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ABSTRACT: The bioactive additive toolbox to functionalize supramo-

lecular elastomeric materials expands rapidly. Here we have set an

explorative step toward screening of complex combinatorial func-

tionalization with antifouling and three peptide-containing additives

in a bisurea-based supramolecular system. Thorough investigation

of surface properties of thin films with contact angle measure-

ments, X-ray photoelectron spectroscopy and atomic force micros-

copy, was correlated to cell-adhesion of endothelial and smooth

muscle cells to apprehend their respective predictive values for

functional biomaterial development. Peptides were presented at

the surface alone, and in combinatorial functionalization with the

oligo(ethylene glycol)-based non-cell adhesive additive. The

bisurea-RGD additive was cell-adhesive in all conditions, whereas

the endothelial cell-specific bisurea-REDV showed limited bioactive

properties in all chemical nano-environments. Also, aspecific func-

tionality was observed for a bisurea-SDF1α peptide. These results

emphasize that special care should be taken in changing the chemi-

cal nano-environment with peptide functionalization. © 2019 The

Authors. Journal of Polymer Science Part B: Polymer Physics publi-

shed by Wiley Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys.

2019, 57, 1725–1735

KEYWORDS: additives; biointerfaces; peptides; screening; supra-

molecular biomaterials

INTRODUCTION Biomaterial functionalization with various bio-
active cues has been studied for several decades to be able to
steer cellular behavior and positively influence the response
upon implantation of the biomaterial.1 Inspiration for the
design of these cues is often taken from natural extracellular
matrix components.2 In direct approaches, extracellular matrix
proteins have been used to coat or covalently functionalize bio-
materials for improved bioactivity.3,4 To induce or enhance
adhesion of cells to synthetic materials, functionalization with
short peptide mimics of adhesion sites in extracellular matrix
proteins is a popular strategy. One of the most studied exam-
ples of such a peptide is the RGD sequence,5–9 found in for
instance fibronectin and vitronectin. Besides peptides such as
RGD, which induce cell adhesion in general, peptide sequences
have been discovered for which specific cell types have an
increased affinity over other cell types, due to increased

expression of the binding motif on these cells.2 The REDV pep-
tide, for which endothelial cell-specificity has been reported,10,11

attributed to binding to integrin α4β1,11,12 has been extensively
applied to enhance endothelialization of biomaterials.13–39 In
another approach, a peptide derived from stromal cell derived
factor-1α (SDF1α), a chemoattractant of lymphocytes, mono-
cytes, and progenitors cells, has been applied for improved in
situ cellularization.40

Several parameters in the method of covalent tethering of
peptides to a biomaterial surface influence the resulting func-
tionality of the peptide. This includes, but is not limited to, the
spacing between adhesive peptides,41 the length of the linker
that is used to attach the peptide,42–47 and the amino-acids
that flank the essential peptide sequence,6 which all suggest
that tuning the chemical nano-environment of peptides is of

Additional Supporting Information may be found in the online version of this article.
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great importance for functionality of the peptides. However, a
popular approach features the functionalization with both bio-
active peptides, and antifouling moieties, to enhance specific-
ity of the bioactivation and reduce adhesion of undesired
entities to the functionalized biomaterial,48–51 where the
chemical environment of the peptides is designed to repel any
aspecific interactions.

In our group, we apply a functionalization strategy based on
specific supramolecular interactions,52,53 that facilitate the
non-covalent incorporation of functional additives. In the past,
adhesive properties of supramolecular biomaterials were
improved through incorporation of additives, including addi-
tives with peptide functionality.54–57 Here, the bisurea moiety
is employed as the supramolecular motif, as an integral part
of a segmented block-copolymer as the hard-segment. The
mechanical properties of such hydrogen bonded elastomeric
materials allow for application in biomedical applications
ranging from heart valves58 and cardiac patches,59 to vascular
grafts60–62 Bisurea-based additives have been shown to self-
sort with matching motifs.63–66 Furthermore, antifouling mate-
rials were formulated with oligo(ethylene glycol) (OEG)-based
bisurea additives, with a strong dependence of functionality
on molecular design of the additive.67

As a first step toward screening of bioactive supramolecular
additives, using a combination of extensive surface characteri-
zation and functionality assessment, we functionalized the
polycaprolactone-bisurea (PCL-BU) base material in combina-
torial fashion with the best performing antifouling OEG-based
bisurea additive from our previous work, BU-OEG-BU
(BOB),67 and three bioactive peptide additives. To this end
three bisurea-peptide conjugates, that is, BU-RGD, BU-REDV,
and BU-SDF1α (Fig. 1), were synthesized. Solution-cast thin
films of PCL-BU, mixed with 2 and 4 mol% BOB, which is suf-
ficient for non-cell adhesive properties,67 and 1 and 4 mol%
bisurea-peptide additive, which has been shown to influence
cellular adhesion,57 were prepared, and characterized with
water contact angle measurements, atomic force microscopy,
and X-ray photoelectron spectroscopy. The cell-adhesion of
vascular endothelial and smooth muscle cells was studied to
gain insight in the efficacy of the incorporated BU-peptide
additives, in co-formulation with the antifouling BOB. More-
over, this combinatorial approach allowed us to systematically
study the functionality of the mixtures with bisurea-peptides
in different supramolecular nano-environments. These results
can determine the predictive value of extensive surface char-
acterization, in view of further screening of new bioactive
supramolecular additives.

EXPERIMENTAL

Materials and Methods
All reagents, chemicals, materials, and solvents were obtained
from commercial sources and were used as received. All solvents
were of AR quality. Moisture or oxygen-sensitive reactions were
performed under an argon atmosphere. In the synthetic proce-
dures, equivalents (eq) are molar equivalents. Analytical thin

layer chromatography was performed on Kieselgel F-254 pre-
coated silica plates. Silica column chromatography was carried
out on Screening Devices B.V. silica gel (flash: 40–63 μm mesh
or normal: 60–200 μm mesh). 1H-NMR, 13C-NMR, and 19F-NMR
spectra were recorded on a Bruker Avance III HD spectrometer
at 298 K. Chemical shifts are reported in ppm downfield from
TMS at room temperature. Abbreviations used for splitting pat-
terns are s = singlet, d = doublet, t = triplet, q = quartet, qn = quin-
tet, m = multiplet, and br = broad. IR spectra were recorded on a
Shimadzu IR Affinity-1 or a Perkin Elmer Spectrum Two ATR
FT-IR machine. Matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) was measured on
a Bruker Autoflex Speed using a 2-((2E)-3-(4-t-butylphenyl)-
2-methylprop-2-enylidene)malononitrile (DCTB) matrix. HPLC-
PDA/ESI-MS analyses were performed using a Shimadzu LC-
10 AD VP series HPLC coupled to a diode array detector
(Finnigan Surveyor PDA Plus detector, Thermo Electron Corpo-
ration) and an ion-trap (LCQ Fleet, Thermo Scientific), applying a
95/5 to 5/95 water/acetonitrile gradient, with this eluent
always containing 0.1 v/v% formic acid.

Synthesis
PCL-BU61,64 and BU-OEG-BU67 were synthesized as described
previously. The synthesis of the bisurea-carboxylic acid (BU-
COOH) and bisurea-TFP-ester precursor and additional ana-
lyses of intermediate products are described in the supporting
information.

Bisurea-SDF-1α
Protected SDF-1α peptide (Supporting Information Scheme S2,
5) was synthesized on solid-phase using Sieber resin (1.04 g,
loading 0.61 mmol/g). Amino acid elongation involved treating
the resin with 20% piperidine in NMP to cleave the Fmoc-
protecting group, followed by coupling of the amino acid
(1.34 mmol/g resin) using N,N-diisopropylethylamine (DIPEA,
2 eq) as base and O-benzotriazole-N,N,N’,N0-tetramethyluronium
hexafluorophosphate (HBTU, 1 eq) as activator. To cleave the
protected peptide from the resin, a 1% trifluoroacetic acid (TFA)
in dichloromethane (DCM) solution was added to the resin and
after 3 min the solution was removed and the resin was rinsed
with DCM (3x). This procedure was repeated 10 times, and the
collected organic layers were combined and washed with water.
The DCM was removed in vacuo. The residue was the crude
product that was purified by normal phase silica chromatogra-
phy (start MeOH/CHCl3 5/95, stepwise increase of MeOH frac-
tion to 7%, to 10%, to 15% to 20%) to afford 0.25 g (49%) of
protected-SDF-1α product as a white powder. HPLC-MS(ESI)
Rt = 5.95 min m/z calcd (C82H136N16O19S) 1682.1; found 842.7
[M + 2H]2+, 1682.8 [M + H]+.

Bisurea-TFP-ester (Supporting Information Scheme S1, 4)
(60.0 mg, 0.049 mmol) was dissolved in DMF (5 mL) with some
heating. Protected-SDF-1α 5 (106.3 mg, 0.063 mmol) and DIPEA
(0.085 mL, 0.49 mmol) were added, and the mixture was stirred
for 45 min at 45�C and overnight at room temperature under an
inert argon atmosphere. The solvent was removed in vacuo, and
the residue was co-evaporated twice with toluene. Elution over
normal phase silica (start MeOH/CHCl3 5/95, stepwise increase
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of MeOH to 10%, to 15%) afforded 115 mg (85%) of the
C6-U4U-C12-dPEG12-C2-protected-SDF-1α product (Supporting
Information Scheme S2, 6). HPLC-MS(ESI) Rt = 8.68 min m/z
calcd (C134H237N21O36S) 2750.5; found 688.3 [M + 4H]4+, 917.4
[M + 3H]3+, 1375.7 [M + 2H]2+.

To C6-U4U-C12-dPEG12-C2-protected-SDF-1a 6 (115 mg,
0.042 mmol), a mixture of TFA/triisopropylsilane (TIS)/H2O
(95/2.5/2.5) was added. The resulting solution was stirred
for 1 h under an argon atmosphere. The solvent was

removed in vacuo, and the residue was coevaporated twice
with toluene. Ether (10 mL) was added to the residue, the
suspension was stirred, and the superfluent was decanted
off (2x). Acetonitrile (5 mL) was added to the solid, and
after stirring of the mixture, ether (15 mL) was added,
followed by centrifugation of the suspension to collect the
solid. Finally, the solid was dissolved in water/MeCN
(90/10) and was freeze-dried to give Bisurea-SDF1α product
(Supporting Information Scheme S2, 7) (92 mg, 98%) as a
white powder. HPLC-MS(ESI) Rt = 4.93 min m/z calcd

FIGURE 1 (A) Schematic representation of supramolecular approach for the combinatorial functionalization of BU-peptides and BOB

additives in the PCL-BU base material and the resulting cell adhesion functionality. (B) Structural representation of the bifurcated

hydrogen bonding pattern between bisurea moieties that facilitate the supramolecular assembly and incorporation of bisurea-

containing additives. (C) Structural representations of the PCL-BU base material, BU-OEG-BU (BOB) antifouling additive, and the BU-

peptide conjugates (BU-RGD, BU-REDV, and BU-SDF1α). [Color figure can be viewed at wileyonlinelibrary.com]
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(C104H189N21O31) 2229.8; found 558.3 [M + 4H]4+, 744.0
[M + 3H]3+, 1115.4 [M + 2H]2+.

Bisurea-REDV
GGREDVG was manually synthesized through Fmoc-based solide
phase peptide synthesis. The peptide was synthesized on a Rink-
amide resin (0.61 mmol/g, 50 μmol scale) in dimethylformamide
(DMF) as a solvent with O-(1H-6-Chlorobenzotriazole-1-yl)-1,-
1,3,3-tetramethyluronium hexafluorophosphate (HCTU) as an
activator and DIPEA as a base (4:4:16 equivalent of amino acid/
HCTU/DIPEA to the resin). All amino acids were coupled in
duplicates. Fmoc deprotection was achieved with 20 (v/v)%
piperidine in DMF. Bisurea-carboxylic acid was coupled on the
solid support to the N-terminus of the peptide with a ratio of
2:1.2:5 equivalent of BU-COOH/HATU/DIPEA to the resin. After
overnight reaction, bisurea-peptide was cleaved using a mixture
of TFA, TIS, and mQ (95/2.5/2.5 (v/v)%). The BU-peptide conju-
gate was obtained pure directly after synthesis indicated by
HPLC-MS(ESI). TFA ions were exchanged by chloride ions via
two cycles of dissolving the peptide in 2 mM HCl and freeze dry-
ing. Lyophilisation yielded a white powder. HPLC-MS(ESI)
Rt = 5.31 min m/z calcd (C78H146N16O28) 1755.1 g mol−1; found
[M + 1H]1+ = 1756.20 g mol−1, [M + 2H]2+ = 879.00 g mol−1, [M
+ 3H]3+ = 586.42 g mol−1.

Preparation of Polymer Films
PCL-BU and additives were dissolved in 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP, Fluorochem) at a concentration of
7.4 mM, where the molar mass of a single repeating unit was
used for PCL-BU, which is depicted in Figure 1. The solutions
were mixed in appropriate molar ratios through the combina-
tion of volumes in the same respective ratios. This resulted in
solutions of approximately 20 mg mL−1, of which 25 or 50 μL
was cast on 10 or 14 mm glass coverslips, respectively. The
films were dried to air for several hours, before final drying in
vacuum overnight.

Atomic Force Microscopy
Atomic Force Microscopy was performed on a Digital Instru-
ments Multimode Nanoscope IIIa, and a Digital Instruments
Dimension 3100 Nanoscope IIIa. Phase and height images of
solution-cast films were recorded in the tapping mode regime
in air at room temperature using silicon cantilever tips (PPP-
NCHR). Images were processed using Gwyddion software
(version 2.43), and the root mean square roughness was
extracted from 1 × 1 μm height images.

X-Ray Photoelectron Spectroscopy
XPS was performed using a Thermo Scientific K-Alpha spec-
trometer equipped with a monochromatic, small-spot X-ray
source, and a 180� double focusing hemispherical analyzer
with a 128-channel detector. Coverslips were secured using
double-sided carbon tape, and spectra were obtained using an
aluminum anode (Al Kα, 1486.7 eV, 72 W). Survey scans were
measured at a pass energy of 200 eV and region scans at a
pass energy of 50 eV. Scans were analyzed using CasaXPS soft-
ware (version 2.3.18). For quantification, the high resolution
scans of carbon, oxygen, and nitrogen were used.

Water Contact Angle Measurements
An OCA30 machine (DataPhysics), operated with SCA20 soft-
ware (version 4.1.13), was used to determine static water
contact angles on solution-cast films at room temperature.
Five microliters of Milli-Q water droplets were applied to the
surface through a needle, and the contact angle was measured
at the polymer-air-water interface 5 s after deposition of the
droplet.

Endothelial Cell Culture
Both Human Umbilical Vein Endothelial Cells (HUVEC, Lonza)
and human Aortic Endothelial Cells (hAECs, Lonza) were cul-
tured in endothelial growth medium (Lonza and PromoCell,
endothelial basal medium supplemented with endothelial cell
growth factors, and additional Pen/Strep for the sup-
plemented PromoCell medium). Culture flasks were coated
with 0.1% gelatin in PBS for approximately 15 min at 37 �C
prior to seeding the cells, which were passaged before
reaching 80% confluency. Cells were harvested using trypsin/
EDTA and used for experiments up to passage 6.

Smooth Muscle Cell Culture
Human aortic smooth muscle cells (hASMCs, Lonza) were cul-
tured in smooth muscle growth medium, consisting of
medium 231 supplemented with smooth muscle cell growth
factors (and additional Pen/Strep). Cells were harvested using
trypsin/EDTA and used for experiments up to passage 5.

Cell Adhesion Assay
Solution-cast films on 14-mm glass coverslips were secured in
an adapted Transwell as described before67,68 and sterilized
under UV for 15 min. Endothelial cells were seeded at a density
of 40.000 cells cm−2 and smooth muscle cells at 25.000 cm−2.
Five hundred microliters of cell-suspension was used inside the
inserts, and 1 mL of appropriate growth medium was added
outside the insert after establishing the inserts did not leak
immediately. Cells were cultured for 24 h at 37 �C and 5% CO2,
after which non-adherent cells were aspirated and the surfaces
were washed with PBS with subsequent fixation in 3.7% form-
aldehyde. The actin-cytoskeleton was stained with ATTO488
conjugated phalloidin, and nuclei were counterstained with
40,6-diamidino-2-phenylindole (DAPI). Samples were visualized
using a Leica DMi8s microscope. Furthermore, the surface cov-
ered by cells was determined by binarizing fluorescence micro-
graphs of the phalloidin-stained samples into background and
cells in ImageJ (NIH, version 1.48). The percentage of fore-
ground pixels was used as a measure for the area occupied by
cells. Three images taken with a 10x objective were measured
per condition.

Endothelial Cell and Smooth Muscle Cell Co-Culture
HAECs and hASMCs were expanded as before. Prior to
harvesting, medium was aspirated from the cells, and cells
were incubated for 30 min with 10 μM CellTracker Green
CMFDA and Orange CMTMR (Invitrogen), respectively, for
30 min. The cells were then washed with PBS twice and
harvested. Both HAECs and HASMCs were resuspended in
smooth muscle cell growth medium and combined 1:1 for a
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total of 80.000 cells mL−1. Five hundred microliters of mixed-
cell suspension was seeded on each of the coverslip, which
corresponds to approximately 20.000 hAECs and 20.000
hASMCS cm−2. After 24 h of culture, the cells were visualized
before and after fixation in 3.7% formaldehyde and
counterstaining with DAPI using a Leica DMI8s microscope.

RESULTS AND DISCUSSION

Material Toolbox
A materials toolbox was designed for the first step toward
screening complex combinatorially functionalized supramolec-
ular biomaterials, where we aimed to use structure–property
relations to predict functionality for these mixtures. The
bisurea-peptide conjugates were successfully synthesized with
fmoc solid phase peptide synthesis and subsequent coupling
of a bisurea-OEG-COOH to the N-terminus on the resin. The
ethylene glycol linker should ensure proper exposure at the
surface of the mixtures and is hypothesized to facilitate better
mixing in the combination with the OEG-based antifouling
BOB,69 of which the design was described previously.67

Surface Characterization
Atomic force microscopic analysis allows for the surface mor-
phology of the solution-cast films to be probed, which can give
insight in the influence of additives on the combinatorial self-
assembly with the supramolecular base material and the other
additives. In phase images of the pristine PCL-BU, a character-
istic fibrous morphology is visible (Fig. 2),63,65,66,70 where the
brighter domains are attributed to the hard-phase made up of
self-assembled bisurea fibers. Upon incorporation of the non-
cell adhesive BOB additive, a fibrous morphology was
retained, which indicates proper incorporation of the additive
in the base material. The increased presence of brighter
domains such as with 2 and 4% BOB are associated with

presence of poly(ethylene glycol) at the surface, similar to
previously reported results.67 When the bisurea-peptide addi-
tives were mixed with the PCL-BU polymer, brighter domains
were again observed, but here in a different capacity. For the
BU-RGD and BU-SDF1α, small fibrillar structures can be
resolved within the brighter domains. The BU-REDV formed
larger domains, in which these fibrous structures are clearly
present. In the background darker areas, the fibrous structure
that resembles the pristine PCL-BU can still be detected,
which is especially apparent in the surfaces with only BU-
REDV. Such a fibrous morphology is not self-evident upon
incorporation of a supramolecular peptide additive.71 These
surface morphology changes upon formulation of various
additives observations indicate that changes in additive
design, and therefore molecular interactions with the PCL-BU
base material, influence the assembly of base material and
additive. For all the surfaces with combinations of the BU-
peptides and the BOB additive in the PCL-BU base material,
the surface appeared to be saturated with additive. The
fibrous morphology that was observed for the bisurea-
peptides separately was retained upon combination with BOB,
except for the combination of 4% BOB and 1% BU-SDF1α,
where the surface was more of an amorphous nature. How-
ever, the separated domains of peptide, that were present
most obvious with BU-REDV and to a lesser extent with BU-
SDF1α and BU-RGD, are no longer discernible upon combina-
tion with BOB and the distribution of the additives over the
surfaces is more homogeneous. In the height images, the same
trend is observed (Supporting Information Fig. S1) and the
nanoscale roughness of these surfaces is highest for the sur-
faces with only BOB, and smaller than 4 nm for all films with
BU-peptide additives (Supporting Information Table S1).
These observations indicate a retained presence of the pep-
tides at the surface, in the case of co-formulation with the
BOB additive.

FIGURE 2 Atomic force microscopy phase images recorded in tapping mode in air of solution-cast films of PCL-BU with mixtures of

BU-OEG-BU and the BU-peptide conjugates. Scale bars represent 100 nm. [Color figure can be viewed at wileyonlinelibrary.com]
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Water contact angle measurements give an indication for the
macroscale hydrophilic properties of an interface. In general,
functionalization with hydrophilic moieties will result in an
increased hydrophilicity of the surface.72 However, when the
BOB additive was incorporated in PCL-BU previously, no
increase in hydrophilicity was observed similar to what was
observed here (Fig. 3).67 The inclusion of the different BU-
peptide conjugates in the PCL-BU base material led to different
changes in surface hydrophilicity. Incorporation of 1 and 4%
BU-RGD results in a stark decrease in contact angle. A similar
concentration dependent decrease in contact angle resulted from
the incorporation of BU-REDV, which is in line with previous
efforts with REDV surface functionalization.15,28,36,73 Interest-
ingly, the incorporation of 1% BU-SDF1α results in a lower con-
tact angle compared to 4% BU-SDF1α, which is comparable to
that of pristine PCL-BU. In combination with the noncell adhe-
sive BOB additive, the incorporation of BU-peptide conjugates

resulted in contact angles that did not deviate considerably from
pristine PCL-BU, and no concentration dependence can be
discerned.

Using X-ray photoelectron spectroscopy, the chemical compo-
sition of the surfaces with these self-assembled complex mix-
tures was investigated. In general, an increase in the
contribution of nitrogen was detected upon incorporation of
the additives, which can be explained by the presence of addi-
tional urea, urethane, and amide bonds in both the BOB and
BU-peptide additives (Supporting Information Table S2). More
direct evidence for the presence of the peptides at the surface
arose from deconvolution of the C 1s narrow scans of these
surfaces, where the contribution of different carbon species
was fitted (Fig. 3C). Evidently, the fraction of carbon species
that could be attributed to O C N bonds, which are abun-
dant in the backbone of peptides, can be correlated to the

FIGURE 3 (A) Water contact angles measured on solution-cast films of PCL-BU with mixtures of BU-OEG-BU and the BU-peptide

conjugates. Data are represented as mean � SD. (B) Quantification of fraction of O C N carbon species from narrow scan XPS

carbon spectra. (C) Example of fit in narrow scan XPS carbon spectra for PCL-BU + 1% BU-RGD. The data are represented by the

black circles, the individual modeled components by blue curves, and the sum of the components, or the total fit by the red curve.

[Color figure can be viewed at wileyonlinelibrary.com]
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extent of the incorporation of the BU-peptide additives (Fig. 3,
Supporting Information Table S3, additional XPS spectra can
be found in the Supporting Information), which further sub-
stantiates the determined peptide presence at the surface of
these films. The C 1s component attributed to C O that is dis-
tinctive of the ethylene glycol in both the BOB additive and the
OEG linker present in the bisurea-peptide additives, increases
clearly with BOB concentration but has a poor positive correla-
tion to amount of oligo(ethylene glycol) (Supporting Informa-
tion Fig. S9). The chemical and morphological characterization
of these complex material interfaces suggests a persistent
exposure of the peptides at the surface, which was not
negated by combinatorial self-assembly with the antifouling
BOB additive. The analysis of macro-scale hydrophilic prop-
erties however cannot distinguish for surfaces with or with-
out BU-peptides.

Screening of Cell-Adhesive Properties of Complex Co-
Formulations for Endothelial and Smooth Muscle Cells
Human umbilical vein endothelial cells (HUVEC) and human aor-
tic smooth muscle cells (hASMC) were cultured on the solution-
cast films as a measure for the effectivity and bioactive properties
of these co-assemblies of bisurea-peptide additives and antifouling
BOB. On PCL-BU, the HUVECs adhere and spread and show the
tendency to form small colonies (Fig. 4). Upon functionalization
with BOB, the adhesion and spreading of HUVECs was signifi-
cantly decreased (Supporting Information Fig. S10), and only
small clusters of rounded cells were present, similar to results on
the same mixtures with a myofibroblast-like cells.67 Incorporation
of the generic cell-adhesive BU-RGD increased the adhesion and
spreading of the HUVECs and more actin stress-fibers can be seen
(Fig. 4). Supramolecular incorporation of BU-REDV only did not

improve adhesion of the HUVECs. Functionalization with 1% BU-
SDF1α resulted in similar HUVEC adhesion and spreading com-
pared to pristine PCL-BU, whereas the adhesion on surfaces with
4% BU-SDF1α may even be slightly decreased. The adhesion of
the endothelial cells to the surfaces with the mixtures of BOB and
BU-SDF1α might be explained by the presence of the CXCR4
receptor on the endothelial cell membrane, even though this
receptor has no obvious adhesive function for the endothelial
cells.74 Strikingly, the integrin α4β1 that has been shown to be
present in endothelial cells11 is not able to induce cell adhesion
through binding with the REDV on the passivated BOB-
functionalized surfaces. An increased concentration of 6 and
8 mol% BU-REDV, both alone and in combination with the non-
cell adhesive BOB, also did not result in an increased adhesion for
the endothelial cells (Supporting Information Fig. S11).

For human Aortic Smooth Muscle cells, this panel of material
mixtures showed similar cell-adhesive properties, even though
the adhesion on pristine PCL-BU was not particularly good. Cell
spreading and adhesion was significantly decreased through
incorporation of the non-cell adhesive BOB additive. The adhe-
sive properties were efficiently restored in the combinatorial
functionalization with BU-RGD, which resulted in clearly spread
cells that depicted a defined actin cytoskeleton (Fig. 5) Here,
expectedly the functionalization with BU-REDV did not increase
smooth muscle cell adhesion compared to pristine, and neither
did the combination of BOB and BU-REDV result in adhesion of
SMCs (Supporting Information Fig. S10). However, comparable
to the endothelial cells, both incorporation of BU-SDF1α alone
and the composite of BU-SDF1α and BOB resulted in the adhe-
sion of SMCs. Yet the morphology of these cells was less spread
compared to BU-RGD functionalized surfaces, and the actin cyto-
skeleton was less defined, which may indicate less tight

FIGURE 4 Fluorescence micrographs of human umbilical vein endothelial cells cultured for 24 h on solution-cast films of PCL-BU

functionalized with mixtures of anti-fouling BOB, and BU-peptide conjugates. The actin cytoskeleton is represented in green, nuclei in

blue. Scale bars indicate micrometer. [Color figure can be viewed at wileyonlinelibrary.com]
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attachment to the biomaterial surface. Interestingly, the amount
of cells that adhered on the materials containing both BOB and
BU-SDF1α showed a negative correlation to the BU-SDF1α con-
centration for 2% BOB, where less cells adhered on the surface
with 4% BU-SDF1α compared to 1% BU-SDF1α, whereas this
correlation was positive for the combination with 4% BOB,
where more cells adhered with 4% BU-SDF1α compared to 1%
BU-SDF1α. This observation cannot be correlated to neither the
macro-scale hydrophilicity, which is comparable for all four com-
binations and close to that of pristine PCL-BU, nor the amount
of peptide, if the O C N component is taken as a measure.

In the single cell-type cultures, comparable adhesive behavior
was observed. Since literature states the ability of the REDV
peptide to provide specificity in adhesion for endothelial cells
over smooth muscle cells, a co-culture experiment was con-
ducted. For this human Aortic Endothelial Cells were used,
which showed a similar response in single culture to REDV
functionalized surfaces (Supporting Information Fig. S5) and
the human aortic smooth muscle cells for a more fair compari-
son. For pristine PCL-BU, less ECs adhere compared to the
SMCs (Fig. 6), which is not altered by incorporation of 4% BU-
RGD, 4% BU-REDV, or the combination of 2% BOB and 4%
BU-RGD. However, the adhesion of SMCs seemed to be
increased for BU-RGD functionalized films. Congruent with the
results for the single-cell cultures, the co-formulation of BU-
REDV with BOB was not able to negate the non-cell adhesive
functionality of BOB for both ECs and SMCs in co-culture.

General Discussion
The modular supramolecular approach allowed for this study
on the functionality and presentation of BU-peptide conju-
gates, both alone and in combination with the non-cell

adhesive BOB additive, in varying ratios. The combination of
BU-RGD and antifouling BOB in the PCL-BU base polymer
resulted in surface where RGD presentation restored bio-
functional properties. Cells adhered readily, despite the OEG
of the BOB being present at the surface. Even though obvious
differences between the co-assemblies of the BU-peptides and
the BOB did not emerge from screening of their surface prop-
erties, the BU-REDV and BU-SDF1α functionalized surfaces
have unequivocally different functionality in terms of cellular
adhesion. Many reports in the literature describe the func-
tionalization of biomaterials with RGD peptides for increased
bioactivity through improved adhesion of numerous cell
types.

Numerous studies describe the functionalization of biomate-
rials with the RGD peptide for increased bioactivity through
improved adhesion of numerous cell types,6,9 including on
materials where antifouling linkers or substrates were applied
as the base.75 Sufficient anchoring of RGD-moieties to bioma-
terials is a prerequisite for functionality of the peptides.
Loosely bound RGD or RGD present in solution actually
inhibits adhesion.6,11 The proper attachment of both endothe-
lial cells and smooth muscle cells in this study on the RGD
functionalized material, alone and in combination with the
antifouling BOB additive, shows that our supramolecular sys-
tem allows for proper anchoring of peptide ligands of similar
design. Surprisingly, the non-integrin binding SDF1α peptide
did show refunctionalization capability. It is known that cell-
binding is not necessarily integrin mediated,76 but impaired
focal adhesion formation may result in altered cellular mor-
phology, just as was observed here for the SDF1α
functionalized surfaces. Besides proper incorporation, grafting
density and distribution of biomimetic adhesive ligands can

FIGURE 5 Fluorescence micrographs of human aortic smooth muscle cells cultured for 24 h on solution-cast films of PCL-BU

functionalized with mixtures of anti-fouling BU-OEG-BU and BU-peptide conjugates. The actin cytoskeleton is represented in green,

nuclei in blue. Scale bars indicate 100 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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influence their efficacy. For RGD grafting densities as low as
1 fmol/cm2 have been reported to induce cell adhesion and
spreading77 and for REDV a density of 10 pmol/cm2 was
reported.10 The additives and base material are self-
assembled into structures described here, and therefore the
peptide concentration at the surface is unknown and would
be particularly hard to quantify. However, in a system with
mesoscopically similar assembly that relies on a quadruple
hydrogen bonding motif, an additive with a OEG6 spacer was
shown to accumulate at the surface of the supramolecular
material.78 Theoretically, if all the incorporated peptide for
4 mol% BU-peptide is present at the surface, a density of
approximately 10 nmol/cm2 is obtained. Note that, in the
unlikely scenario where only a fraction of the incorporated
additive is available at the surface, the density would still be
relatively high.38 Comparing the affinity to different peptide-
functionalized surfaces is non-trivial, since the chemistry used
to tether the peptide to a material, and the amino-acids that
flank the principal sequence can influence this affinity. The
threshhold for cell-spreading has been shown to be 6x higher
for REDV when compared to RGD.79 This suggested difference
in ligand density required for effective functionalization with
REDV, compared to RGD, may indicate a difference in affinity
of integrins binding to these receptors. Moreover, half of the
integrins is able to bind RGD motifs,6 whereas REDV binding
relies on the α4β1 integrin. Nonetheless, inconsistent results
have been reported for the efficacy of REDV functionalization.
Some studies report improved adhesion of endothelial cells

but do not compare to RGD or other peptides for
functionalization,14–16,19–22,25–27,29,32–37,39,80,81 or adhesion of
other mammalian cell types.,15,18–20,24,26,27,29,32,36,37,73,82 or
show unexpected failed refunctionalization for other cell-types
with RGD.10 Other studies also unexpectedly show reduced
endothelial cell adhesion on REDV functionalized surfaces
compared to RGD.30,38,73,82–84

Furthermore, the supramolecular interactions, which are the
driving force behind the functionalization strategy applied here,
add complexity. Small changes in the molecular structure of the
peptide influence the intermolecular interactions and the
assembly of the peptide-additives at the surface. Since availabil-
ity of the peptide for binding with integrins is essential, and the
assembly state can influence the functionality of peptide-based
supramolecular additives,85 the availability of the peptides in a
self-assembled state should be investigated further and may
provide tools for improved rational design of functional peptide
additives. Yet, taking into account the concerns raised above,
the comparison between different biomaterial platforms, with
different functionalization chemistries, ligand densities, and
experimental methods remains a challenge.

CONCLUSIONS

These results serve as a reminder that in the design and fabri-
cation of biomimetic materials we should heed to capture the
complexity that is found in nature. Ligand chemical nano-

FIGURE 6 Fluorescence micrographs of endothelial cells and smooth muscle cells co-cultured on thin films op PCL-BU with of PCL-

BU functionalized with mixtures of anti-fouling BU-OEG-BU and BU-peptide conjugates. Endothelial cells (top row) are stained in

green, and smooth muscle cells (middle row) are stained in red. Scale bars represent 100 μm. [Color figure can be viewed at

wileyonlinelibrary.com]
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environment, spacing, ordening, density, and affinity all influence
the cellular responses in both natural and synthetic systems.
Here we have demonstrated in a combinatorial non-covalent
approach that a supramolecular mixture of a polymeric base
material, non-cell adhesive BOB, and the generic BU-peptide con-
jugate BU-RGD results in re-activated and cell adhesive surface.
However, the supramolecular incorporation of BU-REDV showed
little activity, whereas the BU-SDF1α exhibited aspecific function-
ality, both alone and in combined formulation with the BOB.
These results were hard to correlate to physical and chemical
properties of these surfaces, and the chemical nano-environment
of the peptides, which highlights that care should be taken with
the predictive value of such read-outs for future screening
purposes.
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