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  1.     Introduction 

 The growing clinical need for vascular substitutes boosts 

the research in the area of vascular tissue engineering. For 

small caliber vascular bypass grafts, autologous arteries 

and veins are the golden standard. [ 1 ]  Since they are often 

not available or suitable due to the diseased state of the 

vessel wall, the development of synthetic grafts composed 

of poly(tetrafl uoro ethylene) (PTFE) and poly(ethylene 

terephthalate) (Dacron) gained a lot of attention. How-

ever, a major limitation of these synthetic grafts when 

used as small caliber bypass grafts is their low patency 

due to intimal hyperplasia leading to occlusion of the 

graft. [ 2 ]  Rapid endothelialization of the graft surface has 

been proven to reduce intimal hyperplasia. [ 3,4 ]  Unfortu-

nately, endothelialization of the graft in vitro prior to 

 Cell-free approaches to in situ tissue engineering require materials that are mechanically 
stable and are able to control cell-adhesive behavior upon implantation. Here, the develop-
ment of mechanically stable grafts with non-cell adhesive properties via a mix-and-match 
approach using ureido-pyrimidinone (UPy)-modifi ed supramolecular polymers is reported. 
Cell adhesion is prevented in vitro through mixing of end-functionalized or chain-extended 
UPy-polycaprolactone (UPy-PCL or CE-UPy-PCL, respectively) with end-functionalized UPy-
poly(ethylene glycol) (UPy-PEG) at a ratio of 90:10. Further char acterization reveals intimate 
mixing behavior of UPy-PCL with UPy-PEG, but poor mechanical properties, whereas CE-UPy-
PCL scaffolds are mechanically stable. As a proof-of-concept for the use of non-cell adhesive 
supramolecular materials in vivo, electrospun vascular scaf-
folds are applied in an aortic interposition rat model, showing 
reduced cell infi ltration in the presence of only 10% of 
UPy-PEG. Together, these results provide the fi rst steps toward 
advanced supramolecular biomaterials for in situ vascular 
tissue engineering with control over selective cell capturing. 
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implantation is time-consuming and costly, and therefore 

mutually exclusive with the increasing demand for ‘off-

the-shelf’ solutions to treat acute vascular injuries. This 

has marked a shift from the classical tissue engineering 

strategy, which typically requires long culturing protocols 

in vitro, [ 5 ]  via the implantation of preseeded vascular scaf-

folds in vivo, [ 6 ]  toward an off-the-shelf approach using cell-

free grafts that guide blood vessel formation in situ. [ 7 ]  

 In order to be applied successfully as a supporting scaf-

fold for in situ vascular tissue engineering a biomate-

rial should be indistinguishable from the body, become 

fully resorbed after implantation, and interact with the 

biological environment to facilitate tissue regenera-

tion. [ 8 ]  Hence, the scaffold should be mechanically stable 

and provide cell-specifi c cues to attract and capture 

the required cell type, and direct their proliferative and 

migratory behavior. To this end most biomaterials are 

designed in order to closely mimic the native extracel-

lular matrix (ECM) that provides structural support to the 

tissue and forms an environmental niche that deter-

mines cell fate. [ 9–11 ]  This inspired researchers to design 

biomaterials consisting of biopolymers such as collagen, 

fi bronectin or chitosan, and the application of decellular-

ized vascular constructs (reviewed in [ 12 ] ). These scaffolds 

provide the proper biological environment and matrix 

organization, but often lack the appropriate mechanical 

properties, and show batch to batch differences. Impor-

tantly, cross-linking strategies to improve mechanical 

performance often require cytotoxic conditions limiting 

a viable interaction with cells in these grafts, and there-

fore their widespread use in the clinic (reviewed in [ 12 ] ). 

Synthetic materials on the other hand can be tuned with 

respect to degradation kinetics and physical properties, 

but are sometimes confl icting with biocompatibility 

and cause undesired cellular responses that limit their 

patency and vessel formation in vivo. One strategy to 

enhance cell-material interactions is biofunctionalization 

of the synthetic graft via immobilization of ECM-derived 

peptide sequences at the surface. Possibly the most fea-

tured peptide sequence is Arg-Gly-Asp (RGD), but also 

fi bronectin-derived Pro-His-Ser-Arg-Asn (PHSRN) and Arg-

Glu-Asp-Val (REDV), collagen-derived Asp-Gly-Glu-Ala 

(DGEA), and laminin-related Ile-Lys-Val-Ala-Val (IKVAV) 

and Tyr-Ile-Gly-Ser-Arg (YIGSR) recognition sequences 

have been incorporated into synthetic vascular scaffolds 

to improve graft patency [ 13,14 ]  (reviewed in [ 4 ] ). These 

approaches aim at inducing rapid endothelialization by 

promoting adhesion of endothelial cells and progenitor 

cells. Although promising results have been obtained, 

intimal hyperplasia leading to occlusion of the graft is 

often reported as a signifi cant complication on the long 

term. It is posed that intimal hyperplasia is caused by 

random adhesion and migration of non-endothelial cell 

types within the graft. [ 15 ]  This is not surprising, given the 

fact that in reality endothelial and circulating progenitor 

cells compete with various other cell types in vivo. [ 15 ]  It is 

for this reason that we hypothesize that in order to fully 

guide the tissue engineering process via the recruitment 

of specifi c cell populations, we fi rst need a non-cell adhe-

sive surface to prevent immediate occlusion of the scaf-

fold with various other cell types during the fi rst phases 

after implantation. 

 Non-cell adhesive behavior can be introduced via 

poly(ethylene glycol) (PEG), which is the most com-

monly used polymer to reduce cell-adhesion on bio-

material surfaces and has successfully been applied in 

vivo. [ 16,17 ]  An additional advantage of PEG as synthetic 

molecule for in vivo application is its high biocompat-

ibility resulting from its hydrophilic nature. [ 18–20 ]  How-

ever, simply blending of non-adhesive molecules into 

the bulk may result in unstable substrates due to phase 

separation within the material ultimately causing loss of 

non-adhesive surface properties in time. [ 21 ]  To overcome 

this problem peptide- and PEG-linker molecules are cova-

lently immobilized at the surface, which requires tedious 

synthetic procedures. [ 20 ]  Therefore a simple method that 

enables the combination of different components to 

obtain a solid, mechanically stable, biomaterial without 

the need of complex preparation techniques is highly 

desirable. Supramolecular chemistry is proposed to be 

eminently suitable for the development of such control-

lable biomaterials, because various supramolecular mod-

ules can be mixed-and-matched to combine their specifi c 

properties into a single material. This provides a simple 

but powerful means to develop tunable materials that 

fulfi ll all requirements a biomaterial demands, based on 

its intended application. Strategies that combine multiple 

supramolecular units to introduce specifi c functionalities 

to a biomaterial are reported, but mainly involve hydrogel 

systems. [ 22–27 ]  Unfortunately, their low mechanical 

strength make hydrogels unfavorable for application as a 

stand-alone vascular graft. 

 The objective of this study is to explore a modular 

strategy toward the development of a non-cell adhesive, 

mechanically stable material for application in vivo. To 

this end ureido-pyrimidinone (UPy)-modifi ed [ 28 ]  poly-

mers were created consisting of end-modifi ed bifunc-

tional UPy-polycaprolactone (UPy-PCL) [ 29 ]  and UPy-PEG, [ 29 ]  

and of chain-extended UPy-PCL (CE-UPy-PCL) [ 30 ]  in which 

the UPy-moieties are part of the main chain (Figure  1 ). 

These UPy-groups are self-complementary hydrogen 

bonding units that are able to dimerize via four hydrogen 

bonds. [ 28 ]  The reversible nature of these UPy-UPy dimers 

gives the material its dynamic properties, and impor-

tantly, enables blending of UPy-functionalized polymers 

according to a mix-and-match principle.  

 First a material screening approach was applied to 

establish the optimal ratio of UPy-PCL or CE-UPy-PCL 

Macromol. Biosci. 2016,  16,  350−362
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to UPy-PEG that yielded a surface that suffi ciently pre-

vented adhesion of endothelial cells and fi broblast in 

vitro. [ 31 ]  To this end the well-defi ned UPy-PCL, which is 

known to form nanofi brous structures via stacking of 

dimerized UPy-units and adjacent urea functionalities, 

was intimately mixed with UPy-PEG at different weight 

ratios. [ 32,33 ]  In a similar manner UPy-PEG was blended 

with CE-UPy-PCL, that was proposed to be mechanically 

more stable, but features less well-defi ned nanostruc-

tures due to the presence of a cyclic spacer that alters 

the dimerization behavior between UPy-moieties. [ 34,35 ]  

The morphology and wettability of the different surfaces 

where characterized using atomic force microscopy and 

water contact angle measurements, respectively. Sub-

sequently, the non-cell adhesive conditions of UPy-PCL 

and CE-UPy-PCL with UPy-PEG where used to create two-

dimensional fi brous meshes via electrospinning, and 

their mechanical performance was measured. Ultimately, 

as a proof-of-concept that non-cell adhesive supramolec-

ular materials can be used in vivo, electrospun scaffolds 

of the mechanically strong CE-UPy-PCL were applied as 

vascular grafts in an aortic interposition model in rats fol-

lowed by determination of the cellular ingrowth in the 

scaffolds at 4 and 48 h after implantation. [ 36 ]   

  2.     Experimental Section 

  2.1.     Supramolecular UPy-Polymers 

 UPy-PCL and UPy-PEG polymers were used (Figure  1 ). Commer-

cially available PCL-diol (2000 g mol −1 ) was end-functionalized 

or chain-extended, as described previously, to obtain end-func-

tionalized UPy-PCL [ 29 ]  and CE-UPy-PCL, [ 30,34 ]  respectively. UPy-PEG 

was obtained via end-functionalization of PEG (2000 g mol −1 ) as 

described. [ 29 ]   

  2.2.     Preparation of Non-Cell Adhesive Surfaces 

 Drop cast supramolecular UPy-polymer surfaces were obtained 

via mixing of UPy-modifi ed PCL polymers with UPy-PEG at dif-

ferent weight ratios. CE-UPy-PCL and UPy-PCL were dissolved in 

hexafl uoroisopropanol (HFIP) (Acros Organics) (10% w/v solution) 

by stirring at room temperature for 16–24 h. In order to fi nd the 

optimal UPy-PCL to UPy-PEG ratio, UPy-PEG was added to UPy-

PCL and CE-UPy-PCL at a w/w ratio of 95:5, 90:10, 85:15, 80:20, 

and 75:25 (end-functionalized or chain-extended UPy-PCL:UPy-

PEG). Each fi lm contained 5 mg UPy-polymer and was cast from 

a volume of 50 μL 10% w/v polymer solution and dried overnight 

at room temperature followed by an additional 24 h in vacuo at 

40 °C. Substrates were cast in an eight-well chamber slide (BD) 

for screening studies to identify the optimal UPy-polymer ratio, 

or on 13 mm round glass coverslips (Menzel Glaser) for quantifi -

cation of adhered cell numbers. Prior to cell seeding all substrates 

were UV-sterilized for 30–60 min. Samples for infrared (IR) spec-

troscopy and water contact angle measurements were cast on 

15 mm round glass cover slips (Menzel Glaser). Substrates for 

atomic force microcopy (AFM) were prepared in a similar manner 

and cast onto 15 mm round glass cover slips from 1 mg mL −1  

polymer solutions in HFIP.  

  2.3.     Cell Adhesion Studies In Vitro 

 Human umbilical vein endothelial cells (HUVEC) and mouse 

fi broblasts (NIH/3T3) were seeded on the polymer surfaces to 

identify non-cell adhesive conditions in vitro. Cell studies were 

performed at a density of 3–3.5 × 10 4  cells cm −2  under standard 

culturing conditions at 37 °C and 5% CO 2 . HUVEC were obtained 

from Lonza and cultured according to the manufacturer’s pro-

tocol; i.e., in EGM-2 medium supplemented with the required 

growth factors and antibiotics (EGM-2 Single Quots Bullitkit). 3T3 

fi broblasts were cultured in Dulbecco's Modifi ed Eagle Medium 

(DMEM), supplemented with 10% v/v fetal bovine serum (FBS) 

and 1% v/v penicillin and streptomycin (Invitrogen). In order to 

examine stability of the fi lms and non-cell adhesive responses 

to a range of UPy-polymer blends containing varying amounts 

of UPy-PEG (0–25% w/w UPy-PEG), phase contrast images were 

made at 4 and 24 h after seeding, using a Zeiss Axiovert40C 

microscope equipped with a Canon PowerShot A650IS digital 

camera. Next, the number of adhering cells was evaluated and 

quantifi ed for the polymer substrates that showed non-cell adhe-

sive behavior and remained stable under culturing conditions. To 

this end, cytoskeletal actin fi bers were stained with phalloidin 

1, 3, and 7 d after seeding. HUVEC and NIH/3T3 fi broblasts were 

fi xed for 15 min with 3.7% formaldehyde solution in phosphate 

buffered saline (PBS) at room temperature. After additional 

washing with PBS, cells were permeabilized and blocked for 

aspecifi c binding with 0.1% Triton X-100 and 4% normal horse 

Macromol. Biosci. 2016,  16,  350−362

 Figure 1.    Supramolecular UPy-modifi ed PCL and PEG polymers. The self-complementary UPy-moiety was coupled to prepolymers of PCL 
(2000 g mol −1 ) and PEG (2000 g mol −1 ) to obtain end-functionalized UPy-PCL (top), chain-extended UPy-PCL (middle), and end-functional-
ized UPy-PEG (bottom).  
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serum in PBS, followed by incubation with Phalloidin Atto-488 

(Sigma-Aldrich, dilution 1:500 in PBS) for 30 min at room tem-

perature. Cell nuclei were counterstained with 4′-6-diamidino-

2-phenylindole (DAPI) (Invitrogen). Samples were mounted 

with Mowiol (Sigma) and analyzed with a Zeiss Axiovert 200M 

microscope and AxioVision software for quantifi cation, and with 

two-photon confocal laser scanning microscopy (Zeiss LSM510 

META NLO) and ZEN software for qualitative analysis. Cell nuclei 

were counted using MatLab (MathWorks, R2013b) to determine 

the number of adhered cells on the different polymer substrates. 

Three separate surfaces of each UPy-polymer blend were ana-

lyzed. The cell number of each individual substrate was deter-

mined from fi ve different regions on that surface.  

  2.4.     Atomic Force Microscopy 

 The morphology of the non-cell adhesive surfaces containing 

either end-functionalized or chain extended UPy-PCL mixed with 

10% UPy-PEG was studied using AFM and compared to that of 

fi lms cast from pristine UPy-PCL, CE-UPy-PCL, or UPy-PEG. AFM 

measurements were performed on a Digital Instrument Multi-

mode Nanoscopy IV using PPP-NCHR-50 silicon cantilever tips 

in tapping mode at a scan rate of 1 Hz. After substrate prepara-

tion drop cast polymer surfaces were stored at room temperature 

under standard laboratory conditions for 1 week before AFM 

analysis was performed.  

  2.5.     Infrared Spectroscopy 

 IR spectra of end-functionalized and chain-extended UPy-

PCL:UPy-PEG blends were recorded on a Fourier transformed 

IR spectrometer (Perkin Elmer Spectrum Two, with a Universal 

ATR sampling Accessory and diamond crystal) in the range of 

1400–1000 cm −1  at a resolution of 4 cm −1 .  

  2.6.     Water Contact Angle Measurements 

 Water contact angle measurements were performed on an OCA30 

contact angle system from DataPhysics in combination with 

SCA20 software to examine the wettability of the UPy-polymer 

surfaces. Water droplets with a volume of 5 μL were applied at a 

dosing rate of 1 μL min −1  to UPy-PCL and CE-UPy-PCL substrates 

with increasing percentages of UPy-PEG. Contact angles were 

determined at the polymer-air-water interface after 60 s. Three 

a samples were measured per condition and presented as the 

mean ± standard error of the mean (SEM).    

  2.7.     Erosion of UPy-PEG: Release Experiments 

 The erosion of UPy-PEG from UPy-PCL:UPy-PEG and CE-UPy-

PCL:UPy-PEG mixtures (weight ratio of 90:10) was determined in 

an aqueous environment. Drop cast fi lms with a total polymer 

content of 5 mg were prepared from 10% w/v polymer solu-

tions in HFIP, similar to the surfaces used for the in vitro cell 

adhesion studies, and subsequently exposed to 1 mL of water 

at 37 °C for 24 h. Dissolution of UPy-PEG from the bulk into 

the aqueous phase was determined by measuring the UV 

absorbance of the UPy-moiety at 220 nm on a Varian Cary 50 Scan 

UV–visible Spectrophotometer. A dilution series ranging from 2 to 

100 μg mL −1  of UPy-PEG was prepared and confi rmed a linear 

correlation between the concentration of UPy-PEG and the UV-

absorbance. Next, samples were diluted accordingly, and the 

UPy-PEG concentration was deducted from the measured UV-

absorbance with respect to the applied dilution factor.  

  2.8.     Preparation of Electrospun Meshes 

 Meshes with ≈1–5 μm thick fi bers were electrospun from end-

functionalized and chain-extended UPy-PCL polymers with and 

without UPy-PEG using an in-house built electrospin setup. 

UPy-PCL meshes were prepared from 15% w/w polymer solution 

in HFIP. To create the mixed scaffold, UPy-PEG was mixed with 

UPy-PCL in a 90:10 w/w ratio (UPy-PCL:UPy-PEG) and electrospun 

from a 25% w/w polymer solution in HFIP. Both polymer solu-

tions were electrospun at 18.5 kV, using a feed-rate of 0.020 mL 

min −1  and a tip-to-target distance of 12 cm. CE-UPy-PCL polymers 

were dissolved in a mixture of dichloromethane (DCM) and eth-

anol (EtOH) (volume ratio 3:1) to a 10% w/w polymer solution. In 

a similar manner UPy-PEG was mixed with CE-UPy-PCL in a 90:10 

w/w ratio (CE-UPy-PCL:UPy-PEG) and dissolved in DCM/EtOH 

(10% w/w polymer solution). CE-UPy-PCL and CE-UPy-PCL:UPy-

PEG materials were spun at 12 kV, using a feed rate of 0.025 mL 

min −1  and a tip-to-target distance of 15 cm. Fibers were depos-

ited on a static, grounded collector plate that was covered with 

a polyethylene fi lm to enable facile removal of the electrospun 

scaffold. Subsequently, the scaffolds were dried in vacuo at 40 °C 

for 16–24 h to remove residual solvent. Scaffold morphology was 

examined with scanning electron microscopy imaging using an 

FEI Quanta 600 and Xt Microscope Control software. Samples of 

comparable size and thickness were fi xed on a metal stub using 

adhesive conductive carbon tape and imaged under high vacuum 

(<1.3 × 10–4 mbar) conditions. Secondary electrons were detected 

with an accelerating voltage of 1–2 kV and a working distance of 

10 mm.  

  2.9.     Mechanical Characterization of Electrospun Meshes 

 Mechanical performance of the UPy-PCL and CE-UPy-PCL scaf-

folds with and without UPy-PEG was measured using a Biotester 

biaxial tensile tester (CellScale Biomaterial Testing) in air at 

room temperature. Local strains were determined using par-

ticle tracking of randomly applied graphite spots. Prior to tensile 

testing 7 × 7 mm samples were preconditioned with 10 cycles of 

10% uniaxial strain in  x - and  y -direction sequentially, followed 

by similar straining conditions in biaxial direction and 60 s 

recovery between the straining protocols. After preconditioning, 

the Young's moduli in both  x - and  y -directions were determined 

from uniaxial tensile tests up to 10% strain, followed by equibi-

axial straining at 25% to determine the yield point, and study the 

isotropic behavior of electrospun scaffolds. The Young’s moduli 

were determined from the linear elastic region of the stress–

strain curves, using the local strains.  

  2.10.     Electrospinning of Tubular Grafts 

 Tubular scaffolds of CE-UPy-PCL and CE-UPy-PCL:UPy-PEG 

(mixed at weight ratio of 90:10) were prepared from 15% w/w 

Macromol. Biosci. 2016,  16,  350−362
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polymer solutions in a mixture of DCM and EtOH (volume ratio 

3:1). All scaffolds were electrospun in a climate-controlled elec-

trospinning cabinet (IME Technology, Geldrop, the Netherlands) 

equipped with a 14G nozzle and target rod (2 × 100 mm) rotating 

at 100 rpm to obtain a tube-like vascular graft with an internal 

diameter of 2 mm. CE-UPy-PCL and CE-UPy-PCL:UPy-PEG grafts 

were electrospun at 18 and 15 kV, respectively. The polymer solu-

tion feedrate was 0.010 mL min −1  and the tip-to-target distance 

was 15 cm. Electrospinning conditions were controlled at a tem-

perature of 23 °C and 35% relative humidity. The fi brous nature 

and fi ber diameter of the tubular scaffolds were examined with 

SEM as described in the previous section.  

  2.11.     Non-Cell Adhesive Behavior of CE-UPy-PCL:UPy-

PEG Scaffold Materials In Vivo 

 In order to study the biocompatibility and non-cell adhesive 

behavior in vivo, electrospun tubular grafts from CE-UPy-PCL 

with and without UPy-PEG were implanted and evaluated in a 

vascular interposition model in rats. [ 36 ]  All animal studies were 

approved by the Institutional Animal Research Committee and 

conform to the guidelines for the use of laboratory animals as 

formulated by the Dutch law on care and use of experimental 

animals. Prior to surgery all rats were sedated with 2% isofl u-

rane and received buprenorphine as postoperatively analgesia. 

Scaffolds of CE-UPy-PCL with 10% w/w UPy-PEG were placed in 

the abdominal aorta between the renal arteries and the aortic 

bifurcation. Control animals received a vascular graft consisting 

of pristine CE-UPy-PCL.  n  = 4 per group were evaluated. A Gore-

Tex sheet separated the scaffold from the adjacent vasculature 

and surrounding tissues to inhibit the infl ux of non-circulating 

cells. Cellular infi ltration and scaffold morphology were exam-

ined 4 and 48 h after implantation and compared to CE-UPy-PCL 

control grafts. Immediately after explanation, grafts were rinsed 

with sodium chloride solution and fi xed in 10% formalin for 

24 h, followed by pre-embedding in 1% (w/v) agar (Eurogentec). 

Paraffi n embedded grafts were cut into 4 μm thick cross-sections 

and immunohistochemically stained with primary antibodies 

against CD68 (Serotec, MCA341GA, dilution 1:400) and myelop-

eroxidase (MPO) (Dako, A398, dilution 1:2000), followed by 2 h 

incubation with the secondary antibodies poly-HRP-conjugated 

antimouse (Immunologic) to detect CD68 and poly-HRP-conju-

gated anti-rabbit (Immunologic) for MPO detection. The number 

of cells residing in the scaffold was quantifi ed from hematoxylin 

and eosin (HE) stained tissue sections. Additionally, the number 

of MPO positive granulocytes and CD68 +  macrophages was 

examined to determine the infl ammatory response. For histo-

chemical analyses, four representative areas were examined 

per tissue section at 400× magnifi cation and quantifi ed using 

ImageJ software.  

  2.12.     Statistical Analysis 

 Data were presented as mean and standard error of the mean 

(SEM). Student's  t -test was performed using GraphPad Prism 

software to compare experimental groups. A difference with a  p  

value less than 0.05 was considered statistically signifi cant.   

  3.     Results and Discussion 

  3.1.     Identifi cation of Non-Cell Adhesive Conditions 

In Vitro 

 By functionalization of PCL and PEG with UPy-units, this 

study aimed at developing non-cell adhesive surfaces 

for cells by simple mixing of these two UPy-polymers 

(Figure  1 ). It was proposed that both polymers intimately 

mix because of the presence of the UPy-units in both pol-

ymers. In order to determine the optimal UPy-modifi ed 

PCL:UPy-PEG ratio that prevented cell adhesion, UPy-PEG 

and one of each UPy-modifi ed PCL polymer were mixed 

at various weight ratios; i.e., 95:5, 90:10, 85:15, 80:20, 

and 75:25 for either UPy-PCL or CE-UPy-PCL to UPy-PEG. 

Phase contrast microscopy showed impaired cell adhe-

sion of HUVEC and 3T3 fi broblasts to UPy-PCL and CE-

UPy-PCL substrates containing 10% w/w UPy-PEG within 

the fi rst 4–24 h after seeding. (Figures  S1  and  S2  in the 

Supporting Information). Moreover, increasing the UPy-

PEG content to 15% w/w or 20% w/w did not seem to 

further suppress cell adhesion, and at 25% w/w of UPy-

PEG large clusters of aggregated non-adhered cells were 

observed in both UPy-PCL and CE-UPy-PCL fi lms (Figures 

 S1  and S2 in the Supporting Information). Note that the 

opaqueness of the CE-UPy-PCL fi lms limits the analysis of 

cell adhesive behavior on these surfaces from phase con-

trast images (Figures  S1  and  S2  in the Supporting Infor-

mation). Importantly, we also observed large holes in 

the fi lms containing 20% w/w or more UPy-PEG within 

24 h, especially for CE-UPy-PCL:UPy-PEG mixtures. This 

implies that the presence of UPy-PEG in the CE-UPy-PCL 

fi lms affected their stability by causing disintegration of 

the fi lms at higher percentages of UPy-PEG in an aqueous 

environment (Figure  S1  in the Supporting Information). 

Therefore, it is proposed that the optimal non-cell adhe-

sive surface comprises of the lowest percentage of UPy-PEG 

which still suffi ciently prevents cell adhesion, but renders 

a stable material, which was considered at a 90:10 w/w 

ratio of UPy-modifi ed PCL:UPy-PEG. In order to investigate 

whether these substrates maintain their non-cell adhesive 

properties over the course of one week, cell adhesion was 

determined 1, 3, and 7 d after seeding. After one day the 

number of adhered HUVEC and 3T3 fi broblasts on UPy-PEG 

containing surfaces was reduced compared to substrates 

of UPy-PCL and CE-UPy-PCL alone (Table  1 ). Additional 

actin-phalloidin staining revealed the formation of mul-

tiple actin-fi bers in HUVEC and 3T3 fi broblasts grown on 

pristine UPy-PCL and CE-UPy-PCL, whereas the few HUVEC 

and 3T3 fi broblasts that remained at the fi lms containing 

UPy-PEG lack the formation of these fi bers (Figures  2  and 

 3 ). Instead, cells grown on UPy-PEG modifi ed surfaces 

show impaired cytoskeletal organization and the forma-

tion of multiple actin-rich lamellopodia, which hallmarks 

Macromol. Biosci. 2016,  16,  350−362
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non-adhered cells (Figures  2  and  3 ). Importantly, this non-

cell adhesive behavior was maintained after 3 and 7 days 

for UPy-PCL:UPy-PEG, but not for CE-UPy-PCL:UPy-PEG. 

After 3 and 7 d the number of residing HUVEC was not 

signifi cantly different between pristine CE-UPy-PCL and 

CE-UPy-PCL:UPy-PEG (Table  1 ). This indicates that CE-UPy-

PCL:UPy-PEG loses its non-cell adhesive properties within 

the fi rst 3 d. This might be related to the disintegration of 

these substrates after incorporation of UPy-PEG, whereas 

the UPy-PCL:UPy-PEG blend shows stable non-cell adhesive 

behavior over the course of 7 d. Moreover, these effects were 

even more pronounced for 3T3 fi broblasts, that showed 

a rapid increase in cell number between day 1 and day 3 

resulting in the formation of a dense multilayer of fi bro-

blasts on UPy-PCL, CE-UPy-PCL and CE-UPy-PCL:UPy-PEG, 

but not on UPy-PEG modifi ed UPy-PCL surfaces (Figure  3 ). 

The overgrowth of 3T3 fi broblasts observed after 3 and 7 

days is related to the lack of contact inhibition in this cell 
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  Table 1.    Cell adhesion of HUVEC and 3T3 fi broblasts to UPy-modifi ed PCL substrates with and without UPy-PEG.  

UPy-PCL UPy-PCL:UPy-PEG CE-UPy-PCL CE-UPy-PCL:UPy-PEG

HUVEC

1 d 148 ± 11 0017 ± 5 a) 192 ± 33 099 ± 26 b) 

3 d 158 ± 20 0059 ± 7 a) 155 ± 19 216 ± 23

7 d 346 ± 87 126 ± 9 286 ± 25 444 ± 81

Fibroblast

1 d 413 ± 44 0015 ± 8 a) 365 ± 75 042 ± 3 c) 

3 d n.d. 006 ± 2 n.d. n.d.

7 d n.d. 030 ± 5 n.d. n.d.

   The number of adhered HUVEC and 3T3 fi broblasts was determined at fi ve different locations per substrate. After 3 d, fi broblasts entered 
a superconfl uent stage on UPy-PCL, CE-UPy-PCL, and CE-UPy-PCL:UPy-PEG and formed a dense multilayer for which the cell number 
could not be quantifi ed reliebly and was therefore indicated as not determined (n.d.).  N  = 3 substrates per condition. Data are presented 
as mean ± S.E.M. cells mm −2 .  
   a)  P  ≤ 0.05 versus UPy-PCL;  b)  P  = 0.1 versus CE-UPy-PCL;  c)  P  ≤ 0.05 versis CE-UPy-PCL.   

 Figure 2.    Characterization of cytoskeletal actin organization. Fluorescent actin phalloidin staining of human umbilical vein endothelial cells 
(HUVEC) 1, 3, and 7 d after seeding on UPy-PCL and CE-UPy-PCL drop cast fi lms. UPy-PCL:UPy-PEG and CE-UPy-PCL:UPy-PEG were prepared 
at a weight ratio of 90:10. Scale bars represent 50 µm.
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type and impeded a reliable quantitative analysis of the 

number of adhered cells (Table  1 ).    

 Considering the above, it is concluded that simple 

mixing of UPy-modifi ed PCL polymers with UPy-PEG at 

a ratio of 90:10 (UPy-PCL:UPy-PEG) is feasible to create 

stable surfaces that prevent initial cell adhesion within 

the fi rst 24 h in vitro. However the long-term non-cell 

adhesive effects of the UPy-polymer blends seem to 

depend on the nature of the UPy-modifi ed PCL polymer; 

i.e., a mixture of UPy-PEG with the well-defi ned end-

functionalized UPy-PCL showed a prolonged non-cell 

adhesive effect as compared to a polymer blend com-

prising the less well-defi ned CE-UPy-PCL. Nevertheless, 

these fi ndings are in line with other studies that also 

reported non-cell adhesive behavior after grafting of PEG 

onto a surface in vitro [ 37,38 ]  or as a stent surface coating 

to prevent unwanted cell-material interactions after 

implantation. [ 39,40 ]  

 Alternatively, block copolymers that comprise a PEG 

segment allow easy processing into fi brous substrates. 

The fi rst study to address this problem was performed 

by Grafahrend et al. who demonstrated non-cell adhe-

sive properties of electrospun fi brous substrates that 

were created from a block copolymer of PEG-block-poly(ε-

caprolactone). [ 41 ]  They also showed that introduction of 

an amphiphilic macromolecule based on star-shaped 

poly(ethylene oxide) into poly( D,L -lactide- co -glycolide) 

meshes suppressed cell material interactions in vitro due 

to increased hydrophilicity of the electrospun fi bers. [ 42 ]  

Furthermore, supramolecular host-guest chemistry based 

on cyclodextrin-adamantane complexes has recently 

been shown to be suitable to fi ne-tune the cell-adhesive 

properties of a PCL substrate in vitro by simple adjusting 

the complexation ratio of adamantane-functionalized 

PEG to the cyclodextrin immobilized surface. [ 43 ]   

  3.2.     Characterization of Supramolecular UPy-Polymer 

Surfaces 

 After identifi cation of the optimal UPy-PCL or CE-UPy-PCL to 

UPy-PEG ratio (90:10) that prevented cell adhesion in vitro, 

the morphology of these non-cell adhesive surfaces was 

characterized. AFM micrographs of UPy-PCL and UPy-PEG 

showed nanofi brous structures which are composed of UPy-

dimers that are stacked in the lateral direction via π-π inter-

actions and additional hydrogen bonding between the urea 

groups (Figure  4 a, height images are presented in Figure  S3  

in the Supporting Information). [ 33,44 ]  Similar nanofi brous 

structures were observed upon mixing of UPy-PCL with 10% 

UPy-PEG suggesting that both UPy-polymers are supramo-

lecularly mixed (Figure  4 a). On the contrary, the surface of 

CE-UPy-PCL fi lms was characterized by large PCL crystal-

line domains, lacking a fi brous morphology (Figure  4 a). 

This implied that the UPy-moieties did not assemble into 
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 Figure 3.    Characterization of cytoskeletal actin organization. Fluorescent actin phalloidin staining of 3T3 fi broblasts 1, 3, and 7 d after 
seeding on UPy-PCL and CE-UPy-PCL drop cast fi lms. UPy-PCL:UPy-PEG and CE-UPy-PCL:UPy-PEG were prepared at a weight ratio of 90:10. 
Scale bars represent 50 µm.
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nanofi bers. It is proposed that in this case inter- and intra-

molecular UPy-dimerization occurred that resulted in the 

formation of less well-defi ned small aggregates that were 

not visible with AFM. This is proposed to be due to the cyclic 

isophorone spacer and the ability of PCL to crystallize. [ 35 ]  

Importantly, upon introduction of UPy-PEG in CE-UPy-PCL 

small nanofi bers were observed (Figure  4 a). This showed 

that either UPy-PEG induced fi ber formation in CE-UPy-PCL 

by co-assembly, or that both UPy-polymers phase separated, 

and UPy-PEG thereby assembled in nanofi bers that became 

visible at the surface. This data suggests that UPy-PCL and 

UPy-PEG can be supramolecularly mixed, whereas CE-UPy-

PCL and UPy-PEG are less well mixed.  

 The presence of UPy-PEG is determined with IR spec-

troscopy showing that the ratio of the C–O vibrations 

at 1108 and 1160 cm −1 , of the ether versus ester groups, 

respectively, changes upon increasing the UPy-PEG con-

tent in both UPy-PCL and CE-UPy-PCL (Figure  S4  in the 

Supporting Information). This confi rms the presence of 

UPy-PEG in both UPy-modifi ed PCL polymer mixtures. 

Water contact angle measurements showed the presence 

of UPy-PEG at the surface by demonstrating enhanced 

wettability of UPy-PCL and CE-UPy-PCL substrates when 

mixed with different percentages of UPy-PEG. Similar 

contact angles of 67.0°±0.4° and 67.1°±0.2° were obtained 

for the pristine UPy-PCL and CE-UPy-PCL surfaces, respec-

tively (Table  2 ). Gradually increasing the UPy-PEG con-

tent from 5% to 25% in end-functionalized UPy-PCL fi lms 

coincided with a stepwise decrease in the contact angle 

from 52.7°±0.2° to 38.9°±1.1°, respectively (Table  2 ). The 

hydrophilic behavior of CE-UPy-PCL:UPy-PEG surfaces was 

characterized by a dramatic lowering of the contact angle 

upon mixing with 5% and 10% UPy-PEG to 27.4 ± 0.5° and 

22.2 ± 0.6°, respectively. Increasing the UPy-PEG content 

to 15% or higher did not result in a further reduction of 

the contact angle (Table  2 ). Interestingly, surfaces com-

prised of UPy-PEG alone demonstrated a contact angle 

of 35.0°±1.0° which is higher than the contact angles 

reported for CE-UPy-PCL:UPy-PEG blends (Table  2 ). On the 

Macromol. Biosci. 2016,  16,  350−362

 Figure 4.    A) Atomic force microscopy phase images of pristine UPy-PCL, CE-UPy-PCL, and UPy-PEG drop cast surfaces, and of both UPy-
modifi ed PCL polymers mixed with 10% UPy-PEG. Scale bars represent 500 nm B) Erosion of UPy-PEG from UPy-modifi ed PCL:UPy-PEG drop 
cast substrates in water after 24 h. Erosion of UPy-PEG is presented relative to the bulk (5 mg of total UPy-polymer was used per drop cast). 
Data are presented as mean ± S.E.M. All UPy-modifi ed PCL:UPy-PEG surfaces were prepared at a weight ratio of 90:10.

  Table 2.    Contact angle (Θ) at the air-water-material interface of 
UPy-modifi ed PCL:UPy-PEG surfaces.  

Water contact angle [Θ] in 
degrees [°] a) 

UPy-PCL CE-UPy-PCL

UPy-modifi ed PCL 67.0 ± 0.4 67.1 ± 0.2

UPy-modifi ed PCL:UPy-PEG 
(ratio)

95:5 52.7 ± 0.2 27.4 ± 0.5

90:10 48.0 ± 0.5 22.2 ± 0.6

85:15 41.9 ± 0.8 18.9 ± 1.0

80:20 42.6 ± 0.4 21.3 ± 0.9

75:25 38.9 ± 1.1 21.7 ± 0.8

UPy-PEG 35.0 ± 1.0

    a) Contact angles are indicated as the mean angle of three dif-
ferent locations on a drop cast polymer fi lm and the standard 
error of the mean. Contact angles are measured after 60 s.   
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contrary, increasing the UPy-PEG content in the end-func-

tionalized UPy-PCL materials also reduced the contact 

angles, but never below the angle reported for UPy-PEG 

alone (Table  2 ). These differences in wettability between 

both UPy-modifi ed PCL polymers after mixing with UPy-

PEG are in line with the distinct morphologies of UPy-

PCL and CE-UPy-PCL observed with AFM, and support 

the notion that incorporation of UPy-PEG in the chain-

extended material is different than in the end-functional-

ized UPy-PCL materials.   

  3.3.     Erosion of UPy-PEG from the Surface 

 Cell studies showed a marked difference between UPy-

PCL:UPy-PEG and CE-UPy-PCL:UPy-PEG materials in the 

ability to maintain their non-cell adhesive behavior over 

time. In order to study whether the differences in mor-

phology and wettability between UPy-PCL and CE-UPy-PCL 

affects the retention of the highly water-soluble UPy-PEG 

in the material, erosion of UPy-PEG from the bulk was 

examined. Importantly, UPy-PCL and CE-UPy-PCL are insol-

uble in water, indicating that the observed UV-absorbance 

correlated to dissolution of UPy-PEG (Figure  S5 a–c in the 

Supporting Information). Importantly, less than 1% w/w 

of the total UPy-PCL:UPy-PEG material was lost due to 

erosion, whereas CE-UPy-PCL:UPy-PEG mixtures demon-

strated a loss of 5.6% w/w of UPy-polymer (Figure  4 b). Con-

sidered that UPy-modifi ed PCL polymers are insoluble in 

an aqueous environment and fi lms comprised of pristine 

UPy-PEG dissolved completely (Figure  4 b and Figure  S5 d 

in the Supporting Information), these data indicated that 

less than 6% of the total UPy-PEG content eroded from the 

UPy-PCL:UPy-PEG surface, whereas more than 56% of the 

UPy-PEG polymer was lost within 24 h when mixed with 

CE-UPy-PCL (Figure  4 b). These results show that UPy-PEG is 

not fully retained in the material when blended with the 

chain-extended system presented here, and imply that 

possible phase separation of the two UPy-polymers con-

tributes to dissolution of UPy-PEG from the surface. Mixing-

and-matching of end-functionalized UPy-polymers on 

the other hand diminished erosion of UPy-PEG as a result 

of the intimate mixing with UPy-PCL. These results are in 

line with our cell studies showing loss of non-cell adhesive 

properties in CE-UPy-PCL:UPy-PEG substrates after 1 day. 

Moreover, the enhanced erosion of UPy-PEG from CE-UPy-

PCL:UPy-PEG surfaces, supports the notion that the dif-

ferences in morphology and wettability between both 

UPy-modifi ed PCL polymers after blending with UPy-PEG 

affect the performance as a non-cell adhesive material.   

  3.4.     Mechanical Performance of Electrospun UPy-

Modifi ed PCL:UPy-PEG Scaffolds 

 Successful application of a material for in situ vas-

cular tissue engineering requires a fi brous scaffold that 

provides suffi cient mechanical support after implantation. 

Therefore both pristine UPy-modifi ed PCL polymers, and 

the non-cell adhesive mixtures identifi ed in vitro were pro-

cessed into fi brous meshes. Electrospun meshes of UPy-PCL 

and CE-UPy-PCL had a fi ber diameter of 0.2–1.1 and 2.6–4.5 

μm, respectively (Figure  S6 a in the Supporting Information 

and Figure  5 a, respectively). Importantly, fi ber dimensions 

were not signifi cantly changed upon mixing with 10% UPy-

PEG (0.4–1.3 μm in mixtures with UPy-PCL, and 0.9–3.6 μm 

in mixtures with CE-UPy-PCL) as compared to meshes com-

prised of either pristine UPy-PCL or CE-UPy-PCL (Figure S6b 

in the Supporting Information and Figure  5 b, respectively). 

Mechanical properties of the electrospun UPy-PCL and 

CE-UPy-PCL materials were determined via biaxial tensile 

testing of meshes with comparable size and thickness, and 

revealed a marked difference in the mechanical perfor-

mance of the two UPy-polymers (Figure  5 a and Figure S6c 

in the Supporting Information). Electrospun UPy-PCL rup-

tured before tensile stress was applied, and therefore could 

not be measured, indicating that end-functionalized UPy-

PCL materials are too brittle to be applied as vascular graft 

(Figure S6c,d in the Supporting Information). CE-UPy-PCL 

meshes on the other hand demonstrated good mechanical 

properties compared to the end-functionalized UPy-PCL 

scaffolds (Figure  5 a,b). The Young’s modulus of CE-UPy-PCL 

meshes in  x - and  y -direction was 11.9 MPa and 12.3 MPa, 

respectively, and the obtained yield stress was 0.6 MPa in 

both directions, illustrating the isotropic behavior of the 

scaffold (Table  S1  in the Supporting Information). Impor-

tantly, addition of UPy-PEG to the chain-extended material 

did not signifi cantly change the mechanical performance 

of the scaffold (Figure  5 b and Table  S1  in the Supporting 

Information). These results demonstrate the poor mechan-

ical properties of end-functionalized UPy-PCL meshes, 

and therefore favor the mechanically well-performing 

CE-UPy-PCL material for load-bearing applications in vivo, 

such as a vascular scaffold.   

  3.5.     Non-Cell Adhesive Behavior of Tubular Grafts In 

Vivo 

 Cell adhesion studies demonstrated non-cell adhesive 

behavior of UPy-PEG modifi ed materials toward HUVEC 

and 3T3 fi broblasts during the fi rst 24 h in vitro. For appli-

cation as a graft material for in situ tissue engineering it 

is highly desirable to prevent immediate population of 

the scaffold with non-endothelial cell types that compete 

with endothelial progenitor cells in the circulation during 

the acute phase after implantation. Moreover, it is pos-

tulated that adverse remodeling that leads to fi brosis and 

stenosis of the graft can be prevented by carefully guiding 

the immediate-early cellular response that forms the basis 

of the formation of functional endothelialized autologous 

vascular tissue. [ 15 ]  In order to validate the application of 
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our supramolecular materials in vivo, electrospun CE-

UPy-PCL tubular scaffolds were made, and the non-cell 

adhesive properties of these UPy-PEG-modifi ed materials 

were examined during the fi rst phases after implantation. 

To this end, vascular grafts were made of the CE-UPy-PCL 

material and implanted as an interposition graft in the 

abdominal aorta of a rat for 4 and 48 h. [ 36 ]  Vascular grafts 

with an internal diameter of 2 mm were electrospun from 

CE-UPy-PCL and compared to non-cell adhesive scaffolds 

containing 10% UPy-PEG (Figure  5 c). Electrospun vascular 

scaffolds were obtained with a fi ber diameter ranging 

from 7.0 to 11.0 μm in CE-UPy-PCL grafts, and 3.9 to 7.0 μm 

in the UPy-PEG containing scaffolds (Figure  5 c). Impor-

tantly, CE-UPy-PCL and CE-UPy-PCL:UPy-PEG grafts dem-

onstrated non-fused, micrometer thick fi bers on the inner 

(luminal) and outer side of the scaffold, indicating an open 

fi brous structure that is preferred for vascular tissue engi-

neering in situ (Figure  5 c). Implantation of the vascular 

grafts was performed successfully and all animals survived 

during the course of the study. Importantly, the scaffold 

provided suffi cient strength for suturing and leak-free con-

nection to the adjacent aortic ends, and no clinical signs 

of distant thromboemboli, such as a lowered temperature 

and decreased strength in de hind limbs, were observed 

upon implantation of the grafts. Macroscopic examina-

tion of the vascular grafts 4 and 48 h after implantation 

revealed reduced clot formation in the presence of UPy-PEG 

(Figure  6 a). Moreover, histological analysis showed signifi -

cant reduction in cellularity in UPy-PEG containing grafts 

compared to pristine CE-UPy-PCL (Figure  6 b,c), indicating 

enhanced non-cell adhesive behavior in the presence of 

UPy-PEG. In order to study whether the increased cellu-

larity in CE-UPy-PCL scaffolds was related to an enhanced 

acute infl ammatory response triggered by the material, the 

number of infi ltrating granulocytes and macrophages was 

determined by immunohistochemical staining for their 

cell specifi c markers MPO and CD68, respectively. Quantita-

tive analysis showed a trend toward an increased number 

of MPO and CD68 positive cells in grafts that lacked UPy-

PEG, but this did not reach signifi cance. Together with the 

low grade infl ammatory response seen in non-cell adhesive 

grafts these results imply that an enhanced early immune 

response, characterized by granulocytes and macrophages, 

did not contribute to the higher cellularity observed in 
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 Figure 5.    Biaxial tensile testing of electrospun A) CE-UPy-PCL and B) CE-UPy-PCL:UPy-PEG and representative SEM images of the electrospun 
scaffolds (panels (A) and (B), inset; scale bars represent 5 µm). Stress–strain curves represent the average of  n  = 4 scaffolds per condition. 
(C) SEM images of the inside (lumen) and outside of electrospun vascular grafts (top) from CE-UPy-PCL and CE-UPy-PCL:UPy-PEG (ratio 
90:10). Scale bars represent 50 µm.
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CE-UPy-PCL (Figure  6 b,d,e). Importantly, these results are in 

line with our fi ndings in vitro, and showed that mixing of 

CE-UPy-PCL with UPy-PEG also reduced cell adhesion in a 

vascular graft in vivo. Thereby, this study for the fi rst time 

proofs the concept of a modular approach using supra-

molecular UPy-modifi ed polymers to create a mechanically 

 Figure 6.    A) Cross sectional slices of HE stained vascular grafts after implantation for 4 and 48 h. Scale bars represent 500 µm. B) Representa-
tive images of HE stained (top) and immunohistochemical MPO (middle) and CD68 (bottom) stained tissue sections. Scale bars represent 
20 µm. C) Histological analysis showed reduced cellularity in CE-UPy-PCL:UPy-PEG vascular grafts. Quantitative analysis of the area of 
D) MPO positive granulocytes and E) CD68+ macrophages relative to the total tissue area. Bar graphs represent infi ltrating cell number quanti-
fi ed from four representative high power fi elds (hpf) per tissue section analyzed at 400× magnifi cation. Data are presented as mean ± S.E.M.
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stable, non-cell adhesive biomaterial that can be applied in 

vivo by simple mixing of UPy-PEG with CE-UPy-PCL. 

 After gaining control over mechanical performance 

and nonspecifi c cell adhesion within cell-free vascular 

grafts, as shown in this study, incorporation of a third, 

bioactive component into our currently still non-cell 

adhesive supramolecular material is a prerequisite to 

ultimately enable specifi c bioactivation of our vascular 

scaffold. Application of the modular approach might con-

tribute to such advanced biomaterials via integration of 

different functionalities through mixing-and-matching 

of supramolecular UPy-polymers. Importantly, previous 

studies from our group have proven the concept of bioac-

tivating UPy-polymer materials through the introduction 

of UPy-functionalized ECM-peptides. [ 29,32,45 ]    

  4.     Conclusions 

 This proof-of-concept study demonstrates that a modular 

approach using supramolecular UPy molecules provides 

a powerful, but simple approach to create non-cell adhe-

sive scaffolds with good mechanical properties that can be 

applied in vivo. Incorporation of a third, bioactive compo-

nent that adds control over cell-specifi c material interac-

tions is subject to current studies and opens new avenues 

for the development of advanced bioactive materials for in 

situ vascular tissue engineering in the future.  
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