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� 3D-printing was used to prepare TPU
vascular grafts loaded with
dipyridamole.

� TPU samples containing 5%
dipyridamole showed antiplatelet
properties.

� TPU samples containing higher drug
loadings did not show antiplatelet
properties.

� The samples showed similar
mechanical properties to previously
described grafts.

� The resulting 3D-printed samples
were hemocompatible.

� Samples loaded with 5% dipyridamole
stimulated HUVEC cell proliferation.
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This work describes the use of fused deposition modelling (FDM) to prepare antiplatelet thermoplastic
polyurethane (TPU)-based tubular grafts. FDM 3D-printing technology is widely available and provides
the ability to easily design tubular grafts on demand, enabling the customisation of vascular prosthesis
dimensions. An antiplatelet drug, dipyridamole (DIP), was combined with TPU using hot-melt extrusion
to prepare filaments. DIP cargos ranged between 5 and 20% (w/w). The resulting filaments were used to
prepare small diameter vascular grafts using FDM. These grafts were characterised. Moreover, DIP release
kinetics, antiplatelet activity and in vitro hemo- and cytocompatibility were evaluated. The results sug-
gested that the materials could provide sustained DIP release for 30 days. Moreover, the presence of 5%
DIP in the material showed a clear antiplatelet effect compared with pristine TPU. Alternatively, higher
DIP loadings resulted higher surface roughness leading to higher platelet adhesion. Therefore, the bio-
compatibility of 5% DIP samples was tested showing that this type of materials allowed higher HUVEC
cell proliferation compared to pristine TPU samples. Finally, DIP loaded TPU was combined with
rifampicin-loaded TPU to prepare double-layered tubular grafts. These grafts demonstrated a clear
antimicrobial activity against both Staphylococcus aureus and Escherichia coli.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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Fig. 1. Diagram containing the different experimental phases, including mixing,
hot-melt extrusion (A) and 3D-printing (B), used to prepare the 3D-printed small-
diameter vascular grafts. Designs of the 3D printing strips (C) and discs (D) used to
evaluate the uniaxial tensile mechanical properties and the suture retention
strength test of the 3D-printed materials, respectively. The arrow indicates the
tension direction during mechanical testing. Diagram showing the cross-section of
a vascular graft and the different dimensions that were evaluated and presented in
Table 1(E).
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1. Introduction

Cardiovascular disease refers to a number of vascular conditions
that combined are the leading cause of death globally [1,2]. The
prevalence of this set of conditions is expected rise and result in
the mortality of 23.6 million people by the year 2030 [3]. Cardio-
vascular tissue in adults is not capable of self repairment or regen-
eration following injury, as such in the later stages of
cardiovascular disease the only therapeutic option is transplanta-
tion or replacement of organs or tissues [4]. To fight cardiovascular
disease while improving patient’s life expectancy and quality of life
different types of cardiac implants have been developed [5]. These
type of devices include stents, valvular prostheses, cardiac patches
and vascular grafts among others [6,7].

Vascular grafts are implantable devices that are used to bypass
a defective blood vessel [8]. The first line of treatment for bypass
surgery is to use autologous vessels [9–11]. However, harvesting
autologous vessels is invasive and in some cases unsuitable [12].
As such, synthetic polymeric vascular grafts have been developed
[13,14]. Whilst they have successfully been used to replace large
blood vessels [15,16], they have demonstrated limited success
when used to replace small diameter vessels (lower than 6 mm
internal diameter) [3,15,17]. The main associated complication is
the blocking of the grafts due to thrombosis and intimal hyper-
plasia [18]. In order to prevent these complications, drug loaded
vascular grafts have been used [19]. Drugs such as heparin, cilosta-
zol, dipyridamole (DIP) or acetylsalicylic acid have previously been
loaded into vascular grafts to prevent the formation of blood clots
[20–24]. In order to prepare medicated vascular grafts several
types of techniques have emerged including electrospinning,
mould-casting and 3D printing [3,25]. An advantage of 3D printing
over the other techniques, however, is its ability to create devices
with different shapes and sizes in a simple and rapid way [26].

3D printing or additive manufacturing (AM), is a family of tech-
niques that are used to prepare 3D objects by adding successive
layers of material in a sequential way [26,27]. This type of technol-
ogy has been extensively used in medicine to create patient-
specific models and prostheses [28]. One of these techniques that
has been heavily used due to its low cost and availability is fused
deposition modelling (FDM) [29]. FDM uses thermoplastic fila-
ments that are extruded from a heated nozzle [29]. The material
melts in the nozzle and is deposited in layers to form a 3D object
[29]. The simplicity of this technology has made it globally avail-
able [30]. Consequently, the development of medical applications
using this type of AM technology could have a great potential
impact in developing countries due to its simplicity and affordabil-
ity [31].

Drugs or other active molecules can be added to the thermo-
plastic using hot-melt extrusion to prepare drug loaded filaments
[32]. Accordingly, FDM has been used to prepare a wide variety
of pharmaceutical products and medical devices [33–38]. There is
a wide variety of thermoplastic polymers that can be used for
FDM applications including biocompatible polymers such as poly
(lactic acid), poly(propylene), poly(ether ether ketone) or thermo-
plastic polyurethane (TPU) among many others [39]. In particular,
TPU is a beneficial material for biomedical applications due to its
elastomeric properties [40]. As such, TPU has previously been used
for medical implants including the development of vascular grafts
[41–43].

This work describes the use of FDM for the development of
small-diameter TPU-based vascular grafts with antiplatelet prop-
erties. For this purpose, TPU was extruded with different concen-
trations of DIP to obtain filaments for FDM applications. The
resulting filaments were characterised and used for FDM produc-
tion of vascular grafts. The resulting 3D-printed objects were char-
2

acterised using different techniques to evaluate their
physicochemical properties, hemocompatibility, antiplatelet activ-
ity and cytocompatibility. In a previous work we described the use
of FDM for the preparation of TPU-based vascular grafts [34]. How-
ever, this was a proof of concept study as drug loadings were low
(<2%). The present study presents an improve technique to produce
TPU-based materials for FDM applications. Moreover, in this work
we provide evidences of the antiplatelet activity of the resulting
materials. The results of this study highlight the importance of
the use of affordable technology that can be used in the develop-
ment of future therapies.
2. Materials and methods

2.1. Materials

Elastollan� thermoplastic polyurethane (TPU) from BASF (shore
hardness of 80A) was donated by DistruPol Ltd (Dublin, Ireland).
Dipyridamole (DIP) and rifampicin (RIF) were purchased from
Tokyo chemical Industry (Oxford, UK) and Alfa Aesar (Lancashire,
UK), respectively. Castor oil was obtained from Ransom (Hitchin,
UK). Rabbit blood in sodium citrate was provided from Rockland
(Reading, UK). Ethanol was obtained by Sigma-Aldrich (Dorset,
UK). Glutaraldehyde 25% EM Grade was provided from Agar Scien-
tific Ltd. (Essex, UK). Phosphate buffer solution (PBS) was obtained
from VWR Chemicals (Ohio, USA). All materials and reagents were
used as received. Escherichia coli NCTC 10,418 and Staphylococcus
aureus NCTC 10,788 were both used and incubated over-night at
37 �C in Mueller–Hinton (MH) broth for performing the disk diffu-
sion test.
2.2. TPU composite preparation

The incorporation of DIP within the TPU matrix was carried out
before the extrusion of the DIP-loaded filaments in order to obtain
a homogeneous distribution throughout the entire material. This
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process is summarised in Fig. 1A. The pre-extrusion of the material
using a plastograph Brabender (Brabender GmbH & Co KG, Braben-
der Plastograph EC, Germany) allowed the incorporation of high
DIP contents (up to 20%), while maintaining the homogeneity of
the resulting material. For this purpose, TPU was completely dried
for a minimum of 48 h at 80 �C in an oven before processing. Ini-
tially, the mixing chamber of the plastograph Brabender was pre-
heated to 130 �C. The required amount of TPU was then added
while maintaining the rotation of the twin-screw constant at
80 rpm. Once the TPU reached the melting point, determined by
decreasing the torque, the required DIP amount was added and
the agitation and temperature maintained for 10 min. At the end
of the mixing time, the plastograph compartment was opened
and the mixture discharged. Finally, once the material was com-
pletely cooled, it was milled using a blade mill (IKA, MF 10.2
Impact grinding, France) into particles of approximately 5 mm
and kept in the tank at 80 �C until further processing.

2.3. TPU filament production

TPU-based filaments for 3D printing were prepared using a fil-
ament extruder 3devo model NEXT 1.0 (3devo, Utrecht, The
Netherlands). The extruder is capable of extruding a filament with
a diameter of 2.85 mm diameter, which can be then used for 3D
printing. The extruder is equipped with four heating areas, which
were set between 170 �C and 180 �C for TPU, and between 125
�C and 130 �C for those DIP-loaded filaments (Fig. 1A). Moreover,
the extruder speed was set at 4.5–5 rpm regardless of the material
composition. The TPU filament containing 0.5% RIF was manufac-
tured using a previously described method by Weisman et al.
[44]. In brief, however, TPU pellets were coated with RIF using cas-
tor oil as a coating oil, the drug coated pellets were then placed in a
filament single screw extruder (3devo, Utrecht, The Netherlands),
which was used to extrude the 0.5% Containing TPU filament.
The extrusion temperatures were maintained between 170�C and
200�C through the four heaters located in the extruder. The extru-
sion speed was kept between 3 and 5 rpm. The filament diameter
was 2.85 mm. The homogeneity of the final filaments was evalu-
ated using a Leica EZ4 D digital microscope (Leica, Wetzlar,
Germany).

2.4. 3D-printed objects design and manufacture

Multiple objects, including discs, rectangular-shaped strips and
tubular grafts were designed using a computer-aided design (CAD)
software and printed using the Ultimaker 3 (Ultimaker B.V., Gel-
dermalsen, Netherlands) equipped with a 0.4 mm nozzle. More-
over, Cura� 3.0 software was used for this 3D printing process.
The print temperature was 200 �C, the print speed used was
12 mm/s, the layer height was 0.2 mm and the infill density was
set at 100% for the different TPU filaments containing DIP. The
printing parameters for TPU and TPU combined with DIP can be
seen in Fig. 1B. Vascular grafts were printed longitudinally as
described previously [21]. In addition to vascular grafts other
objects such as discs or mechanical testing specimens were
printed. The slicing parameters for the Cura� 3.0 software were
the same for all the objects. However, due to the larger size the
infill pattern obtained for larger objects was the one included in
Fig. 1C and D. Alternatively, a TPU filament containing 0.5% RIF
was used in the second extruder to prepare a double-layered tubu-
lar graft from the same 3D printer. The inner layer was made from
the TPU filament containing 5% DIP and the outer layer was made
from the above-mentioned TPU filament containing 0.5% RIF. For
the latter, the printing temperatures were between 215�C and
220�C, the layer height was set at 0.1 mm and the printing speed
remained the same, as previously published by Martin et al. [34].
3

The wall thickness and lumen diameter of the DIP containing tubu-
lar grafts were evaluated using a Leica EZ4 D digital microscope
(Leica, Wetzlar, Germany) as described in Fig. 1E. The digital micro-
scope was also equipped with NIGHTSEA Model SFA Stereomicro-
scope Fluorescence Adapter with the Royal Blue excitation/
emission to obtain fluorescence images of the double-layer tubular
graft.
2.5. Characterisation of 3D-printed materials

2.5.1. Microscopy
Surface morphology of the 3D-printed materials was evaluated

by using scanning electronic microscopy (SEM) (Hitachi TM3030;
Tokyo, Japan). The topography of 3D-printed surfaces, also known
as surface texture or surface finish was also analysed by using a 3D
surface metrology microscope DCM8 (Leica Microsystem, Weztlar,
Germany).
2.5.2. Contact angle goniometry (CAG)
The influence of the DIP on the contact angle of deionised water

with the surface of the 3D-printed materials was evaluated using
an Attension Theta equipment (Attension Theta, Biolin Scientific,
Gothenburg, Sweden). Moreover, OneAttension software was used
to analyse the results [45,46]. Each reported contact angle is a
mean of four measurements. The volume of each droplet used
was kept constant (�4 lL) and each contact angle reported was
measured 30.24 s after release of the droplet.
2.5.3. Fourier transform infrared (FTIR) spectroscopy
Fourier transform infrared (FTIR) spectra of the 3D-printed

materials and the pure DIP were recorded using a Spectrum Two
instrument (Perkin Elmer, Waltham, MA) to evaluate if any interac-
tions had occurred between TPU and DIP. For this purpose, attenu-
ated total reflectance (ATR) technique was used and the resulting
spectra recorded from 4000 to 600 cm�1 with a resolution of
4 cm�1. A total of 32 scans were collected.
2.5.4. X-ray diffraction (XRD) analysis
The crystalline structure of the 3D-printed materials was eval-

uated by XRD analysis. This test was carried out using MiniFlex II
Dekstop Powder X-ray diffractometer (Rigaku Corporation, Kent,
UK) equipped with Cu Kb radiation. The scanning was performed
for 2.0�/min with an angular range of 5–60� 2h (2 theta) in contin-
uous mode with a sampling width of 0.03�at room temperature.
The current used was 15 mA and the voltage 30 kV.
2.5.5. Thermal analysis
Thermal properties of the 3D-printed materials and the pure

DIP were evaluated by performing thermogravimetric (TGA) and
differential scanning calorimetry (DSC) analysis. A Q50 thermo-
gravimetric analysis instrument (TA instruments, Bellingham,
WA, USA) was used for TGA to establish the degradation tempera-
tures of the 3D-printed materials and the pure drug to ensure no
degradation would take place when exposed to the high tempera-
tures during the extrusion or printing process. Small pieces of the
3D-printed materials (between 3 and 10 mg) were heated at a rate
of 10�C/minute from room temperature to 450�C under a nitrogen
flow rate of 40 mL/min. Moreover, a Q20 differential scanning
calorimeter (TA instruments, Bellingham, WA, USA) was used to
evaluate drug-polymer interactions and establish if DIP was form-
ing an amorphous dispersion after mixing with the TPU matrix. For
this purpose, the drug powder and small pieces of the 3D-printed
materials were analysed from 30�C to 300�C at a heating rate of
10 �C/min, under a nitrogen flow rate of 40 mL/min.
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2.5.6. Mechanical testing
The uniaxial tensile mechanical properties of the filaments and

the 3D-printed materials were tested and compared using a TA.
XTplus texture analyser (Stable Micro Systems, Surrey, UK) at a
constant extension speed of 10.2 mm/min [21]. For this purpose,
the strips were printed as shown in Fig. 1C. The diameter of the fil-
aments and the thickness of the strips were measured using a cal-
liper to calculate the cross-sectional area, and both the filaments
and the strips were clamped with an inter-clamp distance of
20 mm. Force displacement curves were recorded and different
parameters were calculated from these curves. The offset yield
strength of both the filaments and the 3D-printed strips was
obtained using the 0.2% offset method, as an approximation of
the material’s elastic limit [36,47]. Additionally, the elastic modu-
lus was obtained as the slope of the initial linear region of the
stress/strain curve [48,49]. Moreover, the ultimate tensile strength
(UTS) and elongation at failure was obtained by generating the
stress/strain curves of the tested strips [49].

For the suture retention strength test, 3D-printed discs of
13 mm diameter were printed as shown in Fig. 1D. The thickness
of each disc was measured using a calliper to calculate its cross-
sectional area. The bottom end was fixed, and a 4/0 Ethilon Polya-
mide 6 suture thread (Ethicon Inc., Somerville, NJ) was passed
through a hole located 3 mm apart from the edge of the 3D-
printed disc. The suture thread was extended on a TA.XTplus tex-
ture analyser under the same conditions as the above tensile test
(a controlled speed of 10.2 mm/min), until the disc was entirely
ripped. The suture retention strength was calculated as load force
(N)/(suture diameter (mm) � sample thickness (mm)) [23].
2.6. Drug release study

The release study of DIP loaded tubular grafts was conducted by
introducing a weighed piece of a tubular graft (1 cm in length) into
a glass vial containing different volumes of the release medium
(PBS) for each concentration, in order to maintain sink conditions.
The vials were placed into an incubator at 37 �C and shaken at
40 rpm as reported previously [50,51]. Samples of the release med-
ium were taken at specified time points (24–48 h) and the concen-
tration of DIP was analysed using fluorescence spectroscopy
(FLUOstar Omega Microplate Reader, BMG LABTECH, Ortenberg,
Germany). The excitation and emission wavelengths used were
280 nm and 460 nm [23]. After each measurement, samples were
dried and placed in fresh PBS. All the reported time points are a
mean of four measurements over 30 days.
2.7. Platelet adhesion study

Blood platelet deposition on the 3D-printed sample surface was
measured using rabbit platelet-rich plasma (PRP), which was pro-
duced by centrifuging the rabbit blood in sodium citrate (Rockland
Immunochemicals, Inc; Pottstown, PA, USA) at 1840 rpm for
15 min [52]. Discs of 5 mm diameter and 1 – 2 mm of thickness
containing either no drug or 5%, 10% or 20% of DIP, and placed in
a 96-well plate. Subsequently, samples were incubated with a
200 lL aliquot of the PRP at 37 �C for 2 and 6 h. After each incuba-
tion time, samples were rinsed three times with PBS and fixed with
a 2.5% glutaraldehyde solution for 2 h. After washing three times
with PBS, samples were dehydrated through a series of ethanol
solutions (70% and 100%) for 15 min at each step. After this dehy-
dration step, the samples were allowed to dry at room temperature
for 24 h. Finally, SEM (Hitachi TM3030; Tokyo, Japan) micrographs
(n � 3) were used to count the adhered blood platelets on the scaf-
fold surface.
4

2.8. Hemocompatibility study

A hemolysis test was made using rabbit blood in sodium citrate
(Rockland Immunochemicals, Inc; Pottstown, USA) to assess the
effect of the 3D-printed materials on red blood cells (RBCs)
[34,53]. In brief, 1 mL of blood was poured into a 1.5 mL Eppendorf
tube, which was centrifuged at 2000g for 5 min. The supernatant
was discarded, and the resulting pellet resuspended in 1 mL of a
saline solution (0.9% NaCl solution). This procedure was repeated
3 times. The resuspended pellet, in 1 mL of saline solution or dis-
tilled water (for the positive control), was then transferred to a vial
containing 9 mL of saline solution or water, respectively. After this
step, a small 3D-printed disc of 5 mm diameter and 1 – 2 mm of
thickness was placed in a 1.5 mL Eppendorf tube for the hemolytic
evaluation. Subsequently, 200 lL of the previous diluted blood
solution was added to the tube containing the 3D-printed con-
struct. The tubes were incubated for 1 h at 37 �C and then cen-
trifuged at 2000 g for 5 min. Afterward, the supernatant was
carefully collected and transferred into a 96-well plate to measure
the absorbance at 545 nm using a UV/vis spectrometer (FLUOstar
Omega Microplate Reader, BMG LABTECH, Ortenberg, Germany)
[23,54]. Moreover, the absorbance 545 nm of the diluted blood in
both 0.9% NaCl solution (negative control) and distilled water (pos-
itive control) was also measured. The percentage of hemolysis or
hemolysis ratio was calculated by Equation (1).

% Hemolysis ¼ 100 � AS � ANð Þ= AP � ANð Þ ð1Þ
where AS is the absorbance value of the test sample, and AN and AP

are the absorbance values of negative and positive controls,
respectively.

2.9. Huvecs growth

To assess cellular compatibility, following sterilisation and cal-
ibration as we previously described [21,34], 20,000 human umbil-
ical vein endothelial cells (HUVECs) (ATCC CRL-1730), resuspended
in 80 lL of media, were seeded in a dome on top of each scaffold,
allowing for direct settlement of cells onto the graft, and incubated
at 37 �C with 5% CO2. After an 8-hour attachment period the scaf-
folds were submerged in cell culture media (EGM-2 media (LONZA
00190860)). Cells were subsequently cultured for an additional
48 h to evaluate biocompatibility. Cellular attachment was
assessed through light microscopy. In addition, cellular viability
and proliferation were detected through staining with VybrantTM

DiI cell labelling solution (Thermo Fisher Scientific V22885) and
the performance of a CyQUANTTM NF Cell Proliferation Assay
(Thermo Fisher Scientific, C35006). Furthermore, to evaluate the
effect on cellular morphology, immunofluorescence staining for
CD144 (ab33168), an endothelial cell barrier marker, was per-
formed on HUVECs fixed to the scaffold.

2.10. Microbiological assay

A double-layer tubular graft was tested for inhibitory effects on
bacterial cultures of Staphylococcus aureus NCTC 10,788 (Gram-
positive) and Escherichia coli NCTC 10,418 (Gram-negative). The
inner layer of the graft consisted of the TPU filament containing
5% DIP and the outer layer was made from the TPU filament con-
taining 0.5% RIF. Moreover, a tubular graft containing 5% DIP was
used as a negative control. For this purpose, the above-
mentioned tubular grafts were cut into slices of 2 mm (n = 4).
These slices were then placed in a UV transilluminator (UVP, Cali-
fornia, USA) in ‘high’ mode and each side was illuminated for
15 min. Inoculated plates for each bacterial strain were also incu-
bated as a positive control. This in vitro microbiological assay was
performed according to previous published work, with some mod-
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ifications [34,55]. In brief, both bacterial strains were incubated in
Mueller–Hinton (MH) broth overnight. After which, 50 lL of the
culture was added to 5 mL of soft MH agar, the mixture vortexed
and then poured on top of the MH agar plate. Slices of the tubular
grafts were then placed on top of the agar and incubated at 37�C for
24 h. The zone of inhibition caused for both bacterial strains was
measured in mm. The results were expressed as mean ± standard
deviation of 4 replicates.

2.11. Statistical analysis

All quantitative data are expressed as a mean ± standard devia-
tion. Statistical analysis was performed using a one-way analysis of
variance with Tukey’s post-hoc. For the platelet adhesion study,
when the samples were incubated with a 200 lL aliquot of the
PRP for 6 h, a samples t-test was used. Finally, a t-test was used
to compare cell proliferation for TPU and 5% DIP samples.
3. Results and discussion

3.1. Preparation and characterisation of DIP-loaded TPU filaments

A pre-extrusion step was performed for the addition of high DIP
contents (up to 20%) while maintaining the homogeneity of the
resulting materials by using a plastograph Brabender. Following,
HME was used to prepare DIP-loaded filaments for FDM applica-
tions. The filaments were evaluated using a light microscope
(Leica, Wetzlar, Germany) and the yellow colour found to propor-
tionally darken as the amount of DIP increased, thus confirming an
increased amount of DIP is present in the performed filaments
(Fig. 2A). Moreover, it can be interfered that the drug was success-
fully mixed with the TPU matrix. The filaments were homoge-
neous, showing no visible DIP aggregates. Only small
irregularities were observed for the filaments containing 10% and
20% DIP. Thus, indicating that a complete mixing process had taken
place within both the pre-extrusion and single screw extruder due
to the high temperature and high shear forces created by the rotat-
ing screw actions [56]. Additionally, the resulting filaments had a
diameter ranging between 2.70 and 2.85 mm (Fig. 2A).

Elastic modulus and the offset yield strength of the TPU and DIP
containing filaments were measured (Fig. 2B-C). The incorporation
of DIP into the material had a direct influence on the mechanical
properties of the filament only when the drug content is at least
20% (w/w). The elastic modulus of filaments containing 20% (w/
w) of DIP was higher than the elastic modulus of the filaments con-
Fig. 2. Light microscope image of the DIP-loaded TPU-based filaments (A). Elastic

5

taining no drug and 5% (w/w) of DIP (p < 0.05). Additionally, it can
be concluded that filaments containing no drug, 5% and 10% of DIP
(w/w) showed equivalent elastic modulus values (p > 0.05). The
same behavior can be observed for the offset yield strength
(Fig. 2C). The elastic modulus values obtained for the filaments
containing no drug, 5% and 10% are in line with other published
works that used the same type of TPU [34]. The influence of higher
drug loading on the mechanical properties of the material has been
reported before for other drugs such as theophylline [57]. Addi-
tionally, it has been reported before that lower drug content does
not affect the mechanical properties of the resulting material
[34,55].
3.2. Preparation and physicochemical characterisation of 3D-printed
samples

These filaments were used to prepare different 3D-printed
materials, including tubular grafts, by FDM. As mentioned above,
3D-printed materials were completely homogeneous and DIP dis-
solved into the TPUmatrix. DIP has reported antiplatelet properties
[21,23,34,58] and thus can be used to prevent the formation of
blood clots on the inner surface of these tubular grafts. Accord-
ingly, small-diameter vascular grafts (<6 mm diameter) containing
different DIP concentrations were manufactured using FDM. The
design of the small-diameter vascular grafts included a lumen
diameter of 2 mm and a wall thickness of 0.5 mm. Table 1 shows
the dimensions of these tubular grafts. Moreover, Fig. 3 shows rep-
resentative light microscope pictures of the resulting 3D-printed
small-diameter vascular grafts. The results displayed in the Table 1
shows that in all the cases, the 3D-printed tubular grafts showed
some deviation from the CAD original model. These deviations
are clearly related to the higher amount of DIP present in the tubu-
lar grafts. Both dimensions, vertical lumen (LV) and horizontal
lumen (LH) (Fig. 1E) decrease as the amount of DIP increases. On
the contrary, the wall thickness, in all the measured points,
increases as the amount of DIP decreases. Moreover, no significant
differences were found in the grafts dimension printed using only
TPU or containing 5% DIP (w/w) (p > 0.05). Only the horizontal wall
thickness (WH) graft dimension values for these two samples pre-
sented significant differences (p < 0.05). Additionally, these sam-
ples had closer values to the CAD original model than the ones
containing 10% and 20% DIP (w/w). However, this deviation could
be corrected with printing by adjusting the distance between the
nozzle and the build surface of the 3D printer (Z offset) before
starting the process [21]. Additionally, another strategy to achieve
modulus (B) and offset yield strength (C) of the extruded filaments (n = 4).



Table 1
Dimension of the 3D-printed tubular grafts (n � 4). LH, LV, WV and WH definition can be found in Fig. 1E.

3D printed model distance (mm)

LV LH WV WH

CAD Model 2 2 0.5 0.5
TPU 2.13 ± 0.13 1.69 ± 0.08 0.50 ± 0.08 0.59 ± 0.05
5% DIP 1.90 ± 0.07 1.67 ± 0.14 0.52 ± 0.10 0.77 ± 0.06
10% DIP 1.45 ± 0.11 1.55 ± 0.07 0.65 ± 0.20 0.92 ± 0.13
20% DIP 0.95 ± 0.15 1.20 ± 0.10 0.88 ± 0.29 1.23 ± 0.08

Fig. 3. Light microscope images of the 3D-printed tubular grafts and their cross-sections. Scale bars are 1 and 2 mm.
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the required dimension of the 3D-printed object is to take account
of these deviation when designing the CAD file [34]. Despite these
deviations, FDM has been successfully used for precision proce-
dures including the development of surgical guides [59]. Addition-
ally, other types of extrusion-based 3D printing technologies such
as robocasting can be used to print similar systems (Fig. S1, sup-
porting information). The main advantage of this type of 3D-
printing is that it does not require an extrusion process to prepare
a polymer/drug filament [21,22,60,61]. However, compared to
FDM, this type of technology does not provide the same degree
of control over layer deposition (Fig. S1, supporting information).
Moreover, it is both more expensive and complex to use.

SEM was used to characterize the surface of the 3D-printed
tubular grafts. SEM images (Fig. 4) showed that 3D-printed tubular
grafts containing no DIP and 5% DIP had a smooth surface as no
drug aggregates were observed. On the contrary, grafts containing
higher DIP cargos (10% and 20%) showed higher surface roughness.
Surface morphology can be affected by the drug concentration, as
had been previously reported in the literature [23,62]. 3D-printed
samples containing higher DIP concentrations (10% and 20%)
showed higher opacity than samples made from TPU only or 5%
DIP (Fig. 4). However, the cross-section of all the 3D-printed mate-
rials were homogeneous indicating a good integration of the drug
and the polymer.

Considering that textural features of the of 3D-printed samples
plays a crucial role in determining their mechanical and antiplate-
let properties, the topographies of the prepared materials were
additionally analysed in terms of waviness and lay of the exposed
surfaces. Confocal microscopy images and topographic profiles of
3D-printed tubular grafts surfaces containing different DIP concen-
trations are presented in Fig. 5. Notice that waviness of tubular
grafts is understood like a measure of surface irregularities with
a spacing greater than that of the predominant pattern measured
6

for roughness. On the other hand, it is important to remark that
the lay of the exposed surfaces was analysed by the direction of
the predominant surface pattern which has been fixed through
the printing method. These results confirm the previous hypothesis
described from SEM micrographs. While the 3D-printed structures
containing no DIP and 5% DIP presented higher level of waviness
with smoother surfaces, the samples containing 10% and 20% DIP
showed higher roughness textures over the surface of the waves.
The topographic profiles, studied on the highest points of the tubu-
lar grafts, evidences significant details related with their surface
finish.

Contact angle measurements were used to gain additional
information about the surface properties of the TPU-based 3D-
printed samples. This measurement relates to the extent of
hydrophobicity and hydrophilicity and may help to explain any
differences in platelet adhesion [63–67]. Water contact angle with
the surface of the 3D-printed samples is shown in Fig. 6A. The addi-
tion of higher DIP concentrations (10% and 20%) significantly
increased surface hydrophilicity of the samples (p < 0.05). On the
other hand, no significant differences were found for the contact
angle values obtained for pristine TPU and samples containing 5%
DIP (w/w) (p = 0.639). A similar behaviour has previously been
reported for poly(urethane) biomaterials sprayed with DIP solution
[68]. This decrease in the contact angle could be explained by the
changes found in the surface morphology of the 3D-printed sam-
ples. As previously mentioned, the addition of DIP increased the
roughness of the sample. This roughness may contribute to a
higher surface wettability [45,69].

FTIR analysis was performed to evaluate any potential interac-
tions between DIP and TPU within the samples (Fig. 6B). Pristine
TPU samples showed characteristic peaks for the urethane group
[34]. The peaks around 3300 and 1520 cm�1 are characteristic of
the N-H group. On the other hand, a clear carbonyl peak can be



Fig. 4. SEM images of the 3D-printed tubular grafts surfaces containing different DIP concentrations and their cross sections.

Fig. 5. 3D images of the tubular grafts’ surfaces containing different DIP concentrations and their topographic profiles studied in the direction of the predominant surface
pattern determined by the 3D printing methodology.
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Fig. 6. Influence of the DIP content on the contact angle of water with the DIP-loaded 3D-printed samples (n = 4). ATR-FTIR spectra (B), XRD diffractograms (C) and TGA (D)
and DSC curves (E) of each of the DIP-loaded 3D-printed samples.
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seen around 1730 cm�1. Additionally, CH stretching peaks at
around 2900 cm�1 can be seen in the spectra of pristine TPU.
Whilst, the DIP spectra showed a broad peak at around
3300 cm�1 that can be assigned to multiple –OH groups present
in the molecule [70]. Moreover, DIP FTIR spectrum showed a char-
acteristic peak at around 1530 cm�1 that can be attributed to the C-
N bond within the heteroaromatic ring of this molecule [70]. DIP
peaks can be found in the IR spectrum of 3D-printed samples con-
taining DIP. No new peaks were obtained, suggesting that no
chemical reactions took place, during the extrusion or 3D-
printing processes. Interestingly, however, there were subtle
changes in the bands around 3300 cm�1 and in the bands between
1500 and 1600 cm�1. These changes suggest that non-covalent
interactions are taking place between TPU and DIP. The changes
observed in those bands suggest hydrogen bonds and interactions
between the DIP heteroaromatic ring [70] and the aromatic rings
within TPU chains [71].

XRD was used to evaluate the crystallinity of the 3D-printed
samples. XRD diffractograms of pure DIP, TPU and DIP-loaded
TPU 3D-printed samples are presented in Fig. 6C. Crystallinity of
the formed 3D-printed samples was evaluated by comparing the
representative peak of these samples with the pure DIP, as a refer-
ence. The diffractogram of DIP displayed several sharp peaks at the
following diffraction angles (2h) of 8.14�, 10.14�, 10.40�, 17.58�,
18.92�, 20.94�, 23.68� and 26.2�, which indicated that DIP is pre-
sented in a crystalline form. However, there were no diffraction
peaks in the XRD diffractograms of the TPU 3D-printed samples,
indicating that the polymeric matrix has an amorphous structure.
Interestingly, when DIP was added to the polymeric matrix, the
diffraction pattern of pure DIP was not detected in the diffrac-
togram of all the 3D-printed samples. This is likely due to the inter-
action between DIP and TPU, reducing the crystallinity of DIP in the
8

formulation, thus modifying the form from crystalline to amor-
phous state. These results are consistent with the presence of
potential non-covalent interactions reported in the FTIR results.

Thermal analysis was performed to establish the presence of
interactions between TPU and DIP. TGA analysis showed that the
addition of higher DIP concentrations alters the thermal behaviour
of the resulting 3D-printed samples. The Tonset of pristine TPU
(321 �C) was higher than the Tonset for samples containing 10%
and 20% of DIP (224 �C and 211 �C, respectively). On the contrary,
only a small shift to a lower Tonset was found when 5% of DIP was
added (316 �C) (Fig. 6D). The lower Tonset found for the 3D-
printed samples containing 10% and 20% of DIP, even below the
pure DIP (284 �C), which is in the crystalline form, suggests that
DIP established non-covalent interactions with TPU to form an
amorphous solid dispersion. Amorphous drug forms are known
to be more reactive than their crystalline counterparts, therefore
it is predictable that amorphous forms degrade faster than crys-
talline forms [72,73]. This therefore explains why DIP degrades at
lower temperatures when combined with TPU. It is important to
note that the materials described in this work are amorphous solid
dispersions. These materials are formed by a drug in its amorphous
state dispersed within an excipient matrix [74]. The presence of
the polymeric excipient (in this case TPU) in the formulations pro-
vides enhanced stability [74]. Therefore, amorphous solid disper-
sions present higher physicochemical stability than amorphous
drugs on its own [74]. This will be an important parameter for
the long-term stability of DIP within the grafts. Moreover, TGA
results showed that DIP was stable at the temperatures used for
the filament preparation and 3D printing process. In order to
increase the understanding of these interactions between TPU
and DIP, DSC analysis of the 3D-printed samples was also per-
formed (Fig. 6E). The DSC curve for DIP showed the characteristic
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DIP melting endothermic peak at 167.5 �C. This melting point was
not observed in the TPU-based samples containing DIP. These
results suggest that the crystalline drug is converted to the amor-
phous form after being combined with the TPU matrix. Similar
findings have been reported for DIP and different polymer matrices
such as poly(caprolactone) (PCL) [21], as well as for other types of
drugs such as curcumin [75] or ASA [22]. These results therefore
further corroborate the previously stated drug-polymer interac-
tions by FTIR and XRD. Finally, the endothermic peaks found
around 213–215 �C for the TPU-based formulations containing
10% and 20% of DIP can be attributed to the faster thermal degra-
dation of these two formulations found in the performed TGA.

Tensile mechanical testing was carried out with 3D-printed
samples (Fig. 7A). Fig. 7B shows the values of the elastic modulus
obtained for 3D-printed samples containing different amounts of
DIP. Interestingly, 3D-printed objects prepared using 5% DIP (w/
w) displayed higher stiffness than filaments containing equivalent
drug loading (p < 0.05). Moreover, 3D-printed samples containing
5% DIP (w/w) displayed higher stiffness than any other 3D-
printed sample (p < 0.05). This suggest that the presence of 5% of
DIP is enhancing the adhesion between layers making the material
stiffer. On the other hand, it was observed that increasing DIP load-
ing above 5% (w/w) yielded objects with lower values of elastic
modulus (p < 0.05). These results indicate that an interaction
between DIP and TPU chains is occurring. This is consistent with
the previously reported results describing potential interactions
between the polymer and the drug observed during thermal anal-
ysis and XRD. In addition, these results are consistent with pub-
Fig. 7. Representative stress/strain curves for the DIP-loaded 3D-printed samples (A). Ela
break (E) and suture retention strength (F and G) for the DIP-loaded 3D-printed sample
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lished results which reported that combining polymers with DIP
with relative high drug loadings, 20% w/w, for 3D-printed applica-
tions can yield objects with lower stiffness [21]. Moreover, when
analysing the offset yield strength of the 3D-printed materials
(Fig. 7C), a similar trend is observed. However, in this case there
are no significant differences between the values obtained for pris-
tine TPU and samples containing 5% DIP (w/w) (p = 0.885). The
trend observed in these properties is different than the one
obtained for the filaments. The only exception is pristine TPU
shows no significant differences in the obtained elastic modulus
of 3D-printed TPU samples and the elastic modulus of the TPU fil-
aments (p = 0.816).

On the other hand, the offset yield strength is affected by the 3D
printing technique when comparing the obtained values with the
values obtained for the TPU filaments in all cases (p < 0.05). These
results indicate that drug loading affects the stiffness of the result-
ing 3D-printed materials. Furthermore, the elastic limit was
affected by the 3D-printing technique. It has been reported before
that objects prepared using FDM showed lower elastic modulus
than objects prepared using injection moulding [76]. This can be
attributed to poor attachment between layers and the presence
of air-pockets or porous structures between strands [76]. There-
fore, it is important to note that printing direction will affect
mechanical performance of the resulting materials and needs to
be considered when developing new types of medical devices.

The elastic modulus of the 3D-printed samples obtained using
TPU-based materials were closer to the elastic modulus of native
blood vessels (0.3–1.5 MPa) [77] compared to the elastic modulus
stic modulus (B), offset yield strength (C), ultimate tensile strength (D), elongation at
s (n = 4).
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of synthetic polymers clinically used to prepare vascular grafts
such as poly(tetrafluoroethylene) (500 MPa) or Dacron
(14,000 MPa) [77,78]. Moreover, elastic modulus of TPU was a clo-
ser match to native vessels than other polymers described in the
literature such as PCL (ca. 350 MPa), poly(lactic acid) (1–4 GPa),
poly(glycolic acid) (7–10 GPa) or poly(lactic-co-glycolic acid)
(40–135 MPa) [77]. Moreover, the ultimate tensile strength mea-
sured for the TPU-based samples prepared using 3D-printing
(Fig. 7D) were within the range of the values obtained for Dacron
(around 14 MPa) and native blood vessels (ranging between 1.4
and 11.1 MPa) [77].

The ultimate tensile strength of the resulting materials was
evaluated (Fig. 7D). The maximum strain that we could apply with
the TA.XTPlus Texture Analyser was 1000%. Interestingly, samples
containing 5% DIP (w/w) did not fracture during the test. The stress
obtained in these cases ranged between 8 and 9 MPa. Pristine TPU
samples and samples containing 10 and 20% (w/w) DIP fractured
during the test. These results suggest that the inclusion of 5% DIP
(w/w) enhanced the adhesion between layers, yielding a stiffer
material. Moreover, samples containing 10 and 20% (w/w) showed
significantly lower ultimate tensile strengths (p < 0.05). Tensile
strengths are lower than Dacron (170–180 MPa) and poly(tetraflu-
oroethylene) (14 MPa) [77]. However, these values are similar to
the ones obtained for biodegradable polymers such as PCL [21]
and poly(lactic-co-glycolic acid) [77]. Moreover, these values are
aligned with the tensile strengths of blood vessels (1.4–
11.1 MPa) [77].

TPU is an elastic material, as observed by the obtained values of
the elongation at break (Fig. 7E). As mentioned before, samples
containing 5% DIP (w/w) did not fracture during the test (strains
up to 1000%). These results indicate that these materials are more
elastic than conventional materials used for vascular graft manu-
facturing or natural blood vessels [78,79]. The elongation at break
of the materials containing DIP concentrations higher than 5% (w/
w) are lower than the values obtained for pristine TPU. Equivalent
results were reported when combining PCL and DIP [21] and
biodegradable TPU and DIP [23]. However, these results are similar
to the ones obtained for human blood vessels (10–105%) [78].

Suture retention tests were performed using 3D-printed sam-
ples (Fig. 7F and G). The results were expressed in ‘‘N” and in ‘‘N/
mm2” in order to correct deviations due to small differences in
sample thickness. However, both type of graphs exhibited the
same type of behavior. When 5% (w/w) DIP was incorporated into
the material, the suture retention was equivalent to the one
obtained for pristine TPU (p = 0.9028). However, when DIP concen-
trations increased above 5% (w/w) the resulting materials showed
lower suture retention strength (p < 0.05). This behavior has been
reported previously for DIP loaded TPU vascular grafts produced
using electrospinning [23]. Moreover, the values obtained for the
3D-printed vascular grafts produced using pristine TPU and TPU
loaded with 5% (w/w) DIP are higher than the ones reported by
Punnakitikashem et al. for the electrospun grafts [23]. Samples
with higher DIP concentrations showed a lower suture retention
strength than the electrospun materials previously reported in
the literature [23]. However, the values of suture retention
strength obtained for all the 3D-printed grafts are superior to the
ones obtained for human internal mammary artery and human
saphenous vein (1–2 N). Accordingly, it can be concluded that
the materials developed in this work present higher suture reten-
tion strengths than native blood vessels [12].

3.3. In vitro drug release

This assay was performed to evaluate the influence of drug
release on antiplatelet activity of 3D-printed materials. The release
of DIP from 3D-printed tubular grafts in PBS was evaluated for
10
30 days (Fig. 8). DIP loaded tubular grafts showed a sustained drug
release for 30 days. No obvious burst release was observed within
the first 24 h. Tubular grafts containing 5% DIP had a faster release
within the first 10 days, which changed to a slow release up to
30 days. However, these two regions were not observed for tubular
grafts containing 10% and 20% of DIP. Surprisingly, the total
amount of DIP released after 30 days did not increase with drug
loading. Although there was a significant increase in the amount
of drug released when drug cargo increased from 5% to 10%
(p < 0.05) after 30 days, no differences were observed when drug
loading increased from 10% to 20% (p > 0.05). This difference in
the release trend can be clearly seen when the release is expressed
as percentage of the initial DIP loading. In this case tubular grafts
containing 10% DIP showed a higher DIP release (41.07%) when
compared to grafts containing 20% DIP (14.13%) (p < 0.05)
(Fig. 8B). Hence, it can be hypothesised that DIP could be interact-
ing with TPU within the 3D-printed grafts, preventing a higher
drug release. This is consistent with the results described in the
previous sections. Moreover, these outcomes are aligned with the
previous findings reported when combining TPU with DIP or differ-
ent drugs such as levofloxacin or 17-b-estradiol [23,36,80].

3.4. Platelet adhesion and hemocompatibility of TPU-based 3D-printed
samples

PRP was used to measure the platelet deposition on the 3D-
printed scaffold surfaces. As previously discussed and reported in
the literature, multiple factors such as surface roughness,
hydrophilicity and the presence of drug in the surface can influence
platelet adhesion [21–23,63–67,81–83]. Fig. 9A-J shows the num-
ber and percentage of platelet adhered to the surface of the 3D-
printed samples after 2 h and 6 h. Longer periods of time were only
evaluated for pristine TPU and 5% DIP samples. Moreover, Fig. 9A-F
shows representative SEM images of platelets adhered to the sur-
face of the 3D-printed samples after 2 h and 6 h. Interestingly,
materials containing higher DIP loadings (10% and 20%) did not
appear to have a more effective antiplatelet activity. In fact, both
samples showed a significantly higher number and overall per-
centage of adhered platelets on their surfaces compared to the
pristine TPU and 5% DIP samples (p < 0.05). No significant differ-
ences were found in the number of platelets adhered to the surface
of samples containing 5% DIP and pristine TPU samples (p = 0.092).
This was due to the enormous difference found in the number of
adhered platelets on pristine TPU samples that presented a high
variability. This suggests that the presence of DIP does not provide
antiplatelet activity to the material for short incubation times (2 h).
This test was repeated using 6 h of incubation for the two types of
samples. This revealed that 5% DIP had a clear and significant anti-
platelet effect when compared to pristine TPU (p < 0.05).

TPU and 5% DIP presented equivalent surface properties in
terms of wettability and surface roughness (Figs. 4, 5 and 6A).
Therefore, the antiplatelet effect can only be attributed to the pres-
ence of the drug within the material. This is consistent with previ-
ous works describing the impact of DIP loading on antiplatelet
properties of materials have been previously reported [21,23].
Interestingly, samples with higher DIP contents (10% and 20%)
showed higher platelet adhesion. The explanation for this phe-
nomenon is related to surface properties. It has been previously
reported that surface roughness plays a key role on platelet adhe-
sion [63,83]. Pristine TPU and 5% DIP samples had smoother sur-
faces than samples containing higher DIP loadings (10% and 20%)
(Figs. 4 and 5). This led to an increase in the number adhered pla-
telets in the surface of the samples containing 10% and 20% DIP.
These results are consistent with the results presented by previous
researchers. Linneweber et al. evaluated the effect of the surface
roughness on platelet adhesion in impeller-type blood pumps



Fig. 8. In vitro DIP release curves from DIP-loaded 3D-printed samples up to 30 days in PBS at 37 �C expressed in lg as function of time (A) and expressed in percentage as a
function of initial DIP drug loading (B) (n = 4). Figures C and D represent curves of the 5% DIP-loaded 3D-printed samples in a different scale expressed in lg as function of
time, and expressed in percentage as a function of initial DIP drug loading, respectively.
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manufactured with different surface roughness [82]. They found a
positive correlation between the surface irregularities and the
number of adherent platelets. In a different study, the authors eval-
uated the effect of the surface roughness of platelet bags on bacte-
rial and platelet adhesion [83]. Once again, the results showed a
positive correlation between platelet adhesion and surface rough-
ness. Moreover, the authors found that not only a higher platelet
adhesion and aggregation was observed on rougher surfaces of pla-
telet bags, but also a higher bacterial adhesion and biofilm
formation.

It is important to note that surface roughness is not the only
parameter that plays a key role on platelet adhesion. Other factors
such as surface hydrophilicity also have a critical role in platelet
adhesion [66]. Interestingly, samples containing 10 and 20% DIP
showed lower surface hydrophilicity than pristine TPU and 5%
DIP samples. These results are in correlation with the platelet
adhesion results (Fig. 9K). Surface wettability is often considered
to explain any differences in the platelet adhesion. However, there
is no clear consensus among researchers on what is the role of the
hydrophilicity of the materials on platelet adhesion [66]. For
instance, a study showed superior performance of diamond-like
carbon surface coatings due to its lower hydrophilicity compared
to titanium [84]. On the contrary, the higher surface hydrophilicity
of the silicon-incorporated, diamond-like carbon films was stated
to improve their hemocompatibility [85]. Moreover, zirconium-
based amorphous films presenting lower hydrophilicity than pure
titanium coatings resulted in a reduction of platelet adhesion [86].
On the other hand, a different study attributed this effect to the
high hydrophilicity of functionalized Ti surfaces [87].

It is important to note that in this study no significant differ-
ences were found for the contact angle obtained for pristine TPU
11
and 5% DIP samples. However, the later showed a more efficient
antiplatelet activity. Overall, it can be concluded that the presence
of DIP in the surface is crucial to guarantee antiplatelet activity.

The formulated materials presented in this work are designed
for the manufacture of vascular grafts, thus the hemocompatibility
of the 3D-printed samples (small 3D-printed disc of 5 mm diame-
ter) was assessed. The hemolysis percentage of all samples was
lower than 3% (Fig. 9L). Although the 3D-printed samples without
DIP showed the highest hemolysis percentage (2.15 ± 0.66) and the
3D-printed samples containing 20% DIP showed the lowest hemol-
ysis percentage (0.79 ± 0.47), there were no significant differences
between the 3D-printed samples (p > 0.05). It is important to note
that samples showing a hemolysis percentage lower than 5% have
been defined as hemocompatible [88].

These results suggest that the ideal material to prepare antipla-
telet vascular grafts is TPU containing 5% DIP. Accordingly, the rest
of the experiments in this work will be carried out using this type
of material.

3.5. In vitro cytocompabitility

The biocompatibility of 5% DIP loaded samples was determined
through culturing HUVECs onto UV-sterilised samples for a total of
72 h. As seen in Fig. 10A, cells were found to readily attach to both
sample types following the initial incubation period of 8 h. Further
evaluation at both 24 and 48 h post the attachment period, as can
be seen in Fig. 10A, displayed the ability of both samples to support
HUVECs adherence. Moreover, the cells adhered to both samples
displayed expected endothelial morphology as well typical expres-
sion and localisation of CD144, an endothelial specific cell junction
marker (Fig. 10B). These images show that the attached cells



Fig. 9. SEM images of rabbit blood platelet depositions on the surfaces of TPU (A), 5% DIP (B), 10% DIP (C) and 20% DIP-loaded 3D-printed samples (D) after 2 h of incubation
time; and TPU (E) and 5% DIP (F) after 6 h of incubation time. Results of the platelet adhesion study expressed in platelet per mm2 after 2 h (G) and 6 h (I) of incubation time;
and expressed in percentage of platelets adhered to the samples surface, using TPU as reference, after 2 h (H) and 6 h (J) of incubation time. Percentage of platelets adhered to
the samples surface as a function of the contact angle (K). Rabbit blood hemolysis percentages of the DIP-loaded 3D-printed samples (L) (n = 5).
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express CD144 in the correct localisation, highlighting the edges of
each cell on top of the 3D-printed samples. Live staining with
Vybrant Dil, a live lipophilic membrane stain that diffuses laterally
to stain the entire cell, also confirmed the samples to be non-
cytotoxic (Fig. 11A). These images show that the cells attached to
the scaffolds were functional and alive. Whilst both samples sup-
ported cellular attachment and viability, it can be inferred, how-
12
ever, that the sample loaded with 5% DIP provided a more
suitable milieu for cellular accommodation as evidenced by the
CyQUANT NF cell proliferation assay (Fig. 11B) which observed a
statistically significant increase in cell growth between the two
assessed timepoints as well as a significantly higher number of
cells compared to the TPU control sample at 48 h. Collectively this
data confirms the suitability and superiority of the 5% DIP loaded



Fig. 10. HUVECs morphology on the surface of TPU and 5% DIP loaded materials 8 h post seeding, 24 and 48 h post attachment. Scale bar = 100 lm (A). Immunofluorescence
staining showing that the HUVECs seeded on top of both the TPU and 5% DIP loaded scaffolds expressed the endothelial specific marker CD144, localised to cell–cell junction.
Scale bar top panels = 100 lm. Scale bar bottom panels: 50 lm (B).
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samples compared to the TPU control samples in supporting an
enriching environment for cellular attachment, viability and
growth. This is not surprising considering that previous in vitro
and in vivo work suggested that DIP stimulates the proliferation
of different cell lines including endothelial cells and bone cells
[89,90]. However, a previously published work studied the prolif-
eration of HUVEC in contact with TPU containing smaller amounts
of DIP (up to 1.5%) [34] suggested that the inclusion of low DIP
loadings did not affect cell proliferation. Moreover, PCL 3D-
printed samples loaded with 20% (w/w) of DIP did not provided
any proliferation improvement over pristine PCL [21]. Cell prolifer-
ation therefore not only depends on the DIP content but also the
properties of the polymer used to prepare the graft.

The results obtained for the HUVEC cell proliferation in combi-
nation with the results obtained for the hemocompatibility test
suggest that these materials can have potential for use in biomed-
ical applications. Interestingly, the presence of DIP in the surface of
the 3D-printed samples stimulate cell proliferation when com-
13
pared with a control. We therefore show that the DIP content
has a key role in stimulating cell proliferation and so these scaf-
folds not only have interesting anti-platelet properties but can also
be used as scaffolds to support endothelialisation. Graft endothe-
lialisation is a crucial factor implicating the success of vascular
prostheses [91]. Endothelialisation should occur in situ to grant
effecting and lasting effects. However, in order to maximise the
outcomes of this process, cells can be seeded in vitro on the surface
of the device prior to implantation to improve the process [91]. The
implants described here are ideal candidates for this procedure as
endothelial cells can be seeded successfully on the surfaces of the
devices while the presence of DIP in the surface promotes their
proliferation.

3.6. Versatility of FDM for the development DIP-loaded vascular grafts

FDM is a highly versatile technology that can be used to create a
wide variety of geometries. As mentioned before, 3D-printing can



Fig. 11. Live staining with VybrantTM DiI Stain showed HUVEC viability on the surfaces of both the TPU and 5% DIP loaded samples up to a total of 48 h post attachment. Scale
bar = 100 lm (A). HUVEC growth was determined using a CyQUANTTM NF Cell Proliferation Assay for up to a total of 48 h, following a prior 24 h period of time allotted to
allow for cellular attachment post seeding. The TPU scaffold without loaded drugs 24 h were set as the control (n = 3). P values are shown: *p < 0.05, **p < 0.01 (two-tailed t-
test) (B).
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be used to create devices adapted to the anatomy of the patient.
Moreover, the versatility of this technology allows for the creation
of grafts with enhanced properties. Fig. 12 shows an advanced vas-
Fig. 12. CAD design of anti-kinking vascular graft (A). Images of anti-kinking vascular g
image of the cross section of the anti-kinking vascular graft (C). Images showing plain g
different radius (D). Light microscope image of double-layer tubular graft (E) and the sam
A picture showing the zones of inhibition obtained for S. aureus and E. coli in MH agar
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cular graft prepared to prevent kinking. Vascular graft kinking can
lead to life-threatening stenosis of the graft [92]. This issue can be
overcome by adapting the design such as including some reinforce-
raft and curved graft prepared using TPU containing 5% DIP (B). Light microscope
rafts (1 and 3) and anti-kinking grafts (2 and 4) bent around cylindrical objects of
e image using the NIGHTSEA Model SFA Stereomicroscope Fluorescence Adapter (F).
using slices of the double-layer tubular graft (G).
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ment rings around the graft to prevent kinking (Fig. 12A) as
reported previously [93]. This type of design can be easily printed
using FDM as can be seen in Fig. 12B. The CAD design lumen size
was 2 mm. Fig. 12C shows that the lumen fidelity was in line with
the values obtained for plain vascular grafts.

Plain vascular grafts printed using the 5% DIP TPU filament
showed resistance to kinking when the bending radius was ca.
23 mm (Fig. 12D1). These results are superior than previously
reported vascular grafts prepared using PCL via-electrospinning
[93]. However, when the bending radius was smaller (ca. 14 mm)
plain grafts bent showing certain degree of kinking (Fig. 12D3).
On the other hand, the anti-kinking vascular graft showed superior
resistance to kinking even at smaller bending radius (Fig. 12D2 and
D4). These results are in line with previously reported anti-kinking
grafts prepared using electrospinning using a similar ring design
patter [93]. These results indicate that the shape of DIP containing
TPU-based vascular graft can be easily adapted. Additionally, the
versatility of FDM can be used to change the design of the graft,
making it curved to prevent the kinking as shown in the second
design presented in Fig. 12B.

In addition to changing the graft geometry, 3D-printed multi-
layered objects containing more than one drug prepared using
3D-printing have been previously described as a strategy to
improve the adherence to different therapies administered
through the oral route [94]. Accordingly, FDM has been used to
prepare a graft containing 2 drugs as a proof of concept to demon-
strate the versatility of this technique for the preparation of vascu-
lar grafts. A concentric bi-layered tubular graft containing DIP in its
core and an antibiotic in the outer shell was prepared (Fig. 12E and
F). The shell layer was prepared using TPU containing 0.5% RIF. In
this case RIF can be used to prevent bacterial infections while
DIP will prevent platelet adhesion on the surface of the graft. More-
over, the outer shell prevents DIP release from the outer surface of
the graft.

The antimicrobial effect of this samples was tested on bacterial
cultures containing S. aureus and E. coli. Both species are good
examples of pathogens that are involved in hospital-associated
infections (HAI). The results of the disk diffusion test are displayed
in the Fig. 12G. As the inner layer of the double-layer tubular graft
was made from the TPU filament containing 5% DIP, tubular grafts
containing 5% DIP were employed as a negative control for this
experiment. All the double-layer tubular graft samples showed a
clear zone of inhibition in both S. aureus (11.1 ± 0.2 mm)
and E. coli (14.1 ± 0.1 mm) plates. Moreover, the tubular grafts con-
taining 5% DIP did not inhibit bacterial growth, indicating the need
for such an outer layer to avoid HAI.

Antimicrobial implantable devices using 3D printing technology
such as surgical meshes [36,95], dialysis catheters [55,96] or car-
diovascular prostheses [22,34], among others, have shown similar
results. The use of this double-layer tubular graft can therefore be
used to prevent multiple complications of cardiovascular prosthe-
ses such as infections and blood clot formation. This strategy can
be employed for the manufacture of tubular grafts containing a
specific drug located in their lumen while demanding a different
drug in the outer part, thus providing an additional function. Addi-
tionally, this strategy can be used to avoid drug-drug interactions
which can compromise the stability of the device and therapeutic
role of the drug components. Moreover, nowadays, competitive
prices for dual extrusion fused deposition modelling printers can
be found and thus, this technology can be easily transferred and
applied in the clinical environment. Finally, it is important to note
that FDM technology is versatile and low-cost. Therefore, the
translation of this technology to humble clinical setups and
research groups could be highly beneficial, this includes the trans-
lation of this technology to hospitals and clinical setups in develop-
ing countries [31].
15
4. Conclusions

TPU-based small-diameter cardiovascular grafts containing an
antiplatelet drug (DIP) were successfully prepared using FDM.
For this purpose, TPU-based filaments loaded with different DIP
loadings (up to 20%) were prepared using hot-melt extrusion.
These filaments were used in an FDM equipment to prepare differ-
ent 3D-printed samples. The characterisation of the resulting sam-
ples suggested that after the extrusion and printing process the
drug present in the samples was in an amorphous state. Moreover,
samples printed using filaments loaded with up to 5% (DIP) pre-
sented small differences when compared with the original CAD file.
On the other hand, objects produced using filaments with higher
DIP loading presented a lower level of fidelity.

Mechanical properties of the 3D-printed samples were evalu-
ated. The results suggested that these samples showed comparable
mechanical properties than natural blood vessels. Moreover, tubu-
lar 3D-printed samples were capable of providing a sustained DIP
release for over at least 30 days without displaying any signs of
burst release. Interestingly, increasing DIP concentration did not
provide a higher drug release. There were no significant differences
in the total amount of DIP release after 30 days from samples con-
taining 10 and 20% DIP.

Due to the presence of DIP in the samples, the antiplatelet activ-
ity of the materials was evaluated. The results suggested that the
samples loaded with 5% DIP presented the highest antiplatelet
activity. This may be due to its smoother and more hydrophobic
surface. These results therefore indicate that surface roughness
and hydrophilicity of the 3D-printed materials has an influence
on platelet adhesion. Moreover, these results suggest the smallest
DIP loading (5%) was essential to achieving a better antiplatelet
activity. Furthermore, all the 3D-printed samples prepared in this
work were hemo- and cytocompatible. It is important to note that,
the presence of 5% DIP in the samples enhanced the proliferation of
HUVEC cells. Combined these results suggest that DIP is an ideal
candidate to provide antiplatelet activity and enhance the regener-
ation of endothelial vascular tissue.

In addition to the use of DIP alone, the use of an FDM-type 3D
printer equipped with two extruders was explored to prepare a
double-layer tubular graft containing two different drugs (DIP
and RIF). This resulted in grafts that exhibited a clear antimicrobial
activity against pathogens which are commonly involved in HAI
such as S. aureus and E. coli.
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