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Synthetic vascular grafts to be applied as access grafts for hemodialysis often require
anti-kinking properties. Previously, electrospun microporous vascular implants based
on synthetic supramolecular materials have been shown to perform adequately as
resorbable grafts due to the microstructures, thereby enabling attraction of endogenous
cells and consecutive matrix production in situ. Here, we use supramolecular
materials based on hydrogen bonding interactions between bisurea (BU) or 2-ureido-
4[1H]-pyrimidinones (UPy) to produce microporous anti-kinking tubular structures by
combining solution electrospinning with 3D printing. A custom-made rational axis for
3D printing was developed to produce controlled tubular structures with freedom in
design in order to print complex tubular architectures without supporting structures. Two
different tubular grafts were developed, both composed of a three-layered design with
a 3D printed spiral sandwiched in between luminal and adventitial electrospun layers.
One tubular scaffold was composed of BU-polycarbonate electrospun layers with 3D
printed polycaprolactone (PCL) strands in between for dimensional stability, and the
other graft fully consisted of supramolecular polymers, using chain-extended UPy-PCL
as electrospun layers and a bifunctional UPy-PCL for 3D printing. Both grafts, with a
3D printed spiral, demonstrated a reproducible dimensional stability and anti-kinking
behavior under bending stresses.

Keywords: anti-kinking, graft, supramolecular material, 3D printing, shear-thinning, electrospinning, tubular
designs

INTRODUCTION

Kidney patients who depend on hemodialysis require well-functioning vascular access for blood
purification. Synthetic vascular grafts are often implanted when patients lack suitable vasculature.
However, extensive movement and bending stresses in these grafts can contribute to graft failure
(Kannan et al., 2005; De Vries et al., 2016; Pashneh-Tala et al., 2016). For example, the low
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stiffness of unstructured vascular grafts causes the lumen to
collapse after implantation. When the synthetic grafts are placed
a loop configuration, e.g., for vascular access, it is imminent
to prevent kinking of the grafts. Nowadays, anti-kinking grafts
made from commercial synthetic materials show improved
performance using external support from silicone bead structures
(Stenoien et al., 1999), plastic rings (Tuchmann and Dinstl,
1989), autologous veins as splints (Agko et al., 2017), or using
modified electrospinning collectors to enhance macroscopic anti-
kinking structures (Bode et al., 2015). However, these designs
may cause complications during vascular surgery procedure,
such as clamping and suturing. Moreover, these grafts are often
developed from commercial materials such as poly(tetrafluoro
ethylene) (PTFE) and poly(ethylene terephthalate) (Dacron).
These commercial materials possess major limitations because
of a decreased patency rate with increasing implantation time,
while the materials should ideally function inside the human
body for life (Riepe et al., 1997; Singh et al., 2019). Low
patency rates occur owing to multiple factors, such as thrombosis,
constrictive remodeling, intimal hyperplasia, infections, and
unstable atherosclerotic lesions (Chester, 2002). Therefore, smart
graft designs and suitable biomaterials are required in order
to adapt to the biological and mechanical conditions of the
vascular grafts application, in combination with anti-kinking
properties. A relatively new strategy in the vascular replacements
is to use bioresorbable scaffolds to fully exploit the regenerative
capacity of the body. This approach, also known as the in situ
tissue engineering approach makes use of cell-free, synthetic,
biodegradable scaffolds that provide a temporary instructive
environment to support neotissue formation by recruiting the
desired cells directly in the functional site of the host (Talacua
et al., 2015; Wissing et al., 2017; Smits and Bouten, 2018).

Previously, supramolecular polymers based on bisurea
(BU) and 2-ureido-4[1H]-pyrimidinone (UPy)-modified
supramolecular polymers were used to develop electrospun
microporous vascular grafts that finally are proposed to be
biocompatible and fully resorbable (Figure 1A; Van Almen et al.,
2016; Kluin et al., 2017; van Haaften et al., 2017; Ippel et al.,
2019; van Haaften et al., 2019). These supramolecular polymers
have been identified as promising candidates to synthetically
mimic the complexity of extracellular matrix (Goor et al., 2017;
Diba et al., 2018). Due to their reversible and adaptable nature,
the supramolecular materials possess extraordinary mechanical,
tunable, responsive and processable properties which cannot be
achieved with conventional macromolecules (Aida et al., 2012).

The unique and adaptable mechanical properties of BU-
modified polymer arise from the molecular composition, where
BU hard-blocks with ability of crystallization through hydrogen-
bonding are alternated with a rubbery PC soft-block which
ensures biocompatibility and slow degradation (Figure 1B; Appel
et al., 2011; van Haaften et al., 2019). The well-defined BU hard-
blocks within thermoplastic elastomers enhance the mechanical
properties, which is evident from the high tensile strengths
(Versteegen et al., 2006). Importantly, we have previously
shown that polycarbonate bisurea (PC-BU) enables restoration
of endogenous tissue and supports the infiltration of cells and
production of extracellular matrix in in situ tissue engineered

heart valves and vascular grafts (Brugmans et al., 2015; Kluin
et al., 2017). Furthermore, self-complementary UPy-modified
thermoplastic elastomers, which can dimerize strongly via
quadruple hydrogen bonds, are designed to have load-bearing
properties (Sijbesma et al., 1997; Beijer et al., 1998; Dankers
et al., 2006; Söntjens et al., 2008). The UPy-modified polymers
have previously been developed as bifunctional UPy-polymers
in which the UPy-moieties were telechelically coupled to the
respective prepolymer (Dankers et al., 2005; Mollet et al., 2014),
or as chain-extended UPy-polymers in which the UPy-units
are part of the hard block in the main chain of segmented
co-polymers (Wisse et al., 2011; Van Almen et al., 2016; Putti
et al., 2020). In previous work, biocompatible scaffolds based
on different CE-UPy polymers have been applied in in vivo
vascular graft applications (Muylaert et al., 2016; Van Almen
et al., 2016; Bockeria et al., 2017) and have been shown to be
mechanical stable, processible and to enhance tissue remodeling,
thus support the first steps toward in situ tissue engineering
(Serruys et al., 2017).

The electrospun microporous supramolecular vascular grafts
that we developed previously were implanted in a straight
configuration. However, when placement in a loop is needed,
e.g., for vascular access, it is imminent to prevent kinking of
the grafts. Therefore, here we introduce 3D printing of anti-
kinking structures between two electrospun layers (Figure 1C).
3D printing techniques enable vast freedom in development of
complex architectures with precise control over specific design
properties (Jungst et al., 2015; Wu et al., 2017). In order
to produce complex tubular geometries, a custom-built rotary
apparatus was developed to enable 3D printing in the rotational
axis which enables the production of tubular architectures of any
design without printing support structures.

In this study, we use PCL for 3D printing, which is widely
used as biomaterial for many 3D printing applications in
the field of biomedical engineering (Hutmacher et al., 2001;
Brown et al., 2012, 2015). Alternatively, a supramolecular
polymer based on oligocaprolactone end-functionalized with
UPy-moieties (PCLdiUPy) was used in order to produce a
fully supramolecular anti-kinking graft. The luminal (i.e., the
inner) layer and the adventitial (i.e., the outer) layer were
produced by solution electrospinning, and form a heavily
interweaved microfibrous tubular scaffold (rSupplementary
Figure 1). In this way two anti-kinking grafts were designed;
one being PC-BU electrospun layers with 3D printed PCL
anti-kinking strands, the other being fully supramolecular
in nature consisting of CE-UPy-PCL electrospun layers
with 3D printed PCLdiUPy anti-kinking strands (Figure 1).
First, we investigated the printability of PCL and PCLdiUPy
by determining the thermal properties and the rheological
properties for extrusion-based 3D printing. Then, the
optimization was performed on the 3D printing parameters
for the rotational collector in order to control the shape and
morphology of anti-kinking designs to enhance reinforcement
in synthetic vascular grafts. Finally, the bendability of the grafts
was studied using a standardized test method according to
the ISO-norms and previous research (Bensch et al., 2016;
Brandt-Wunderlich et al., 2016).
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FIGURE 1 | Schematic representation of anti-kinking graft design from supramolecular systems. (A) Bisurea-bisurea interactions through hydrogen bonds (in red)
and UPy-UPy dimerization through quadruple hydrogen bonding. (B) Bisurea functionalized polycarbonate (PC-BU) (Mn = 21 kg/mol). Polycaprolactone (PCL)
(Mn = 45 kg/mol). Chain-extended UPy-modified polycaprolactone (CE-UPy-PCL) (Mn = 15 kg/mol). End-modified bifunctionalized UPy-polycaprolactone with
urethane bonds (PCLdiUPy) (Mn = 3 kg/mol). (C) Schematic illustration of the anti-kinking vascular graft design consisting on two electrospun layers with a 3D
printed strand between the layers for dimensional stability. One graft consists of PC-BU and PCL and the other a fully supramolecular graft consist of CE-UPy-PCL
and PCLdiUPy.

EXPERIMENTAL SECTION

Materials
PC-BU (Mn = 21 kg/mol) and PCLdiUPy (Mn = 3 kg/mol)
were synthesized by SyMO-Chem BV (Eindhoven, Netherlands).
CE-UPy-PCL (Mn = 15 kg/mol) was synthesized by SupraPolix
(Eindhoven, Netherlands). PCL (Mn = 45 kg/mol) were
purchased from Sigma Aldrich (Zwijndrecht, Netherlands).

Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were
performed on a DSC Q2000 (TA instruments, United States). The
polymers were weighed, and subsequently hermetically sealed in
Tzero aluminum pans. Melting (Tm) and glass (Tg) transition
temperatures were measured from the melt, i.e., after the sample
had first been brought to the isotropic state, in the second
or ensuing heating runs. The samples were subjected to three
heating/cooling cycles from−80 to 150◦C with a heating/cooling
rate of 10 and 40◦C/min. The data was analyzed and quantified
using Universal Analysis software (V4.5A, TA Instruments).

Rheology
Films were prepared by compression molding. Discs of 8 mm
diameter were prepared by punching. Rotational viscosity

experiments were performed on an Anton Paar Physica MCR-
501 rheometer (Anton Paar GmbH, Germany). Parallel plates
with a plat-plate geometry of 50 mm and gap distance of 1 mm
were used. All measurements were performed under a nitrogen
atmosphere to prevent thermo-oxidative degradation at 150◦C
with a shear rate between 0.01 and 100 s−1. To estimate the true
shear rate first the shear thinning behavior was described by using
the power law model (Dantzig and Tucker, 2001):

η = mγ̇n−1

Thermogravimetric Analysis
Measurements were performed on a Perkin-Elmer TGA 7using
the high-resolution dynamic mode, from room temperature to
400◦C at a heating rate of 10◦C/min. Samples were placed
in platinum pans, and experiments were performed under an
atmosphere of air (flow rate 20 mL/min).

Electrospinning Equipment
Electrospinning solutions were prepared by dissolving the
polymer in organic solvent at room temperature and stirring
overnight. Electrospinning was performed on equipment of
IME 14 Technologies EC-CLI (IME Technologies, Waalre,
Netherlands). A 6 mm collector drum was used, pre-coated with
a 2% solution of alginic acid sodium salt from brown algae
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in ultra-pure water. Mandrels were coated and left in a 37◦C
incubator for 5 min. This is repeated once and followed by an
incubation step of 30 min.

Electrospinning Parameters
Bisurea-based grafts: an electrospinning solution was
prepared consisting of 22 wt% of PC-BU in chloroform
(CHCl3)/hexafluoro-2-propanol (HFIP) 85:15. A voltage of
17 kV was applied on the electrospinning nozzle and negatively
charge (−1 kV) on the rotating collector (ø 6 mm) and −3 kV
for the second layer. Flow rate was set on 70 µL per minute and
chloroform vapor in the gas shield module set at 35 mL/min to
stabilize the electrospinning jet. Temperature was set on 23◦C
and relative humidity on 50%. The base layer of each sample
was electrospun for 27 min and top layer for 7 min, with a
fiber uptake speed of 0.09 m/s. Nozzle speed was 10 mm/s,
tip-collector distance 15.5 cm and polymer solution was fed
through a needle with an inner diameter of 0.8 mm. A turn delay
was used for 1,000 ms on both ends.

UPy-based grafts: an electrospinning solution was prepared of
22 wt% of CE-UPy-PCL in HFIP. Applied voltage was 15 kV on
the electrospinning nozzle and a negatively charge (−1 kV) on
the rotating collector (ø 6 mm) and −3 kV for the second layer.
Flow rate was set on 40 µL per minute and nozzle speed was set
on 7 mm/s. The polymer solution was fed through a needle with
an inner diameter of 0.8 mm. Temperature was 23◦C and relative
humidity 30%. The first electrospun layer had a spinning time
of 65 min and the second layer of 12 min, with a fiber uptake
speed of 0.13 m/s. Tip-collector distance was set at 19 cm for the
base layer and 17 cm for the second layer. Turn delay was set on
1,500 ms on both ends.

3D Printing Reinforced Architectures
Fused deposition modeling (FDM) 3D printing (Biobot 1,
Philadelphia, PA, United States) was used to produce the
reinforced architectures. A Standard Triangle Language (STL-)
file was created using a CAD software (SketchUp, Denver, CO,
United States) and with RepetierHost converted into a g-code.
X-axis speed was a variable in the transcript and extrusion
rate was set to 0.54 mm/s. A custom made rotatory collector
has been for printing of tubular architectures (Supplementary
Figure 2). The collector distance between the printing nozzle (25
G: dI = 260 µm) was calibrated to 5 mm. PCLdiUPy or PCL was
loaded and molten at 120◦C into a metal syringe and stabilized
for 15 min before printing. The printing of the material was
performed using pressure of 80 PSI.

Next, the flow rate Q was obtained using the flow of a power
law fluid in a tube (represents the printing nozzle) (Dantzig and
Tucker, 2001):

Q =
2π

∫
0

R
∫
o
υζ (r) rdrdθ =

π

s+ 3

(
1p

2mL

)s
Rs+3

With vζ(r) the velocity, L the length of the nozzle, R its diameter
and1p the pressure drop, s equals 1/n.

The true shear rate at the wall within the printer nozzle was
obtained from Morrison (2001):

γ̇R = −
dυζ

dr

∣∣∣∣
r=R
=

(
4Q
πR3

)( 1
n + 3

4

)

The calculated value is the maximum value due to the
consideration of a shear rate distribution from zero in the center
of the tube to maximum at the wall. Furthermore, this calculation
takes the pressure drop in the printing nozzle into account (this
effect in the printing nozzle is dominant), it neglects pressure
drop in the printing reservoir and the converging flow from
the reservoir toward the printing nozzle. The polymer melt was
printed on a 6 mm diameter rotational mandrel with various
nozzle speeds (between 0.1 and 11 mm/s). Quantification of fiber
diameter, spacing and angles were done with a Keyence VHX-
500FE digital microscope prior to electrospinning the second
layer and scaffold removal from the mandrel.

Removal of Anti-kinking Vascular Graft
From Mandrel
Electrospun grafts were placed in the vacuum oven overnight
at 37◦C. Subsequently, they were placed in a bottle with
demineralized water and stored in −30◦C overnight. The grafts
were then subjected to thawing at room temperature and the
electrospinning mandrel was gently removed after 40 min.
After complete removal of ice, scaffolds were dried at room
temperature for at least 24 h and placed in the vacuum oven
for at least 2 h.

Microstructure Characterization
The scaffold microstructures were characterized with scanning
electron microscopy (SEM; Quanta 600F, Fei, Hillsboro, OR,
United States). Samples were cut in liquid nitrogen prior to
imaging and PC-BU scaffolds were treated with gold sputter-
coating. Images were taken in high vacuum atmosphere at 2 kV
and spot size 3 nm. The fiber diameter and pore size were
quantified using software of ImageJ (U.S. National Institutes
of Health, Bethesda, MD, United States). Fiber diameter was
quantified by measuring at 24 different positions. Pore size
was quantified by manual thresholding of the images, followed
by skeletonizing.

Bending Test
Bending tests were performed on an in-house-created set-up,
which is developed according to ISO 7198:8:9. The bending
radius was measured with a digital caliper for each vascular graft
with 6 mm in diameter and a total length of 10 cm. The lumen loss
of the examined graft while bent around the respective radius was
calculated according to:1D = 100% × (D0 − Di)/(D0), with D0
as the diameter of the graft in original configuration and Di
as diameter at the respective bending radius. The testing was
performed under atmospheric condition and room temperature.
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RESULTS

Material Printability
In general, polymers for 3D printing must fulfill a number of
key requirements for processing with an extrusion-based 3D
printer, such as appropriate melting temperature, degradation
temperature, and viscosity of the material. To address the
printability, these properties of two selected polymers, PCL
and PCLdiUPy, were characterized to gain information that is
relevant for the 3D printing process. First, differential scanning
calorimetry (DSC) measurements were performed to study the
thermal behavior of the polymers and to determine the polymer
melting temperature (Table 1 and Figure 2A). For PCL, the DSC
thermograph shows a glass transition (Tg) at−61◦C with a single
melting peak (Tm) at 55◦C (Figure 2A). Moreover, an expected
phase-separated morphology was observed for PCLdiUPy with
two melting transitions. The first melting transition (Tm1) of
38◦C is from the semi-crystalline PCL soft block and a second
melting transition (Tm2) of 81◦C is related to the UPy-urethane-
moieties forming the hard block.

Thermogravimetric analysis (TGA) was performed to confirm
the decay temperature of the polymers to ensure a sufficient
thermal stability during 3D printing since it requires melting of
the polymer for extrusion and material deposition. The decay
temperatures (Tdecay) at 5% weight loss are determined by
TGA for PCL at 331.9◦C and PCLdiUPy at 275.1◦C (Table 1
and Figure 2B). This observation demonstrates no weight loss
in all the materials below the decay temperature. Hence, the
biomaterials are thermally stable during the 3D printing process
with the determined melting temperatures using DSC (Table 1).

The viscosity of PCL and PCLdiUPy was analyzed in the
range of shear rates that is representative for the extrusion
process during 3D printing (Figure 2C). The low viscosity of
PCL is independent of the shear rate, therefore a Newtonian
rheological behavior is observed. This means that the material
will flow whereby the flow rate will increase proportionally with
the applied pressure. In contrast, the viscosity of PCLdiUPy
demonstrates a non-Newtonian rheological behavior, which
is shear rate dependent. The decrease of the viscosity with
increasing shear rates indicates that the material is shear-
thinning. This can be explained by the hydrogen-bonds of the
UPy-modified polymers, which can break at high temperatures
(T > Tm) and shear rates, resulting in flexible polymer chains (Xu
et al., 2011). This phenomenon can be beneficial for 3D printing
in general; as pressure is applied for polymer extrusion, shear
stresses will be generated in the nozzle for polymer extrusion.
Moreover, a maximum shear rate of 1.4× 107 s−1 was calculated
using rheological models described in the experimental section

for PCLdiUPy, which is based on the flow of a fluid in a
tube. This apparent high shear rate confirms that the shear
thinning of PCLdiUPy is relevant for the extrusion-based
3D printing technique. Therefore, supramolecular polymers
with shear-thinning behavior are promising candidates for 3D
printing, as their resistance to flow will decrease with increasing
pressure drops. In conclusion, based on these results, PCL and
PCLdiUPy are thermally stable at the melting temperature and
both materials are able to flow during printing extrusion.

Designing 3D Printed Tubular
Architectures
The dimensional stability of the tubular graft can be manipulated
by introducing 3D printed architectures between the luminal
and adventitial electrospun layers to reinforce the lumen. With
the variation of the architectural design, tubular grafts can resist
deformation during bending stresses (Connolly et al., 2015),
including axial extension, radial expansion and twisting. For
3D printing, a custom-made rotating cylindrical collector was
developed to replace the traditional static printing collector in
order to print complex tubular architectures in an rotational
axis without supporting structures, which enables additional
degree of freedom in 3D printing (Supplementary Figure 2).
Optimization is required in order to develop a dimensionally
stable and reinforced design to enhance anti-kinking of the
vascular graft. To determine the kink resistance for vascular grafts
in a standardized manner, a custom made bending apparatus
with a 4–30 mm bending radius (Supplementary Figure 3) was
developed in order to determine the kinking at bending stresses.

Tubular Cross-Pattern, Ring and Spiral Designs
The grafts with various 3D printed tubular patterns have been
designed and studied with a custom-made bending apparatus
(Figure 3). Firstly, pristine electrospun microporous PC-BU and
CE-UPy-PCL tubular scaffolds were fabricated and both grafts
displayed kinking already at all bending radii (4–30 mm) with
more than 50% diameter reduction (Figures 3A,H,K).

Subsequently, three types of 3D printed tubular designs
were tested, namely a cross-pattern, a ring and a spiral design.
A cross-pattern design was introduced with a printed spacing
of 7,100 ± 61 µm, fiber thickness of 150 ± 11 µm and
angle of 74◦ (Figure 3B). Unfortunately, this graft displayed
kinking of the lumen at the intersection of the printed crossing
strands. The cross pattern has large open space between the
repeating pattern (next to the crossing position) which results
in a weak point within the grafts and therefore kinking of the
graft was observed (Figure 3B). Hence, the cross-pattern design
was not further optimized or used for further studies. Ring

TABLE 1 | Thermal properties of PCL and PCLdiUPy.

Mn (kg/mol) Tg (◦C) Tm,1 (◦C) 1 Hm,1 (J/g) Tm,2 (◦C) 1 Hm,2 (J/g) Tdecay* (◦C)

PCL 4.5 −61 55 69.8 – – 331.9

PCLdiUPy 3.0 −55 38 70.7 81 71.6 275.1

Values of the second heating runs (10◦C/min) are shown. The following variables are shown: the average molecular weight (Mn), the glass transition temperature (Tg), the
melting peaks (Tm,1 and Tm,2) the heat fusion (∆Hm,1 and ∆Hm,2), the degradation temperature (Tdecay). * Determined at 5% weight loss.
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FIGURE 2 | Thermal properties and viscosity analysis. (A) Thermograms of
the second heating runs (10◦C/min) are shown. Glass transition temperature
(Tg) and the onset of melting points (Tm) were determined from thermograms
with TA universal analysis. Endothermic processes appear as upward peaks.
(B) TGA was measured to determine the decay temperature of all the
polymers. (C) Shear-viscosity determined using a rotational rheometer (n = 3)
at 150◦C. PCLdiUPy polymer exhibit shear thinning property, displayed by a
decrease in viscosity upon an increase in shear rate.

design (90◦) was developed for both materials: PC-BU graft with
PCL rings thickness of 645 ± 25 µm and 2,344 ± 515 µm
spacing (Figure 3C) and CE-UPy-PCL graft with PCLdiUPy
rings thickness of 860 ± 60 µm and 2,093 ± 84 µm spacing
(Figure 3I). The ring design prevents gross luminal collapse
of the graft with less than 50% diameter reduction of the

lumen during bending (Figure 3K). However, minimal local
kinking in between the rings was visually observed. The ring
design is intrinsically a dimensionally less stable entity due
to the lack of interconnected architecture between the printed
structures. Finally, a spiral design was produced with a PCL
strand thickness of 709 ± 9.0 µm, 2,434 ± 75 µm spacing
and angle of 84◦ (Figure 3D). For PCLdiUPy strand, a spiral
thickness of 1,030 ± 18 µm, 1,898 ± 33 µm spacing and an
83◦ angle was produced (Figure 3J). The spiral design displayed
local kinking resistance and dimensional stability in the lumen
no occurrence of folds was observed. The spiral design showed
promising results with good anti-kinking properties for the BU-
and UPy-based grafts.

Optimization of Spiral Architectures
Having established the superior anti-kinking properties of the
spiral design, we proceeded to optimize the parameters of the
printed spiral graft design. In order to study the influence
of the second electrospun layer on anti-kinking properties, a
spiral-reinforced graft without the adventitial layer produced
and tested (Figure 3E). Apparent kinking of the lumen was
observed when decreasing in bending radius, which indicates
dimensional instability without the adventitial electrospun layer
of the vascular graft. Next, a graft with an adjusted thickness
of the 3D printed strand was developed. The reinforcement in
this graft had approximately half of the fiber thickness, with a
thickness of 358 ± 30 µm, spacing 2,679 ± 50 µm and angle
of 83◦ (Figure 3F). A decreased fiber diameter was achieved
by significantly decreasing the printing pressure, due to less
material deposition on the rotational mandrel. Using semi-
quantitative analysis, dimensional stability in the lumen of the
graft was observed, even up to the minimum bending radius
of 4 mm (Figure 3F). Additionally, 3D printed spirals were
developed with larger spacing to explore the limits of dimensional
stability (Figure 3G). Grafts with an increased spiral spacing
of 2,729 ± 120 µm was developed. Interestingly, a diameter
reduction in the lumen was observed for this graft up to a
bending radius of 4 mm (Figure 3H). These results provide
an indication for the range of parameters (strand spacing and
thickness) in order to develop an optimal design for anti-kinking
grafts (Figure 3K).

Systematic Optimization of 3D Printed
Spiral Design
The spiral design is interconnected between the luminal
and adventitial layers, which provides dimensional stability
during bending. However, the spiral architectures can be
influenced by many factors such as mandrel rotation and
nozzle deposition speed. These are critical factors that can
influence the diameter, the spacing and the angle of the
printed strands with respect to the vascular graft (Sodupe-
Ortega et al., 2018). Therefore, a systematic study was set up
to explore the variety of the parameters. The change in the
nozzle speed and rotational mandrel velocity resulted in the
development of a highly controlled continuous strand with a
variety of reproducible spacing, fiber thickness and fiber angle
(Figure 4). The nozzle speed in the X-axis, from 0.1 to 1 mm/s,
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FIGURE 3 | Bending test on PC-BU and CE-UPy-PCL. (A–J) Vascular grafts with different anti-kinking architectures were designed and studied with a
custom-made bending apparatus with a radius of 4–30 mm. (K) The percentual diameter reduction of the outer diameter is measured and plotted against the
bending radius. Indication for anti-kinking behavior is defined at a diameter reduction less than 50% (marked with the dotted line).

was tested in combination with rotational speed from 0.083
to 2.1 rad/s. In addition, increased nozzle speed (1–9 mm/s)
were studied in combination with increased rotational speed
(Supplementary Figure 4). However, these results did not
demonstrate reproducible thickness of the printed strand ranging
from 15 to 175 µm due to the increased speed. The increase of the
printing velocity in the nozzle and rotational speed resulted in
less controlled and poorly reproducible architectures. Therefore,
the low nozzle speed (0.1–1 mm/s) and low rotational speed
(0.083–2.1 rad/s) were used to produce 3D printed reinforced
architectures with reproducible results.

As the pressure during printing might influence the result,
the printing pressure was kept constant at 80 PSI in order
to extrude the polymer melt. In general, the increase of the
nozzle speed resulted in a slight decrease of the fiber diameter
for most rotational velocities (Žarko et al., 2017). Interestingly,
a decrease in angle degree and increase of spacing size was
observed upon increasing of the nozzle speed (Figure 4). An

increased nozzle speed in the X-axis results in faster material
deposition. Furthermore, the change in speed of the rotational
movement showed to influence the architecture design as well.
Specifically, an increase in rotational velocity progressively led
to a decrease in fiber diameter and fiber spacing, as well as an
increase in fiber angle. These effects were most pronounced at
higher nozzle speeds.

Morphology Analysis of the Anti-kinking
Graft
The luminal electrospun layer with an internal diameter of
6 mm was produced from either PC-BU or CE-UPy-PCL
polymers. Importantly, SEM micrographs showed non-fused
interconnected microfibers in the luminal and adventitial
electrospun layers, demonstrating a dense porous network with
an average fiber diameter of 3.6 ± 0.35 µm for the PC-BU grafts
and 3.0 ± 0.66 µm in the CE-UPy-PCL grafts (Figure 5A).
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FIGURE 4 | Optimization of 3D printed reinforced designs. (A) Decrease of fiber diameter with increased speed. (B) Decreased fiber angle with respect to the
mandrel with increased speed. (C) Increased spacing between the 3D printed strands with increased speed. (D) Micrographs of 3D printed reinforced architectures
on a stainless steel mandrel at different nozzle movement speed and mandrel rotational speed. The optimization was performed using PCL polymer.

FIGURE 5 | Microstructural properties of the three-layered design. (A) Microscopic image of the first (luminal) electrospun tubular graft (6 mm diameter) consisting of
interconnected microfibers. Scale bars represent 100 µm. (B) Second layer composed of 3D printed polymer architecture. A well-attached printed PCL strand on
top the PC-BU luminal layer was observed using scanning electron microscopy (SEM). The PCLdiUPy was printed on top of the luminal electrospun CE-UPy-PCL
layer (C) Adventitial electrospun layer was electrospun on top of the 3D printed layer. Scale bars in panels (B,C) represent 1 mm.
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The PC-BU graft consist of a luminal electrospun layer of
511 ± 74 µm and an adventitial layer of 261 ± 33 µm. The CE-
UPy-PCL graft consists of a luminal wall of 504 ± 36 µm and
an adventitial layer of 260 ± 17 µm. The 3D printed reinforced
structure was sandwiched between the luminal and adventitial
electrospun layer (Figure 5B). No morphological changes have
been observed after 3D printing on top of the electrospun
layer. Moreover, good attachment of the electrospun layers was
observed via electron micrograph of the cross section of the grafts
(Supplementary Figure 5). Finally, the adventitial layer either
from PC-BU or CE-UPy-PCL was electrospun on top of the 3D
printed strand to support the dimensional change and provide
minimal change in the wall of the grafts (Figure 5C).

DISCUSSION AND CONCLUSION

Previous in situ tissue engineering studies have shown that
synthetic grafts based on supramolecular materials are able to
perform as regenerative resorbable grafts, which enable attraction
of endogenous cells and consecutive matrix production in situ
(Talacua et al., 2015; Muylaert et al., 2016; Van Almen et al.,
2016; van Haaften et al., 2019). However, kinking in the flexible
lumen, as well as changes in the wall are complications that
cause low patency of the vascular grafts. In this study, we
optimized the anti-kinking properties of supramolecular tubular
grafts using 3D printing of a continuous strand to reinforce
the lumen. In previous work, promising BU-PC and CE-UPy-
PCL polymers have been used to develop flexible vascular
grafts and heart valves for in vivo applications (Brugmans
et al., 2015; Muylaert et al., 2016; Van Almen et al., 2016;
Bockeria et al., 2017; Kluin et al., 2017). However, kinking in
the flexible lumen (of approximately 700 µm thickness) has been
observed when the grafts were placed in a loop configuration
(Figures 3A,H). In general, the lumen of commercial grafts
(Dacron) and many other vascular grafts are consisting of a
thickness range between 400 and 700 µm (Stanley et al., 1982;
Rothuizen et al., 2016). Therefore, Lee et al. studied mechanical
enhancement in tubular structures using an efficient dual 3D
processing technique by developing two-layered vascular grafts
based on electrospinning of a natural polymer, chitosan with
poor mechanical properties, fully coated with polycaprolactone
(PCL) for reinforcement (Lee et al., 2015). Albeit resulting in
enhanced mechanical properties, this design may restrict graft
bending due to the complete coverage with PCL, which might
limit the surgical approach during implantation. Therefore, the
structural design of the tubular architecture is important in
order to provide dimensional stability without restriction in
bending flexibility of the vascular grafts. Here, we showed the
efficiency to provide dimensional stability by developing an
interconnected architecture sandwiched between the luminal and
adventitial electrospun layers to prevent kinking of the lumen
but remain flexibility. Various designs of stable 3D printed
architectures were explored by varying printing velocity, i.e.,
nozzle speed, in combination with a rotating collector. This
study showed enhanced dimensional stability of supramolecular
vascular grafts under bending stress by improving the design

with a three-layered approach. Despite the different material
properties, this design has shown to be effective for anti-
kinking behavior in both supramolecular BU- and UPy-
systems. PC-BU grafts contains a PCL reinforced strand,
which could lead to different degradation rates since PCL
crystallization is not based on hydrogen bonding. In contrast,
a fully UPy-based vascular graft consists of two polymers with
comparable components in molecular design and based on
hydrogen bonding.

In conclusion, using a 3D printed spiral as reinforcement
between the lumen of two electrospun layers showed to be the
optimal anti-kinking design for both bisurea and UPy-polymer
grafts. Pristine electrospun grafts displayed kinking with more
than 50% diameter reduction. Subsequently, three types of 3D
printed anti-kinking designs were tested, namely a cross-pattern,
a ring and a spiral design. The spiral design demonstrates
effective anti-kinking behavior when the graft was placed in a
loop configuration. Importantly, a fully supramolecular graft with
anti-kinking properties was made from UPy-modified polymers
used in the electrospun layers and for the 3D printing of the
spiral, which demonstrates the broad possibilities of using UPy-
polymers for different purposes and processing methods (i.e.,
electrospinning and 3D printing).
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