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A B S T R A C T

Supramolecular biomaterials based on hydrogen bonding units can be conveniently functionalized in a mix-and-
match approach using supramolecular additives. The presentation of bioactive additives has been sparsely in-
vestigated in supramolecular-based elastomeric biomaterials. Here it was investigated how cell adhesive pep-
tides are presented and affect the surface in supramolecular biomaterials based either on ureido-pyrimidinone
(UPy) or bisurea (BU) moieties. Polycaprolactone modified with UPy or BU moieties served as the base material.
RGD or cyclic (c)RGD were conjugated to complementary supramolecular motifs, and were mixed with the
corresponding base materials as supramolecular additives. Biomaterial surface morphology changed upon
bioactivation, resulting in the formation of random aggregates on UPy-based materials, and fibrous aggregates
on BU-materials. Moreover, peptide type affected aggregation morphology, in which RGD led to larger cluster
formation than cRGD. Increased cRGD concentrations led to reduced focal adhesion size and cell migration
velocity, and increased focal adhesion numbers in both systems, yet most prominent on functionalized BU-
biomaterials. In conclusion, both systems exhibited distinct peptide presenting properties, of which the BU-
system most strongly affected cellular adhesive behavior on the biomaterial. This research provided deeper
insights in the differences between supramolecular elastomeric platforms, and the level of peptide introduction
for biomaterial applications.

1. Introduction

New functional biomaterials are paving the way for medical treat-
ment strategies [1–3]. At the fundament of novel biomaterials devel-
opment lays inspiration acquired from the natural extracellular matrix
(ECM) [1,3,4]. The ECM varies in composition between tissues and
within, and is capable of directing cell function and phenotype [5,6].
The effects on cell behavior arise from a complex interplay between
mechanical and chemical properties, topology, and the dynamic beha-
vior of all ECM constituents [6,7].

Integration of this diverse set of cues is initiated by integrin binding
to specific peptide sequences in the ECM. This resulting integrin acti-
vation sequentially recruits intracellular focal adhesion (FA) proteins,
such as focal adhesion kinase (FAK) and vinculin. The formed FA
complexes link to the actin cytoskeleton thereby allowing the inter-
pretation of mechanical signals by the cell [8,9]. Biomaterials are fre-
quently surface functionalized with ECM proteins or ECM mimicking

peptides, such as the fibronectin derived RGD, to mimic the chemical
signaling properties of the ECM and thereby enhance cell engraftment
[10–14]. Polymers often require several chemical modification to fi-
nally introduce bioactive peptides, but biomaterials which can be
bioactivated in one step are favored in terms of ease [15,16].

Supramolecular biomaterials present modular properties, which
makes them eminently suitable for complex biomaterial design
[17–21]. Their properties originate from specific and directed dynamic
non-covalent interactions between supramolecular motifs. Introduction
of bioactive peptides or other functional additives conjugated with a
specific supramolecular motif allows for modular integration into su-
pramolecular base materials during material formulation [17,22–26].
This permits the formation of a vast library of polymeric materials with
bioactive properties and functions. The bulk of supramolecular research
is predominantly focused on co-assembly in aqueous environments,
while assembly for solid elastomeric supramolecular biomaterials is less
well studied [27–29].
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Research in our group concentrates on supramolecular biomaterials
based on hydrogen bonding ureido-pyrimidinone (UPy) or bisurea (BU)
functionalities for several biomedical applications, such the bio-artifi-
cial kidney [4,17,22,30]. Both supramolecular systems have the ability
to self-assemble into nano-fibrous structures, however they have dis-
tinct assembly modes. UPy-moieties dimerize through quadruple hy-
drogen-bonding. The dimers are able to form fibrous structures through
π-π interactions, promoted by additional urea hydrogen bonding se-
parated by a short alkyl spacer from the UPy group [31–33]. Three of
the assembled UPy-stacks are postulated to form fibrous structures
through lateral assembly [34]. Two common approaches are followed
in the modification of short pre-polymers with UPy-moieties. Either the
UPy-units are present in a polymer backbone forming a segmented co-
polymer, or are telechelically coupled to pre-polymers [34–38]. Both
present the characteristic fibrous structures as hard phase in a soft
matrix. The telechelically modified UPy-polymers show improved
longitudinal fiber assembly and ordering [34,36]. Co-assembly of UPy-
polymers and UPy-based additives has been investigated in order to
introduce various functions such as anti-fouling, post-modification, cell-
adhesiveness and heparin binding properties [17,30,35,36,39]. Due to
differences in the applied UPy-polymer and in UPy-additive function
and design, no systematic, detailed study has been performed on ad-
ditive presentation.

In the BU-system, BU-groups arrange via bifurcated hydrogen-
bonding into stacks, in which the spacer between both urea groups
determines the assembly. Three to six stacks further assemble laterally
into fibrous structures [23,24,40,41]. Elastomeric BU-based polymers
are mainly designed as segmented co-polymers where the polymer
backbone is modified with BU-units in segments [4,23]. BU-based
polymers have been modified with non-bioactive additives, but peptide
additives have not been explored [42–44]. A recent study by Ippel et al.
showed the importance of BU-additive design for material functionali-
zation to produce anti-fouling surfaces [44].

Although the UPy and the BU system show similarities in fiber
formation, subtle nano-level changes can affect the desired cellular
response to supramolecular biomaterials [45]. To assess the effect of
such changes a deeper understanding of potential differences in peptide
additive presentation between both systems is required. In this study,
short polycaprolactone (PCL) pre-polymers modified with supramole-
cular motifs have been employed, either telechelically with UPy-units
(PCLdiUPy), or segmented via BU-moieties (PCL-BU). Linear RGD and
cyclic RGD (cRGD) were conjugated to the supramolecular moieties
(UPy-RGD, UPy-cRGD, BU-RGD, and BU-cRGD) and added in different
concentrations to the complementary supramolecular PCL (Fig. 1). In
order to elucidate the delicate balance of the supramolecular peptide
incorporation into the supramolecular polymers after assembly, thor-
ough surface analysis using atomic force microscopy (AFM) and water
contact angle is performed. This is combined with quantitative analysis
of cell-material interactions such as FA properties and cell migration.

2. Results and discussion

2.1. Synthesis of supramolecular additives

The UPy-additive design entails a UPy-C6-Urea-C6-oligo(ethylene
glycol) (OEG)6-R, where R can be a variety of functional groups, the
design has been shown to effectively present peptides and small mo-
lecules at the surface [36,39]. The syntheses of the UPy-RGD and UPy-
cRGD have been previously reported by de Feijter et al. [46] The BU
additive design was adapted from previously reported designs (Schemes
S1 and S2) [44]. The employed design entails C6-Urea-C4-Urea-C12-
(OEG)12-R. A dodecyl spacer was selected for the additive to allow for
selective BU hydrogen bonding without urethane interference. In order
to balance the amphiphilic properties, the dodecyl spacer was followed
by a 12-mer OEG. Successful synthesis of BU-RGD and BU-cRGD was
confirmed by liquid chromatography-mass spectrometry (LC-MS; Figs.

S1 and S2).

2.2. Distinct differences in additive presentation between both
supramolecular systems

The incorporation of peptide additives into hard phase fibers was
first investigated through AFM analysis. Both pristine PCLdiUPy and
PCL-BU presented characteristic hard phase fiber formation clearly
visible AFM phase images (Fig. 2A) [23,37]. A fiber thickness of
8.9 ± 0.4 nm was observed for UPy-fibers and 6.9 ± 0.2 nm thickness
for BU based fibers. The nano-scale morphology of the biomaterials
surface changed upon bioactivation, resulting in the appearance of
random aggregates on UPy-based materials, and fibrous aggregates on
BU-materials (Fig. 2A). UPy-RGD addition gave rise to small punctuated
and elongated aggregations which formed larger clusters without a
distinct shape as the concentration was increased. UPy-cRGD formed
punctuated clusters on the surface and the number of such clusters
increased as the concentration increased. The height of surface ag-
gregations did not to exceed the general roughness of the UPy-polymer
film (Fig. S4). BU-RGD formed fibrous clusters which increased in size
as the concentration increased. In comparison, BU-cRGD formed dis-
organized fibrous clusters which appear to cover the complete surface
when the concentration is increased (Fig. 2A). The height range of the
aggregations was between 12.8 and 21.5 nm in the BU-system (Fig. S4).
It can most likely be omitted that topology induced by BU surface ag-
gregations will affect cell behavior, as it is below the 35 nm height
threshold which cells are proposed to be able to sense [47]. It is as-
sumed that the dynamics of the supramolecular additives are con-
siderably reduced in elastomeric materials, thereby indicating that the
observed aggregates remain relatively stable over time [45].

Further surface characterization revealed a water contact angle
(WCA), a measure for hydrophobicity, of 74.6 ± 0.7° on pristine
PCLdiUPy. The addition of UPy-RGD reduced hydrophobicity to
71.0 ± 0.3° (1 mol%) and 58.3 ± 3.8° (4 mol%) as concentration was
increased in PCLdiUPy films. Incorporation of UPy-cRGD resulted in a
markedly smaller decrease reaching 66.9 ± 0.4° (4 mol%) after
PCLdiUPy functionalization (Fig. 2B). Pristine PCL-BU had a surface
hydrophobicity comparable to pristine PCLdiUPy, of 74.6 ± 2.1°.
Biofunctionalization with BU-RGD drastically decreased surface hy-
drophobicity to 30.0 ± 1.1° (4 mol%) compared to pristine PCL-BU.
The addition of BU-cRGD resulted in a more gradual decrease ending in
a WCA of 33.3 ± 0.6° (4 mol %) as the concentration was increased in
PCL-BU. Taken together, AFM and water contact angle measurements
showed that the additive presentation was enhanced on PCL-BU sur-
faces compared to PCLdiUPy.

Surface alterations after incorporation of UPy- and BU-additives
have been extensively studied in literature [36,39,42–44]. However,
additive design and type, or the employed supramolecular polymer
were often varied, therefore a systematic comparison has not been
performed in the past. A UPy-tetrazine and UPy-heparin binding pep-
tide with the UPy-OEG6-additive design gave rise to either plaque for-
mation or phase separation at the biomaterial surface, different from
the aggregation observed in this study for UPy-RGD and UPy-cRGD
[36,39]. No previous investigations have been performed for BU-pep-
tide additive surface presentation. BU-pyrene additives have been
shown to form fibrous aggregates in higher concentration on material
surfaces reminiscent of the fibrous aggregations found for BU-RGD and
BU-cRGD [43]. However, this BU-pyrene additive design has differ-
ences in alkyl-spacer between urea, and linker size compared with the
currently employed BU-peptide additive. Recently, PCL-BU was func-
tionalized with a BU-OEG12-methoxy additive to create non-cell ad-
hesive surfaces [44]. The molecular design of the additive was highly
similar compared to the BU additive employed in this study, the only
difference was the OEG end-group. AFM analysis of the BU-OEG12-
methoxy functionalized PCL-BU revealed sparse small aggregations at
the surface. Moreover, differences here observed in aggregations
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between cRGD and RGD indicate that the peptide itself influences the
assembly process at the surface of both supramolecular systems. Sum-
marized, the employed supramolecular system and the functional group
of a supramolecular additives are important for the additive presenta-
tion mode at the nano-scale.

2.3. Focal adhesion properties and cell velocity indicate functional peptide
presentation

Functional peptide presentation in both supramolecular systems
was primarily investigated via quantitative analysis of the FAs, which
are the primary protein complexes involved in cell-biomaterial adhe-
sion. FAs have been shown to increase in number and decrease in size as
the concentration of accessible surface cRGD is increased. A similar
response can be observed for RGD functionalization, but is less pro-
nounced [12]. The variation in FA response originates from the dif-
ferent integrin dimers required for both RGD sequences, they present
different binding affinities and differences in FA nucleation potential
and growth [12,16]. It was assumed that the surface additive ag-
gregates remain stable in an aqueous environment [44].

Large elongated FAs were observed on both pristine PCLdiUPy and
PCL-BU films displaying 5.5 ± 0.3 and 6.6 ± 0.6 FAs per 100 μm2 cell
area, respectively (Fig. 3A and B). Functionalization of PCLdiUPy with
both UPy-RGD and UPy-cRGD resulted in non-significant changes in FA
numbers compared to pristine PCLdiUPy. PCL-BU with the fibrous BU-
RGD aggregates led to a non-significant increase in FA numbers com-
pared to pristine PCL-BU. Introduction of BU-cRGD resulted in a sig-
nificant concentration dependent increase in FAs compared to pristine
PCL-BU, 9.6 ± 0.8 (1mol%; p≤ 0.01) and 14.5 ± 1.4 (4mol%;
p≤ 0.001) FAs per 100 μm2 cell area (Fig. 3A and B). The number of FA
induced by BU-cRGD functionalized PCL-BU was shown to be sig-
nificantly higher compared to UPy-cRGD functionalization of PCLdiUPy

(p≤ 0.001). Correlating to the aggregate coverage on both materials.
Related to the FA density results, non-significant differences were found
in cell area after biofunctionalization for both systems (Fig. S5).

Cells cultured on pristine PCLdiUPy presented FAs with a mean size
of 1.48 ± 0.03 μm2. Introduction of UPy-RGD or UPy-cRGD led to a
concentration dependent decrease in size reaching 1.26 ± 0.02 μm2

for UPy-RGD (4mol%) and 1.11 ± 0.01 μm2 for UPy-cRGD (4mol%;
Fig. 3A and B). FAs on PCL-BU adopted a larger size compared to
PCLdiUPy, which was 1.62 ± 0.03 μm2. BU-RGD addition led to a
concentration independent decrease in size compared to pristine PCL-
BU resulting in a FA size of 1.10 ± 0.01 μm2 (4mol%). The inclusion
of BU-cRGD resulted in a concentration dependent decrease in FA size
compared to pristine PCL-BU, reaching 0.77 ± 0.01 μm2 (4mol%;
Fig. 3A and B). Surface aggregates of 4mol% of UPy-cRGD appeared to
initiate an equal response as 1mol% BU-cRGD in FA size, while 4mol%
BU-cRGD was significantly lower than 4mol% UPy-cRGD (p≤ 0.001).
It is interesting to note that the size of one FA, i.e, roughly 1 μm2,
corresponds to the area depicted in the AFM images (Fig. 2A).

In response to bioactivation, FAs adopted a more punctuated mor-
phology compared to pristine materials, except for the addition of 1mol
% UPy-RGD (Fig. 3B). A round FA morphology can be an indication of a
nascent phenotype, as opposed to a more mature phenotype [8,12].
Mature FAs can be defined as pFAK+ and zyxin+, while nascent FAs
lack zyxin [8]. Overall, pFAK and zyxin appeared to co-localize in the
majority of observed FAs in both the UPy- and BU-system (Figs. S6 and
S7). However, slightly more nascent FAs could be observed with the
introduction of cRGD in general, i.e., 4 mol% of UPy-cRGD, and 1 or
4mol% of BU-cRGD.

All cell-material interaction experiments were performed in cell
culture medium supplemented with serum. However, the presence of
serum proteins can largely influence FA behavior. Therefore, the ad-
hesion experiment was repeated without serum. It was shown that

Fig. 1. Schematic representation of the supramolecular systems. Left. Schematic representation of ureido-pyrimidinone (UPy; blue) and bisurea (BU; red) fibers
functionalized with an additive (green). Right. Chemical structures and schematic representations of employed supramolecular polymers and additives. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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responses observed in FA number and size appeared to be independent
of the presence of serum (Fig. S8). These results are in line with recent
findings that cells can sense and bind to RGD through a layer of de-
posited serum proteins within 2 h post seeding [11]. Additionally, al-
terations in cell adhesion are likely not the consequence of changes in
surface hydrophobicity, as previous research indicated that similar
additive designs without adhesion peptides produced anti-fouling sur-
faces with similar hydrophobicity as presented in this study [44].

FAs are linked by mechanosensitive cytoskeleton to cell-cell con-
tacts. Cell-cell contacts have the potential to alter the forces experi-
enced by the cells and thereby potentially influence the FAs as they
adapt to the newly experienced forces [7,48]. Therefore it was in-
vestigated if cell-cell contacts influenced FAs morphology. However,
FAs morphology appeared to be independent of cell-cell contacts as cell
clusters appeared to show similar FA properties as single cells (Fig. S9).
Additionally, cell clusters showed apparent similar FA morphology at
3 h, 24 h and 72 h (Fig. S9).

Cells reduce migration speed in response to surfaces functionalized
with increasing amounts of RGD or cRGD, as cells are unable to effec-
tively cycle between adherent and non-adherent states due to sheer
magnitude in adherent sites [16,49]. Reduction in random migration
speed can therefore be considered as an additional measurement of
material functionalization. Within the UPy-system only 4mol% UPy-
cRGD was able to reduce cell velocity significantly compared to pristine
PCLdiUPy, thereby limiting the distance from the starting position,
from 0.75 ± 0.05 μm/min to 0.54 ± 0.03 μm/min (p≤ 0.01; Figs. 4
and S10). Cells migrated at a speed of 0.81 ± 0.07 μm/min on pristine
PCL-BU (Fig. 4). Both BU-RGD and BU-cRGD addition to PCL-BU re-
sulted in significant reductions in cell velocity (Figs. 4 and S10). BU-
RGD surface aggregates induced a concentration independent reduction
in migration speed with 0.50 ± 0.04 μm/min for 4mol% BU-RGD

(p≤ 0.001). The introduction of BU-cRGD reduced cell velocity in a
concentration dependent matter, i.e. 0.54 ± 0.04 μm/min (1mol%,
p≤ 0.01) and 0.34 ± 0.02 μm/min (4mol%, p≤ 0.001). Interest-
ingly, similar responses were found for FA size, which confirmed pre-
vious reports that migration speed is correlated to FA size and not
numbers [50].

Taken together, results indicated more numerous and smaller
punctuated FAs arose in response to increasing concentrations of cRGD.
The addition of RGD only led to smaller punctuated FAs. The response
for both RGD as cRGD was most pronounced in the BU-system, in-
dicating more functional peptide presentation. FAs were primarily
found to be mature, and independent of serum presence and cell-cell
contacts. Additionally the FA behavior was preserved over time.
Random migration was most strongly reduced in the BU-system com-
pared to the UPy system. Cellular read-outs completed indications
provided by AFM analysis and hydrophobic properties of the material
surfaces that the BU-system excels in presenting functional peptide, at
least for cRGD, at the surface compared to the UPy-system.

2.4. Importance of linker length for peptide presentation

Linker length has been shown to be crucial for bioactive peptide
presentation in different supramolecular and traditional biomaterial
platforms [16,18,51–54]. With respect to this literature the differences
found for the UPy- and BU-system can be caused by the length of the
OEG linker which is 6 units for the UPy-additives and 12 units for the
BU moieties. To investigate whether the length of the OEG influences
the peptide presentation, a UPy-additive with an extended OEG linker
was synthesized, i.e. UPy-OEG12-cRGD (UPy-cRGD*, Scheme S3, Fig.
S3).

The addition of the UPy-cRGD* into the PCLdiUPy polymer resulted

Fig. 2. Surface characteristics of functionalized supramolecular biomaterials. A) Atomic force microscopy phase images of PCLdiUPy or PCL-BU films with and
without corresponding UPy- or BU-RGD and -cyclic RGD (cRGD) added in different mol percentage (mol%), scale bars= 100 nm. B) Determination of surface
wettability through water contact angle analysis on the material interface. Mean ± standard error of the mean (SEM) depicted, n= 3.

R.C. van Gaal, et al. Biomaterials 224 (2019) 119466

4



in similar aggregates on the surface as observed for UPy-cRGD
(Figs. 2A, Fig. 5A, S12). The height of the aggregations did not exceed
the general roughness of the material (Fig. S13). The AFM images in-
dicate that more surface is covered when the UPy-cRGD* concentration
is increased. This exceeds coverage found for UPy-cRGD. Comparison
between UPy-cRGD* and BU-cRGD indicated more aggregate coverage
at the surface of the BU-system. Hydrophobicity decreased as more
UPy-cRGD* was added to PCLdiUPy (Fig. 5A). Interestingly, the WCAs
values observed for UPy-cRGD* were between those observed of UPy-
cRGD and BU-cRGD. Combined, AFM and hydrophobicity measure-
ments indicated that cRGD presentation is enhanced through spacer
extension.

Addition of UPy-cRGD* to PCLdiUPy resulted in cellular responses
that more closely resembled the response on BU-cRGD functionalized
PCL-BU than UPy-cRGD in PCLdiUPy (Figs. 5A and S14). More FAs
were found on UPy-cRGD* functionalized compared to pristine mate-
rials (4 mol%, p ≤ 0.001; Figs. 5B and S14). Nonetheless, UPy-cRGD*
functionalization was unable to provoke similar numbers of FAs as BU-
cRGD addition did (#p ≤ 0.05). An upward trend in cell area could be
observed after bioactivation, although it was found to be non-sig-
nificant (Fig. S15). FA size and elongation followed similar response as
4mol% BU-cRGD with no significant differences between both supra-
molecular systems (Fig. 5B). Also, using this additive, the absence of
serum appeared to induce similar FA responses as in the presence of
serum (Fig. S16). Cell migration was more strongly reduced with the
UPy-cRGD* compared to UPy-cRGD, and no significant difference in
migration speed was found between UPy-cRGD* and BU-cRGD (Figs. 5C
and S17).

Collectively, these results indicated that longer linker length im-
proved functional cRGD availability at the biomaterial surface within

the UPy-system. UPy-cRGD* was able to elicit a similar response in FA
size, FA elongation and cell migration as BU-cRGD. However, AFM,
surface hydrophobicity, and FA numbers indicated that cRGD pre-
sentation is still superior in the BU-system.

Additive linker length can only partly explain the difference in
presentation found between both supramolecular systems. It remains
speculative where the difference in peptide presentation between su-
pramolecular systems originates from. Peptide additive presentation in
the BU-system is likely favored due to differences in the nanoscale as-
sembly, or could originate from components properties such as surface
free energy, or substrate affinity [55].

3. Conclusion

Distinct differences are found in the presentation of peptides be-
tween BU- and UPy-based supramolecular elastomeric biomaterials,
although the two classes of supramolecular biomaterials show com-
parable assemblies. In addition, the employed peptide influences the
nanoscale presentation independent of the employed supramolecular
material. Cellular studies indicate that the BU-system more effectively
presents functional peptides at the biomaterial surface than the UPy-
based system. This research provides insights in understanding the
difference between supramolecular systems, how changes in chemistry
can influence the delicate balance of presentation, and the level of
peptide introduction for biomaterial applications.

Fig. 3. Focal adhesion morphological properties on supramolecular biomaterials. A) Fluorescence microscopy images of HK-2 cells cultured for 24 h on
PCLdiUPy or PCL-BU films with and without corresponding UPy- or BU-RGD and -cyclic RGD (cRGD) added in different mol percentage (mol %). Cells stained for
pFAK, scale bar = 15 μm, n = 5. B) Analysis of pFAK containing focal adhesions to assess size, focal adhesions/cell and focal adhesion elongation factor.
***p ≤ 0.001, **p ≤ 0.01, intra supramolecular system compared to pristine; ###p ≤ 0.001, inter supramolecular systems.
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4. Materials & methods

4.1. Synthesis supramolecular peptides

Complete peptide sequences for RGD and cRGD were GGRGDS and
cyclic(RGDfK) for both supramolecular moieties [58]. UPy-OEG6-RGD
and -cRGD were synthesized as described previously by Feijter et al.
[46]. UPy-OEG12-COOH synthesis was performed as reported in lit-
erature [56]. Conjugation of cRGD to UPy-OEG12-COOH and the
synthesis of BU-OEG12-RGD and BU-OEG12-cRGD is extensively de-
scribed in the supporting information.

4.2. Supramolecular polymer film fabrication

PCLdiUPy (Mn=2.8 kg/mol; SyMO-Chem, The Netherlands) and
PCL-BU (Mn= 2.7 kg/mol; per segmented unit; SyMO-Chem) were
dissolved at 20mg/mL in 1,1,1,3,3,3-Hexafluoro-2-propanol
(Fluorochem, UK). UPy-OEG6-RGD, UPy-OEG6-cRGD, or UPy-OEG12-

cRGD were added at a concentration of 0, 1 or 4mol % to the PCLdiUPy
solution, taking into account the weight of the entire polymer. BU-
OEG12-RGD or BU-OEG12-cRGD were added at 0, 1 or 4mol% to the
PCL-BU solution, here mol% was determined by the weight per seg-
mented unit. Clear homogeneously dispersed polymer films were fab-
ricated by casting a 45 μL drop of polymer solution on a 14mm Ø glass
coverslips (VWR, USA). The solvent was evaporated at RT between 30
and 40% humidity. The resulting films were placed overnight under
vacuum to remove residual solvent. The polymer covered coverslips
were mounted in custom holders to prevent film detachment during cell
culture. The holders consist out of a 12 well Transwell insert (Corning,
USA) without membrane and a custom ring which can be clamped on
the insert.

4.3. Surface morphology

4.3.1. Atomic force microscopy
A Digital Instruments Multimode Nanoscope IIIa, operating in the

tapping mode regime, was used to record phase and height images of
solution-cast films at room temperature with silicon cantilever tips
(PPP-NCHR, NanoSensorstm, 204–497 kHz, 10–130 N/m). Images were
processed using Gwyddion software (version 2.43). Fiber thickness was
measured from phase images in ImageJ (version 1.48v, National
Institutes of Health, USA).

4.3.2. Determination hydrophobicity polymer films
Hydrophobicity of polymer films was determined with contact angle

system OCA and SCA 202 v4.1.13 build 1020 software (Dataphysics
Instruments, Germany). A 4 μL water droplet was deposited on the
polymer surface, images were taken at 30 s after droplet deposition and
contact angles were determined. Two droplets per sample were de-
posited over 3 replicates.

4.4. Cell culture

Human kidney 2 cells (HK-2; ATCC, Germany) were cultured in
Dulbecco's Modified Eagle Medium (DMEM; 41966, Gibco, UK), sup-
plemented with 10% v/v fetal bovine serum (FBS; Greiner Bio-one, The
Netherlands) and 1% v/v penicillin and streptomycin (Invitrogen, USA)
under standard culturing conditions at 37 °C and 5% CO2. Cells were
seeded on the polymer surfaces at a density of 10*103 cells/cm2.
Experiments were replicated in quadruplicate. In serum free experi-
ments the medium was completed without FBS and cells were washed
and resuspended in serum free medium before cell seeding. Serum free
experiments were replicated three times.

4.5. Fluorescence staining

Cells were fixed with 3.7% v/v formaldehyde solution (Merck, USA)
plus 0.5% v/v Triton X-100 (Merck) in phosphate buffered saline (PBS;
Sigma-Aldrich) for 10min at room temperature (RT) after 3 h, 24 h or
72 h post seeding. Samples were subsequently washed with PBS and
blocked with 5% w/v BSA (Roche, The Netherlands) in PBS for
20min at RT to prevent aspecific antibody binding. FA were stained
with anti-FAK (pY397; mouse IgG1; BD Bioscience, USA) and anti-zyxin
(IgG rabbit; Sigma-Aldrich) for 60min in staining buffer (2% w/v BSA,
0.05% Triton X-100 in PBS) at RT. After washing with 0.05% Triton X-
100 in PBS samples were incubated with secondary antibodies Goat-α-
Mouse-Alexa Fluor 555 and Goat-α-Rabbit-Alexa Fluor 647 (Molecular
Probes, USA) phalloidin-Atto 488 (Sigma-Aldrich) in staining buffer for
45min with the last 10 min 4′-6-diamidino-2-phenylindole (DAPI;
0.1 μg/mL; Sigma-Aldrich) added. Samples were finally washed with
PBS and mounted with Mowiol (Sigma-Aldrich). FA were imaged with a
Zeiss Axiovert 200M microscope with 63× magnification and
AxioVision software (Zeiss, Germany) for quantification.

Fig. 4. Cell trajectories and velocity on the supramolecular biomaterials.
HK-2 cell velocity on PCLdiUPy and PCL-BU biomaterials with varying levels of
(cyclic) cRGD and linear RGD functionalization on corresponding supramole-
cular motifs. Top part depicts cell trajectory diagrams of cells for 12 h after 3 h
after initial seeding. Dots represent the final destination of the cell, the line the
path taken. Bottom part depicts quantification of the cell velocity. n = 30–40,
***p ≤ 0.001, **p ≤ 0.01, intra supramolecular system compared to pristine;
#p ≤ 0.05, inter supramolecular systems.
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4.6. Focal adhesion quantification

Cell area and FA size, elongation and number per cell were de-
termined using a custom-built Mathematica script (version 11.1,
Wolfram Research Inc., USA), as previously described by Buskermolen
et al. [57]. Single cells were selected in the software for analysis. FAs
between 0.1 μm2 and 11 μm2 were used for further analysis. Elongation
was determined as 1 - (FA length/FA width)−1, thereby a perfect circle
has an elongation of 0. Per condition approximately 10–20 single cells
were selected and analyzed in each of the four replicates (n= 40–58).

4.7. Migration

HK-2s were seeded as stated before and were allowed to adhere for
3 h on polymer surfaces. Cells were imaged at 5min intervals for 12 h
with a CytoMate (CytoSMART Technologies B.V., The Netherlands).
Images were converted to stacks with ImageJ. Migration paths of 10
random cells were manually tracked in triplicate for each condition
(n= 30) with MTrackJ (University Medical Center Rotterdam, The
Netherlands) and analyzed with Chemotaxis and Migration Tool (ver-
sion 1.01, ibidi GmbH, Germany), both within ImageJ.

Fig. 5. Effect of linker size on peptide presentation. PCLdiUPy with UPy-OEG12-cyclic RGD (cRGD*) added in different mole percentages (mol%) to assess
material properties and cellular behavior. A) Top left. Atomic force microscopy phase images, scale bar= 100 nm. Bottom left. Fluorescence microscopy images of HK-
2 cells cultured for 24 h on surfaces. Cells stained for pFAK, scale bar = 15 μm, n = 5. B) Determination of surface hydrophobicity through water contact angle
analysis on the material surface. Mean ± SEM depicted, n = 3. C) Image analysis of pFAK containing focal adhesion to assess size, focal adhesions/cell area and
focal adhesion elongation factor, and quantification of cell velocity on material surfaces. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05 intra supramolecular system
compared to pristine; #p ≤ 0.05, inter supramolecular systems, non-significant (n.s). Remark: data for PCLdiUPy/UPy-cRGD and PCL-BU/BU-cRGD replotted data
from Figs. 2 and 3 for convenience.
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4.8. Statistical analysis

Data regarding FA size and the number of FAs per cell, as well as
data on migration velocity of cells were subjected to a one way ANOVA
followed by a Bonferroni post-test to compare all conditions with each
other. Data n≤ 5 were subjected to a Kruskal-Wallis test with a Dunns
post-test in which all conditions were compared. Tests were performed
with the use of Prism 5 (GraphPad Software Inc., La Jolla, USA).
Probabilities of p≤ 0.05 were considered as significantly different.
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