct detection of
proteins adsorbed on synthetic materials by matrix-assisted
laser desorption ionization-mass spectrometry. Anal Biochem
1999;273:156–162.

1550 HEUTS ET AL.

Journal of Biomedical Materials Research Part A
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Nienhaus GU, Möller M. Biofunctionalized, ultrathin coatings
of cross-linked star-shaped poly(ethylene oxide allow reversi-
ble folding of immobilized proteins. J Am Chem Soc 2004;
126:4234–4239.

40. Caraculacu AA, Coseri S. Isocyanates in polyaddition proc-
esses. Structure and reaction mechanisms. Prog Polym Sci
2001;26:799–851.

41. Groll J, Ademovic Z, Ameringer T, Klee D, Moeller M. A
comparison of coatings from reactive star shaped PEG-stat-
PPG prepolymers and grafted linear PEG for biological and
medical applications. Biomacromolecules 2005;6:956–962.

42. Shin H, Jo S, Mikos AG. Biomimetic materials for tissue engi-
neering. Biomaterials 2003;24:4385–4415.

43. Hersel U, Dahmen C, Kessler H. RGD modified polymers:
Biomaterials for stimulated cell adhesion and beyond. Bioma-
terials 2003;24:4385–4415.

44. Dettin M, Conconi MT, Gambaretto R, Bagnoa A, Di Belloa
C, Mentib AM, Grandib C, Parnigotto PP. Effect of synthetic
peptides on osteoblast adhesion. Biomaterials 2005;26:4507–
4515

45. Groll J, Ameringer T, Spatz JP, Moeller M. Ultrathin Coatings
from Isocyanate-Terminated Star PEG Prepolymers: Layer
formation and Characterization. Langmuir, 2005;21:1991–
1999.

46. Klee D, Heuts J, Salber J, Groll J, Möller M. Biofunctional Star
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