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Despite polyester vascular grafts being routinely used in life-saving aortic aneurysm surgeries, they are less
compliant than the healthy, native human aorta. This mismatch in mechanical behaviour has been associated
with disruption of haemodynamics contributing to several long-term cardiovascular complications. Moreover,
current fabrication approaches mean that opportunities to personalise grafts to the individual anatomical fea-
tures are limited. Various modifications to graft design have been investigated to overcome such limitations; yet
optimal graft functionality remains to be achieved. This study reports on the development and characterisation of
an alternative vascular graft material. An alginate:PEGDA (AL:PE) interpenetrating polymer network (IPN)
hydrogel has been produced with uniaxial tensile tests revealing similar strength and stiffness (0.39 + 0.05 MPa
and 1.61 =+ 0.19 MPa, respectively) to the human aorta. Moreover, AL:PE tubular conduits of similar geometrical
dimensions to segments of the aorta were produced, either via conventional moulding methods or stereo-
lithography (SLA) 3D-printing. While both fabrication methods successfully demonstrated AL:PE hydrogel pro-
duction, SLA 3D-printing was more easily adaptable to the fabrication of complex structures without the need of
specific moulds or further post-processing. Additionally, most 3D-printed AL:PE hydrogel tubular conduits sus-
tained, without failure, compression up to 50% their outer diameter and returned to their original shape upon
load removal, thereby exhibiting promising behaviour that could withstand pulsatile pressure in vivo. Overall,
these results suggest that this AL:PE IPN hydrogel formulation in combination with 3D-printing, has great po-
tential for accelerating progress towards personalised and mechanically-matched aortic grafts.

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of mortality
and morbidity worldwide (Roth et al., 2020). CVD manifests itself in
different forms, with aneurysm formation within the aorta posing a
significant threat to life due to potential rupture, if not diagnosed and
treated at early stages. Aortic aneurysms at risk of rupture, indicated by
an increase in aneurysm diameter, are treated surgically by means of
synthetic, large-diameter vascular grafts (Golledge, 2019; Swerdlow
et al.,, 2019). Most state-of-the-art synthetic aortic grafts are made of
woven or knitted polyester (polyethylene terephthalate; PET or
Dacron®) fabric and present several advantages, such as off-the-shelf
availability, durability, reasonable biocompatibility, ease of sutur-
ability, and overall satisfactory post-operative outcomes (Bustos et al.,
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2016; Spadaccio et al., 2016). Nevertheless, such materials have a range
of limitations that hinder their full potential when used as an aortic
implant. Dacron®, for example, is unable to mimic the biomechanical
behaviour of the native aorta since it is a rigid material with stiffness
values ten times higher than that of the human aorta (Tremblay et al.,
2009; Faturechi et al., 2019). Hence, such grafts are unable to dilate
radially to accommodate pulsatile flow in a similar manner to adjoining
aortic tissue (Tai et al., 2000). This mismatch in radial compliance has
been associated with the disruption of blood flow, thereby contributing
to several cardiovascular complications, including high blood pressure,
heart strain, and limited blood supply to major organs (Obrien et al.,
2008; Ioannou et al., 2009; Vardoulis et al., 2011; Spadaccio et al., 2016;
Lejay et al., 2019). Additionally, the aorta is a highly complex, lami-
nated structure that exhibits unique biomechanical characteristics such
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as non-linear stress-strain response, viscoelasticity, and anisotropy
(Camasao and Mantovani, 2021), which have yet to be fully translated to
synthetic vascular grafts (Singh et al., 2015). Despite the vast catalogue
of commercially available vascular prostheses, these grafts do not
adequately accommodate the intrinsic aortic geometries that vary from
one patient to another, ultimately leading to disruptions arising from
structural incompatibilities (Singh et al., 2015; Zia et al., 2022). Recent
vascular graft research has largely focussed on the development of
small-diameter blood vessels, and few attempts have been made to
address the shortcomings associated with larger diameter synthetic
conduits. For small-diameter blood vessels, the use of hydrogels has
been widely investigated, due to the hydrophilicity and similarity of
these materials to the extracellular matrix (ECM) of mammalian tissue
(Gonzalez-Diaz and Varghese, 2016). Furthermore, hydrogels can be
fabricated using a variety of methods that allow precise control over a
set of chemical, mechanical, and physical properties (Wang et al., 2020).
One such method is 3D-printing, which has demonstrated great poten-
tial for rapid production of personalised components for biomedical
applications in a cost-efficient manner (Melchiorri et al., 2016; Holland
et al., 2018).

Various monomers have been investigated towards the fabrication of
biocompatible hydrogels for vascular tissue engineering, with alginate
being one of the most commonly used materials (Gao et al., 2015;
Ghanizadeh Tabriz et al., 2015; Antunes et al., 2021). Its popularity in
the biomedical field is largely attributed to its biocompatibility and ease
of gelation in the presence of divalent cations (e.g., Ca®") (Lee and
Mooney, 2012; Cattelan et al., 2020). However, as with most naturally
derived monomers, single-network, ionically-crosslinked alginate
hydrogels exhibit poor mechanical strength when compared with the
native vasculature (Liu et al., 2015; Krishnamoorthy et al., 2019). One
way to address this issue is the development of interpenetrated polymer
networks (IPNs), where two or more monomers are combined, cross-
linked separately, and therefore not covalently bound to each other
(Chimene et al., 2020). Hence, the final hydrogel, in most cases, benefits
from the favourable properties of each of the individual components
(Parak et al., 2019), resulting in improved stiffness, strength, and frac-
ture energy whilst maintaining extensibility (Sun et al., 2012; Hong
et al., 2015). An example of this approach is the use of an ionic-covalent
entanglement (ICE), which combines ionically- and
covalently-crosslinked polymers (Sun et al., 2012; Hong et al., 2015).
The most used covalently-crosslinkable polymer is polyethylene glycol
diacrylate (PEGDA), since it is reported to be biologically inert with low
thrombogenicity, thereby making it an attractive material for use within
artificial blood vessels (Munoz-Pinto et al., 2015). Additionally, due to
its photosensitivity in the presence of a photoinitiator, PEGDA is suitable
for light-based 3D-printing — a printing modality that exploits
light-responsive resins to produce solid parts in a layer-by-layer fashion
upon exposure to ultraviolet (UV) or visible light. Despite the combi-
nation of ionically crosslinked alginate and covalently crosslinked
PEGDA having been already reported (Hong et al., 2015), this material
combination has yet to be exploited in light-based 3D-printing. More-
over, despite the recent emergence of light-assisted 3D-printing of
hydrogels for biomedical applications (Yu et al., 2020; Murphy et al.,
2022; Levato et al., 2023; Asciak et al., 2023), this 3D-printing method
remains to be implemented for the fabrication of large-diameter tubular
structures for aortic graft applications. Potentially, this is due to the
persistent challenge associated with most 3D-printing platforms when
producing high aspect ratio structures in the vertical direction involving
the eventual collapse of these long structures as a result of gravitational
forces (Tan and Yeong, 2015; Khilnani et al., 2023). Apart from con-
trolling 3D-printing parameters, such as first layer exposure time in
stereolithography 3D-printing to ensure proper adhesion to the plat-
form, preventing structure collapse also highly depends on the resin
(hydrogel formulation) as this must be robust enough to withstand the
weight of the printed structure (Tan and Yeong, 2015). Therefore, given
the multiple advantages of both alginate and PEGDA, it is hypothesized
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that their combination as an ICE IPN will produce a material with su-
perior mechanical characteristics than those currently used as aortic
implants, which would also benefit the 3D-printing process, thereby
potentially fabricating free-standing tubular structures that can be per-
sonalised and are more patient-specific than the current state-of-the-art
aortic grafts.

This work addresses the limitations associated with existing aortic
grafts by identifying an optimal ionically-crosslinked alginate and
PEGDA (AL:PE) IPN hydrogel formulation for the rapid and personalised
production of aortic implants via vat photopolymerisation 3D-printing.
The results have been compared with those obtained using a conven-
tional moulding approach. Special attention has been paid to the me-
chanical behaviour, microstructure, and fabrication characteristics of
the studied hydrogels since such properties will ultimately dictate the
hydrogel’s suitability as a replacement for current commercially avail-
able aortic grafts. It is further demonstrated that the ICE IPN hydrogel
can be used in combination with 3D-printing to rapidly produce long,
complex, hollowed structures, that faithfully replicate anatomical
structures.

2. Materials and methods
2.1. Materials

Alginic acid sodium salt (M/G ratio of 1.56, viscosity: 15-25 cP 1% in
H50, molecular weight 120-190 kDa), polyethylene glycol diacrylate
(PEGDA) Mn 700, agarose (Type I-A, low EEO), calcium carbonate
(CaCOs), glucono-delta-lactone (GDL), barium chloride (BaCly), calcium
chloride (CaCly), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure 2959, 12959), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), tartrazine, and phosphate buff-
ered saline (PBS) tablets, were all purchased from Sigma Aldrich, UK,
and used without further modification unless otherwise stated.

2.2. Hydrogel preparation

2.2.1. Casting method

Single-network alginate and AL:PE IPN hydrogels were evaluated as
described in Table 1. First, stock solutions of alginate (5% (w/v) or 8%
(w/v)) and PEGDA (67% (w/Vv)) were prepared in deionised (DI) water.
For single-network alginate hydrogels, CaCO3:GDL (1:2 M ratio) was
identified as the most suitable crosslinking agent (Supplementary In-
formation, (SI) Fig. S1). These hydrogels were prepared by mixing the
alginate stock solution (5% (w/v)) with the CaCO3:GDL solution (pre-
pared in DI water) at a 2:1 vol ratio. The alginate:crosslinker solution
was then poured into moulds and allowed to set at 4 °C overnight. For

Table 1
Hydrogel formulations, notations, and final concentrations. (PI: photoinitiator,
PB: photoblocker, 3DP: 3D-printed).

PEGDA PI PB Crosslinker
(%w/Vv) (% (% (mM)

w/ w/

v) v)

AL:CG 3.3 - - -

Hydrogel
Formulation

Hydrogel
Notation

Alginate
(% w/v)

Alginate: 67:133
CaCOs3:
GDL

Alginate:
PEGDA:
CaCOas:
GDL

Alginate:
PEGDA:
BaCl,

Alginate: AL: 3.3 27 0.5 0.03 67
PEGDA: PE:3DP
BaCl,:
3DP

AL:PE:CG 3.3 27 0.5 - 67:133

AL:PE:B 3.3 27 0.5 - 67
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the AL:PE IPN hydrogels, the alginate (8% (w/v)) and PEGDA (67% (w/
v)) stock solutions were mixed at a 1:1 vol ratio followed by the addition
of the photoinitiator to reach the final concentrations presented in
Table 1. The solution was stirred at room temperature, followed by
degassing cycles in an ultrasonic bath. In the case of BaCl, crosslinking,
the AL:PE IPN solution was first poured into the desired moulds and
exposed to UV light (365 nm; 2.2 mW/cm? at 10 mm distance) for 30
min for the PEGDA to gel. After gelation, the sample was transferred into
a BaCl; bath for the alginate to crosslink (Fig. 1). For the CaCO3:GDL
crosslinker, this was mixed with the AL:PE IPN solution prior to expo-
sure to UV light.

Moulded tubular structures were fabricated using an agarose sacri-
ficial cylindrical structure, the process described schematically in Fig. 2.
Briefly, a 2.5% (w/v) agarose solution was prepared by dissolving
agarose powder in heated DI water (80 °C). Once fully dissolved, the
agarose solution was poured into polypropylene syringes (ID ~12 mm)
and left to cool at room temperature. The solidified agarose cylinders
were then removed from the syringes and placed into larger poly-
propylene syringes (ID ~14.5 mm). The AL:PE IPN solution was then
poured filling in the gap between the agarose hydrogel and the syringe
wall. The syringe containing both the agarose cylindrical gel and the AL:
PE IPN solution were then exposed to UV light (365 nm; 2.2 mW/cm? at
10 mm distance) for 15 min. Upon PEGDA crosslinking, the whole
structure was removed from the syringe and immersed in BaCls.
Following AL:PE IPN hydrogel formation, the structure was placed in a
heated DI water bath for the agarose to shrink, leaving behind an AL:PE
IPN tubular structure.

2.2.2. Stereolithography (SLA) printing

A commercial desktop 3D printer (PRUSA SL1S, PRUSA Research,
Prague, CR) equipped with a 405 nm UV LED panel (Fig. 2B) was used to
3D print discs and dog-bone shaped samples for material mechanical
characterisation, and aortic-mimicking tubular structures. The AL:PE
IPN resin for 3D-printing was prepared using 0.5% (w/v) LAP as the
photoinitiator. To improve 3D-printing resolution, tartrazine was
incorporated within the pre-gel mixture to act as a photoblocker given
its high absorption at 405 nm (Yang et al., 2020). Different photoblocker
concentrations (0%, 0.01%, 0.025%, and 0.03% (w/v)) were investi-
gated to determine optimal 3D-printing resolution. The 3D-printing
exposure times were determined by performing cure depth measure-
ments as a function of layer thickness and fitting the results to the
Beer-Lambert law (Seo et al., 2017; Benjamin et al., 2019; Domi-
ngo-Roca et al., 2022) (SI Fig. S9).

Prior to 3D-printing, the designed target models were prepared via a
computer-aided design (CAD) software Autodesk Inventor (Autodesk,
Inc.) and exported as STL files. These were then imported into PRUSA
Slicer, sliced at 50 pm layer thickness, and exported to the 3D printer for
production. Tubular structures of different dimensions: internal di-
ameters (9 mm and 14 mm), wall thicknesses (0.5 mm, 1 mm, and 2
mm), and lengths (7.5 mm and 15 mm), were 3D-printed. The structures
were then immersed in a BaCl, bath for alginate crosslinking. Moreover,
to demonstrate the capability of 3D-printing as a fabrication method for
faithful replications of aortic geometries, a human abdominal aortic
open-source model (The Biomedical 3D printing community, Embodi3D,

~V\v PEGDA
® Ba%"ions

€  Photoinitiator

aium Alginate
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2023) was used to 3D-print small segments of the aortic tree, including
the renal and bifurcation areas.

2.3. Physical characterisation

2.3.1. Morphological analyses

The morphology of all the hydrogel formulations was analysed via
scanning electron microscopy (SEM, Hitachi TM 1000). Prior to imag-
ing, hydrogel discs were first frozen at —20 °C for 24 h followed by
freeze-drying at —80 °C for another 24 h using a benchtop freeze dryer
(Labconco FreeZone®). SEM imaging was carried out on the freeze-dried
gels at the surface and at specimen cross-sections.

2.3.2. Water uptake and degradation

Water uptake was analysed in moulded hydrogel discs after freeze-
drying. The dry weights were measured (Wpyy), followed by immer-
sion of the dried hydrogels in calcium-supplemented PBS (Ca-PBS; 1 x
PBS + 1.8 mM CaCly) and incubated at 37 °C. The hydrogels were
weighed following incubation for 2h, 72h, 1 week, 2 weeks, and 3 weeks
to obtain wet weights (Wwet). The water uptake ratio was calculated
using Equation (1).

Water uptake = (Wye — Wpyy) / Wory D)

For the degradation analysis, moulded hydrogel discs were freeze-
dried at —80°C and the dry weights measured (D,). The dried hydro-
gels were immersed in Ca-PBS and incubated at 37 °C. At different
timepoints (24 h, 72 h, and 1 week) the gels were freeze-dried again and
weighed to obtain dry weights (D). The degree of degradation expressed
in percentage weight loss was calculated using Equation (2).

Weight loss (%) = [(D, — D,)/D,] x 100 (2
2.4. Mechanical characterisation

All mechanical characterisation tests were performed on as-
prepared, hydrated hydrogels at room temperature.

2.4.1. Confined compression stress relaxation tests

Confined compression tests were performed on an Electroforce®
3100 test instrument (TA Instruments, Waters Ltd., UK) equipped with a
22 N load cell. Moulded hydrogel discs were tested in 24-well tissue
culture plates confining the hydrogels at the sides and base. A stainless-
steel flat, porous indenter (k =6 x 10 7 m*/N s, 15.6 mm diameter) was
used as the compressive plate. The indenter was lowered to touch the
hydrogel surface to ensure full contact (applying a preload of 0.1 N), and
the system was left to equilibrate prior to running the experiment
(approximately 2 h). The confined compression protocol comprised a
ramp-hold test to assess the stress-relaxation properties of the gel,
obtaining values for compressive peak stress, aggregate modulus (Ha),
and hydraulic permeability (k). Following the protocol by Busby et al.
(2013), specimens were compressed to 5% of their original thickness at a
ramp rate of 0.5%/s, and held at that strain for 300 s. The compressive
peak stress was obtained directly from the stress relaxation curve since
this corresponds to the maximum stress at the end of the ramp stage. For

Fig. 1. Schematic representation of the AL:PE IPN hydrogel synthesis process comprising of two crosslinking steps: UV photopolymerisation of the PEGDA followed

by ionic crosslinking of the alginate via BaCls.
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Fig. 2. Schematic representation of (A) the fabrication process of the moulded tubular structures using an agarose sacrificial scaffold, and (B) the mechanism for

stereolithography (SLA) 3D-printing.

Hp and k, an open-source finite element analysis software (FEBio 2.9.1)
was used to develop a linear biphasic poroviscoelastic (BPVE) model
representing the hydrogel in confined compression (SI Fig. S2). The solid
phase of the gel was characterised by a compressible, isotropic, visco-
elastic neo-Hookean material, the stress relaxation of which was
controlled by a single exponential term, with the flow of the fluid
through the solid governed by a constant permeability value, (k).
Through this model, the experimental stress relaxation curve was iter-
atively used in a parameter optimisation process to determine the best fit
curve thereby eliciting values for Hy and k (SI Fig. S2). By using a
Poisson’s ratio of zero, given that in confined compression the lateral
stresses are negligible, under small strains the derived Young’s modulus
was equal to the aggregate modulus. All tests were performed in tripli-
cates and at room temperature.

2.4.2. Uniaxial tensile tests

Tensile tests were performed using an Instron Electropuls™ (E10000
Linear-Torsion All-Electric Dynamic Test Instrument, UK) equipped with
a1 kN load cell. Moulded and 3D-printed dog-bone shaped (ASTM Type
IV) hydrogel specimens were subjected to stretch to failure tests at a
crosshead speed of 1 mm/min to assess the ultimate tensile strength
(UTS), elastic modulus (E), and elongation at break. Specimen rupture
beyond the gauge area was considered as a null test. Tests were per-
formed in air at room temperature with 5 samples for each hydrogel
formulation.

2.4.3. Rheological analysis
Rheological measurements on moulded and 3D-printed hydrogel

disc samples (20 mm diameter, 2 mm thickness) were performed using a
rotational rheometer (Netzsch Kinexus Pro+, Germany) fitted with
parallel plate geometry (20 mm indenter diameter). To ensure contact
between the indenter and the sample, a normal force of 1 N was
employed. In order to determine the linear viscoelastic region (LVER) —
the region where stress and strain are independent of each other —
amplitude sweeps (n = 3) were first performed at shear stresses ranging
from 0.01 Pa to 500 Pa at a fixed frequency of 1 Hz. From these tests, a
shear strain within the LVER (0.01%) was then selected to perform
oscillatory frequency sweeps (n = 5) at a frequency range from 0.1 Hz to
10 Hz. All tests were performed in replicates at room temperature.

2.4.4. Tubular structure characterisation

Tubular structures of different internal diameters and wall thick-
nesses were fabricated both via casting and 3D-printing. The structures
were analysed visually, and mechanically characterised by uniaxial
compression tests. For the latter, the 3D-printed samples were placed
horizontally between two flat plates and compressed to a 50%
displacement with respect to their original outer diameter using the
Instron Electropuls™ (E10000 Linear-Torsion All-Electric Dynamic Test
Instrument, UK).

2.5. Statistical analysis

Experimental results are presented as the mean + one standard de-
viation (s.d.). All graphs were generated using OriginPro 2020 software
and statistical analyses were performed via Minitab 20.0 statistical
software. The mechanical properties of different hydrogel formulations
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were compared using one-way ANOVA followed by Tukey’s post-hoc
analysis, unless otherwise specified. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Mechanical characterisation

Confined compression tests on single-network, CaCO3:GDL-cross-
linked alginate, and CaCOs3:GDL- or BaCly-crosslinked AL:PE IPN
revealed that all hydrogel formulations exhibited a classic stress relax-
ation response (Fig. 3A). This is characterised by well-defined ramp,
peak, and hold phases. As expected, the single-network alginate
hydrogel exhibited significantly lower peak stress (1.33 + 0.10 kPa)
when compared to the AL:PE IPN hydrogels (16.67 + 6.56 kPa and 9.65
+ 2.15 kPa for AL:PE:CG and AL:PE:B, respectively). An almost 6-times
increase in Hy was observed between single-network alginate and the
IPN hydrogels (Fig. 3B). Conversely, k decreased upon IPN formation
(Fig. 3C). When comparing both IPN hydrogel samples, no significant
differences in Hy were observed between the CaCO3:GDL and BaCl,
crosslinkers (Fig. 3B).

Uniaxial tensile stretch to failure tests showed a significant increase
in both ultimate tensile strength (UTS) (Fig. 3E) and elastic modulus
(Fig. 3F) upon IPN formation, however at the expense of elongation at
break (Fig. 3D). The choice of the alginate crosslinking agent was
observed to play a significant role in the elastic properties of the AL:PE
IPN hydrogels, with BaCl; crosslinking producing double the UTS and
elongation at break than the CaCO3:GDL crosslinked IPN. From these
results BaCl, was taken forward as the most suitable crosslinking agent
for further mechanical analyses and 3D-printing of AL:PE IPN hydrogels.
Interestingly, the latter resulted in no significant differences in elastic
properties when compared with the moulded AL:PE IPN hydrogels.
However, during the 3D-printing optimisation process, the addition of a
photoblocker, tartrazine, to improve 3D-printing accuracy was found to
influence the mechanical properties (SI Fig. S10). Following this anal-
ysis, the photoblocker concentration that resulted in optimal 3D-print-
ing resolution i.e., the closest geometry to the CAD model (SI Table 6),
whilst maintaining the desired mechanical properties, was identified to
be 0.03% (w/v).

The viscoelastic properties of AL:CG, AL:PE:B (moulded), and AL:
PE:3DP revealed that for AL:PE IPN hydrogels the LVER extends beyond
100 Pa (Fig. 3G) whereas for the single-network alginate a decrease in
storage modulus (G') and an increase in loss modulus (G") was observed
(intersecting at a shear stress of 70 Pa). In both amplitude and frequency
sweeps (Fig. 3H), G’ is much larger than G’, indicating the predominance
of the elastic component in all the investigated samples. The 3D-printed
hydrogels exhibited the highest G/, followed by the moulded IPN
hydrogel and the single-network alginate. A slight increase in G’ was
observed with increasing frequencies, albeit not significant.

3.2. Physical characterisation

3.2.1. Stability of the hydrogels in physiological environments

Fluid uptake and degradation were studied to evaluate the hydro-
gels’ behaviour in physiologically-relevant conditions. Fig. 4A shows
that upon IPN formation, the hydrogel’s water uptake is significantly
less than in the single-network alginate. The latter exhibits a sudden
increase in liquid uptake after the first 2 h and continues to swell
throughout the rest of the incubation period. In contrast, AL:PE:B rea-
ches an equilibrium state within 2 h of incubation. Similarly, Fig. 4B
reveals that AL:CG exhibits greater weight loss than AL:PE:B, especially
during the first 72 h of incubation.

3.2.2. Morphological analysis
Examination of the hydrogel’s microstructure via SEM imaging
provides insight into the role of the hydrogel’s porosity in liquid uptake
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kinetics and its degradation behaviour. Single-network alginate exhibi-
ted a high degree of porosity accompanied by a large pore size both at
the surface (Fig. 5A) and cross-section (Fig. 5B). The formation of an IPN
and high PEGDA monomer concentrations (27% (w/v)) used in this
study resulted in a densely crosslinked hydrogel with smaller pores,
which are barely visible on the surface of AL:PE:B and AL:PE:3DP sur-
face (Fig. 5C-E) while small diameter pores can be observed in the cross-
sectional images (Fig. 5D-F). For the 3D-printed hydrogels, the freeze-
drying process resulted in a slight separation of the 3D-printed layers,
which can be observed in Fig. 5F.

3.3. Fabrication and characterisation of anatomically relevant tubular
structures for aortic graft applications

Tubular structures (18 mm outer diameter; 2 mm wall thickness)
were fabricated using an agarose sacrificial mould method (Fig. 6A), and
SLA 3D-printing (Fig. 6B) with close accuracy to the CAD model (SI
Table 6). Given that the moulding technique relied on the use of poly-
propylene syringes (as described in Fig. 2A), the range of tubular di-
mensions fabricated was limited. In contrast, by exploiting 3D-printing,
conduit design could be controlled via the CAD software, and in fact,
tubular structures of various wall thicknesses and inner diameters were
successfully fabricated (SI Fig. S11 and Fig. S12) in a cost- and time-
efficient manner. To evaluate radial load capacity, the 3D-printed con-
duits (outer diameter: 18.34 4+ 0.01 mm, wall thickness: 2.08 £ 0.02
mm) were compressed to approximately 50% of their original outer
diameter. Different stages of the compression process of the 3D-printed
vessels are shown in Fig. 6C. Two out of three 3D-printed tubular sam-
ples exhibited signs of shape recovery upon load removal, and one
sample failed at a diameter reduction ratio of 0.446 (Fig. 6D).

Following successful identification of the hydrogel formulation
providing elastic properties within the range of aortic tissue, its ability to
replicate human aortic anatomy was demonstrated. To do so, small
sections of the abdominal aorta including the branching into the renal
arteries (Fig. 7B-E) and the bifurcation into the iliac arteries (Fig. 7F-I)
were 3D-printed. Fig. 7 shows that the 3D-printed structures provide
precise replicas of these anatomical regions.

4. Discussion

Vascular graft-related complications, stemming from discrepancies
in the elastomechanical properties and structural incompatibilities to
the native aorta, remain a persistent challenge in vascular surgery and
have yet to be properly addressed. Therefore, the aim of this work was to
develop synthetic, large-diameter tubular conduits as potential
replacement for existing aortic Dacron® grafts. The conduits were
designed to mimic: (1) the biomechanical behaviour, and (2) anatomical
geometry of the native human aorta. To achieve this, a hydrogel-based
graft material which is also compatible with light-based 3D-printing
was explored, since this method has demonstrated promising results
for the production of micron-sized, artificial vascular networks (Gri-
goryan et al., 2019; Domingo-Roca et al., 2022; Ma et al., 2022), but has
yet to be explored for larger diameter blood vessels, such as the aorta.

Sodium alginate was selected as one of the primary monomers of the
hydrogel given its ease of gel-forming ability, biocompatibility, and
structural similarities to the ECM (Lee and Mooney, 2012), that render it
suitable for vascular tissue engineering applications (Ghanizadeh Tabriz
et al., 2015, 2017; Antunes et al., 2021). However, as shown in Fig. 3,
single-network, ionically crosslinked alginate hydrogels (AL:CG) exhibit
weaker mechanical properties when compared to native tissue, limiting
their use in load-bearing applications (Ji et al., 2022). This may be
attributed to the high-water content of such hydrogels (approximately
97% for the AL:CG) and their large porous microstructure (Fig. 5A and
B) that contribute to low strength and stiffness values (23.98 + 7.85 kPa,
and 41.94 + 5.20 kPa, respectively (Fig. 3E and F)). To enhance the
mechanical properties of alginate hydrogels, an ICE IPN was developed
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Fig. 3. Mechanical behaviour of single network ionically crosslinked alginate (AL:CG), and alginate:PEGDA IPN (moulded (AL:PE:B) and 3D-printed (AL:PE:3DP)).
(A) Confined compression experimental mean stress relaxation curves, (B) aggregate modulus (Ha), and (C) hydraulic permeability (k) properties derived from the
biphasic poroviscoelastic model (n = 3 =+ s.d.). (D) Elongation at break, (E) ultimate tensile strength (UTS), and (F) elastic modulus from uniaxial tensile stretch to
failure tests (n = 5 + s.d.). (G) Storage modulus (G) versus shear stress, and (H) storage modulus versus frequency, (I) loss modulus (G") versus shear stress, and (J)
loss modulus versus frequency, from amplitude and frequency sweeps rheological measurements (axes are in logarithmic scale). Statistical significance was measured
via one-way ANOVA with Tukey post-hoc analysis and represented graphically by *p < 0.05, **p < 0.01, and ***p < 0.001.
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by introducing PEGDA to the alginate. The advantages of developing
IPN hydrogels have been documented in several investigations (Sun
et al., 2012; Xu et al., 2019; Chimene et al., 2020), including the com-
bination of alginate:PEGDA IPN hydrogels (Hong et al., 2015; Cristovao
et al., 2019; Zhang et al., 2021). Such studies have mostly relied on
conventional calcium-based crosslinkers (CaCl, or CaSO4) to induce
alginate gelation, high molecular weight (MW) PEGDA (greater than
1000 Da), and fabrication methods involving either casting or
extrusion-based 3D-printing. In this study, an alternative AL:PE IPN
hydrogel fabrication strategy is proposed by introducing a barium-based
alginate crosslinker (BaCly), a lower molecular weight PEGDA (700 Da),
whilst exploiting an inexpensive, commercially-available SLA 3D
printer.

An IPN comprising alginate and PEGDA has been demonstrated to
achieve mechanically tough yet highly stretchable hydrogels owing to:
(1) the covalent crosslinking of PEGDA, which allows for a high degree
of elasticity even under large deformations, and (2) the ionic cross-
linking of the alginate via divalent cations, which provides energy
dissipation during the breaking and reforming of the physical crosslinks
(Sunetal., 2012; Hong et al., 2015). The results reported here via stretch
to failure tensile tests, demonstrated a significant increase in strength
and stiffness of IPNs when compared with single-network alginate
hydrogels (Fig. 3E and F), however at the expense of elongation at break
(between 20% and 30% as opposed to 50% of AL:CG (Fig. 3D)). The
elasticity of PEGDA is highly dependent on its molecular weight (MW)
and weight concentration, but also on other factors such as photo-
initiator concentration, UV or light exposure time and intensity. Studies
have reported that the higher the MW of PEGDA, the longer the
monomer chain, and therefore the lower the crosslinking density,
resulting in less stiff (lower elastic modulus) and more extensible
hydrogels (Zhang et al., 2011; Hong et al., 2015). Therefore, the elon-
gation of the AL:PE IPN hydrogel reported in the present work (24.4 +
4.33% and 18.02 + 2.41% for the moulded and 3D-printed, respec-
tively) is to be expected considering the high concentration of PEGDA
within the IPN (27% w/v) and its MW (700 Da). Similar studies have
reported elongation values over 100% for PEGDA MWs ranging from
6000 to 20000 Da (Hong et al., 2015; Zhang et al., 2021). In addition to
the work presented here, the effect of different PEGDA molecular
weights (Mn 575 and Mn 10000) on the AL:PE IPN hydrogel was also
investigated (SI Fig. S4-5S6). By introducing a small amount of high MW
PEGDA (Mn 10000), an increase in extensibility was observed, yet both
strength and stiffness exhibited a decrease (SI Fig. S6), and therefore this
hydrogel formulation was not taken forward for further investigation.
Despite the elongation obtained in this work not being comparable with

that reported in other AL:PE IPN studies, herein the moulded IPN
comprising PEGDA with a MW of 700 Da and a concentration of 27%
(w/v) resulted in extensibility close to that reported in the literature for
the aorta (AL:PE:B: 24.4 4+ 4.33% versus 29.0 + 4.0% for the human
abdominal aorta (Vallabhaneni et al., 2004)).

Furthermore, in this study a barium-based alginate crosslinker was
investigated instead of the conventional and widely explored calcium
crosslinkers (Kuo and Ma, 2001; Growney Kalaf et al., 2016). The use of
barium-based crosslinkers has been shown to improve both the me-
chanical properties, and the stability of calcium crosslinked alginate
hydrogels in physiological conditions when used as a secondary cross-
linker (Ghanizadeh Tabriz et al., 2015; Antunes et al., 2021). This
happens because Ba?" ions have a greater affinity to alginate and a
larger ionic radius than Ca?* ions, which form tighter crosslinks and,
thus, stronger ionic bonds (Mgrch et al., 2006; Jejurikar et al., 2011).
Here, this hypothesis is evident in the tensile test results (Fig. 3D-F),
where AL:PE:B resulted in the highest strength and stiffness values (0.39
+ 0.05 MPa and 1.61 + 0.19 MPa, respectively), almost double than AL:
PE:CG. When investigating the mechanical properties of single-network
alginate, it was difficult to obtain uniformly crosslinked, well-defined
samples via BaCl, owing to its instantaneous gelling mechanism (SI
Fig. S1). Therefore, since hydrogel shape uniformity is essential for ac-
curate material characterisation measurements, single-network alginate
hydrogels were fabricated using an internal, slow gelling calcium-based
crosslinker (CaCO3:GDL). In this case, alginate hydrogel uniformity is
obtained due to the low solubility of CaCOs in water which requires the
addition of GDL as a catalyst to activate the release of calcium ions in a
controlled manner (Kuo and Ma, 2001, 2008).

A limitation associated with the use of ionically crosslinked alginate
hydrogels is poor long-term stability due to the exchange of divalent
cations with sodium ions present in the surrounding physiological media
(Lee and Mooney, 2012; Krishnamoorthy et al., 2019). In the present
study, this could be observed by the degradation behaviour of the AL:CG
single-networked hydrogels (Fig. 4B) where an increase in weight loss
could be observed during the first 72 h of incubation suggesting ion
exchange accompanied by the decrosslinking and dissolution of the
alginate matrix (Antunes et al., 2021). Interestingly, this was followed
by a decrease in weight loss after 1 week of incubation, which might be
attributed to re-crosslinking of the alginate due to the presence of the
additional Ca®* ions (1.8 mM CaCl,) in the incubation media, contrib-
uting to an overall weight gain of the alginate hydrogel (Kuo and Ma,
2008). The incubation behaviour of the AL:PE:B involving a significantly
lower water uptake (Fig. 4A) and weight loss (Fig. 4B) in comparison
with the single-networked AL:CG hydrogels is also consistent with the
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Fig. 5. SEM images of freeze-dried hydrogel samples: surface (A,C,E) and cross-sectional (B,D,F) micrographs of AL:CG (A, B), AL:PE:B (C,D) and AL:PE:3DP (E,F),

respectively.

higher monomer content (approximately 30 %(w/v) as opposed to the 3
%(w/v) alginate) and crosslinking density present in the IPN system
developed. Therefore, it is hypothesized that the lack of swelling and
weight loss exhibited by the IPN hydrogel could potentially contribute to
minimal changes in the material’s mechanical properties if this were to
be implanted in vivo. To validate this, a short incubation study was
conducted to investigate the mechanical behaviour via uniaxial tensile
stretch to failure tests of the AL:CG and AL:PE:B hydrogels following 24
h and 72 h immersion in Ca-PBS at 37 °C (SI Fig. S7). Indeed, the AL:PE:B
hydrogels exhibited a decrease in elastic properties when compared to
the as-prepared hydrogels (0 h), however this was only significant in the
UTS. Given that this evaluation involved timepoints at such early stages
in the incubation period, hydrogel swelling was potentially a contrib-
uting factor to this weaker strength behaviour. It is important to note

that this is a very simplistic and short in vitro incubation study, and there
are other factors that could affect the long-term mechanical properties of
this hydrogel formulation as an aortic graft material, including the dif-
ference between the fabrication methods (since the incubation study
was performed on moulded samples and not 3D-printed ones), the
cellular-biomaterial interaction, hemocompatibility, and blood flow.
The precise impact of such factors will require further investigation. The
limited water uptake of the IPN hydrogel may also be attributed to the
smaller pore size when compared to the single-network alginate as
demonstrated by the SEM images in Fig. 5. The increase in crosslinking
density upon IPN formation was also evident in the reduction of hy-
draulic permeability obtained by confined compression stress relaxation
FEBio analysis, indicating more resistance to fluid flow (Fig. 3C).
Overall, the AL:PE IPN hydrogel (with PEGDA of Mn 700 Da and
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Fig. 6. Tubular structure fabrication via (A) casting using an agarose sacrificial mould, and (B) SLA 3D-printing. (C) Visual representation of 3D-printed tubular
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BaCl; as the alginate crosslinker) exhibited the closest elastic mechan-
ical properties (AL:PE:B strength: 0.39 + 0.05 MPa, stiffness: 1.61 +
0.19 MPa, and elongation at break: 24.4 + 4.33%) to the human aorta
(elongation at break: 29.0 + 4.0%, UTS: 0.61 + 0.07 MPa, elastic
modulus: 1.82 + 0.10 MPa for the human abdominal aorta in the
circumferential direction (Vallabhaneni et al., 2004; Teng et al., 2015).
These values still show that further optimisation is required especially
due to the differences between elongation and strength. Yet, the pro-
posed hydrogel formulation still provides closer elastic properties to the
native human aorta than the clinical state-of-the-art Dacron® material,
where stiffness values for the latter were measured to be approximately
10 MPa at physiological pressures and 40 MPa at material rupture (SI
Fig. S3), consistent with values reported in the literature (Michael Lee
and J. Wilson, 1986; Bustos et al., 2016). Overall, matching mechanical
data to soft tissue in the literature is complex owing to different vari-
ables that affect these measurements, including testing conditions such
as crosshead speed or strain rate, temperature, hydration state (dry/wet
testing); specimen dimensions, shape (rectangular/dog-bone/tubular),
and orientation (longitudinal/circumferential), amongst several other
factors. For this reason, the hydrogel specimen gauge length (25 mm)
and crosshead speed (1 mm/min) were selected to closely match those
use in the aortic tissue investigation of Vallabhaneni et al. (2004). For
future investigations, in-house characterisation of aortic tissue using the
same testing parameters and conditions would be ideal.

Another key feature in aortic biomechanics is the preservation of the
Windkessel effect (i.e., the dampening of pulsatile blood flow as it
emerges from the heart’s left ventricle to a nearly continuous distal flow)
which is fundamental for blood pressure regulation and perfusion to
major organs (Huang et al., 2019; Amabili et al., 2020), and this is

possible due to the viscoelastic behaviour of the aorta. Hence, an ideal
aortic graft must also exhibit similar viscoelastic properties to native
aortic tissue. Several characterisation methods have been implemented
to assess viscoelasticity of hydrogels, most commonly via stress relaxa-
tion tests and rheological assessments. In this work, stress relaxation was
carried out in a confined compression set-up. It is important to note that
compression tests are not ideal when evaluating the mechanical prop-
erties of a material for vascular graft applications given that blood
vessels are in a state of tension under physiological loads (Krishna-
moorthy et al., 2019; Camasao and Mantovani, 2021). However, the
small amount of material required for compression tests was useful in
identifying the most promising hydrogel formulations prior to further
mechanical analyses. Also, this testing method in combination with the
FEBio model enabled the determination of several parameters that
cannot be directly elicited from the experimental stress-time curve (i.e.,
Hp and k). In determining values of Hp and k from the numerical model,
these parameters were best-fitted in the muti-dimensional space,
alongside other parameters. Whilst the coefficient of determination (R?)
measurements revealed very good fits (SI Table 3 and SI Table 4), there
is always the possibility in such scenarios that alternative parameter sets
would fit the data equally or better. The typical stress relaxation
behaviour was observed in both the single-network alginate and the AL:
PE IPN hydrogels (Fig. 3A). Rheological analysis revealed
frequency-dependent behaviour of all hydrogel samples (Fig. 3H), a
characteristic of healthy arterial tissue (Zhijie et al., 2016). This was
observed in the frequency sweep measurements presented in Fig. 3H,
with G’ increasing with frequency for all three hydrogel samples. It is
important to note that typically, storage and loss moduli for aortic tissue
are measured using dynamic mechanical analysis (E' and E’,
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C

Fig. 7. 3D-printing of an anatomically relevant aortic structure. (A) Open-source human abdominal aorta model (The Biomedical 3D printing community,
Embodi3D, 2023) with target model segments marked in dashed boxes. (B) Top and (C) side view of the aortic segment target model that branches into the renal
arteries. (D) Top and (E) side view of the 3D-printed branched vessel using AL:PE hydrogel IPN with 0.03% (w/v) photoblocker. (F) Top and (G) side view of the
aortic bifurcation target model. (H) and (I) Top side view of the 3D-printed aortic bifurcation using AL:PE hydrogel IPN with 0.03% (w/v) photoblocker.

respectively) where the specimen is subjected to sinusoidal load oscil-
lations in a tensile setup rather than subjected to a shear load. However,
shear behaviour of arterial substitutes is still an important parameter
given that in vivo the lumen experiences shear stresses arising from blood
flow. In this work, the amplitude sweeps conducted at shear stresses
ranging from 0.01 Pa to 100 Pa showed that the AL:PE IPN hydrogel
formulation (both moulded and 3D-printed) are stable up to 100 Pa with
no evidence of polymer network breakdown, and thus are able to sustain
shear stresses higher than the wall shear stress typically observed in the
healthy human aorta (1 Pa and 2.5 Pa in the aortic arch and descending
aortic regions (Callaghan and Grieve, 2018)).

In terms of printability, the use of AL:PE IPN as a resin for vat pho-
topolymerisation 3D-printing has not, to the authors’ knowledge, yet
been reported. In this work, the resin was calibrated and optimised for
3D-printing by varying the photoblocker concentration, which directly
controls light penetration depth through the liquid resin and prevents
light scattering (Seo et al., 2017; Benjamin et al., 2019; Hisham et al.,
2022; Asciak et al., 2023). Hence, an optimised concentration of pho-
toblocker ensures that no overcuring takes place and that there is suf-
ficient bonding between layers, thus maintaining the geometrical and
morphological accuracy of the designed target model. In this work,
0.03% (w/v) tartrazine resulted in a significantly lower elongation at
break when compared with moulded samples (SI Fig. S10 (A)).
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However, given that no significant changes in strength (SI Fig. S10 (B))
and stiffness (SI Fig. S10 (C)) were observed, and due to its close
geometrical representation to the CAD model (SI Table 5), this was
identified as the optimal photoblocker concentration and used in all
hydrogel formulations for 3D-printing. Through SLA 3D-printing,
self-standing tubular structures with geometries similar to the native
human aorta and lengths up to 30 mm were successfully fabricated with
printing times ranging between 45 and 60 min (depending on the ge-
ometry) without the need for sacrificial cylindrical moulds, followed by
crosslinking of the alginate in a bath of BaCl,. Additionally, since SLA
does not require the use of an extruder, resin viscosity limitations are
minimal which, in turn, enhances the choice of resins that can be used,
even if low viscosity resins (<5 Pa s) have been shown to facilitate the
3D-printing process (Mondschein et al., 2017; Ni et al., 2018; Gonzalez
etal., 2020). Hong et al. (2015) investigated the printability of alginate:
PEGDA IPNs using an extrusion 3D printer, which required the addition
of nanoclay (Laponite) to enhance the viscosity of the pre-gel solution
and its shear thinning properties. In this work, this was not necessary,
since the viscosity of the resin was less than 1 Pa s (SI Fig. S8), and
therefore no additional components (apart from those detailed in
Table 1) were added to the resin. Thus, another promising aspect of
exploiting this method in tissue engineering is the fact that it allows for
the incorporation of biological components within the resin, such as
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cells, without the shear stress-induced damages typically associated
with nozzle-based printing (Boularaoui et al., 2020).

Moreover, tensile testing showed no significant differences between
the stiffness of moulded and 3D-printed AL:PE IPN hydrogels. However,
the 3D-printed AL:PE IPN hydrogels exhibited a lower elongation at
break (18.02 + 2.41%) and UTS (0.34 + 0.05 MPa) when compared
with their moulded counterparts (24.4 + 4.33% and 0.39 + 0.05 MPa,
respectively). This might be attributed to the 3D-printing fabrication
process which involves the build-up of the structure in a layer-by-layer
fashion which might potentially contribute to structural imperfections
(Burke et al., 2020). Additionally, during tensile testing the layered
nature of the 3D-printed hydrogel might have contributed to inter-layer
shear, acting as a weak point of the structure, thereby facilitating
rupture, and weakening the overall strength of the material. Part
orientation in SLA 3D-printing has also been found to have a great
impact on the mechanical behaviour of the final part (Unkovskiy et al.,
2018; Saini et al., 2020; Farkas et al., 2023). In this work, dog-bone
samples for tensile testing were printed parallel to the build platform
and therefore, when subjected to tensile testing the load was exerted
along the layers. Modifications to part orientation, such as printing
perpendicularly or at a 45-degree angle to the build platform with
supporting structures, would likely result in variations in the AL:PE IPN
hydrogel’s mechanical behaviour. However, this requires further
investigation. Additionally, another factor that might have influenced
this decrease in elastic properties, is the higher exposure times used
when printing the first few layers of the sample to ensure adhesion to the
build plate (30s first layer exposure time versus 16 s exposure time for
the rest of the layers), contributing to a crosslinking gradient along the
z-axis, as opposed to the bulk crosslinking that occurs during moulding.

The load capability of the tubular conduits was investigated via
compression between two plates to elicit radial strength measurements
(Mi et al.,, 2019; Zhou et al., 2019; Emechebe et al., 2020). Upon
compression, the 3D-printed conduits showed excellent compression
resistance reaching a maximum load of approximately 3N (Fig. 6D).
Interestingly, upon load removal, most of the constructs (two out of
three) returned to their original shape, thereby indicating that the
changes in formulation, especially the use of a low MW PEGDA
compared to similar investigations, still resulted in a robust and tough
hydrogel. The failure of sample 3 might have originated from structural
defects of the tubular wall either during the 3D-printing process or
whilst handling the sample post-printing, however confirmation of this
requires further investigation, potentially using a greater sample num-
ber. However, given the limited number of samples this requires further
investigation. Here, an introductory evaluation into the mechanical
behaviour of the 3D-printed tubular conduits is presented, but further
studies (e.g., fatigue and durability analysis, radial load evaluation in
tension, anisotropy evaluation, suture retention strength, burst pressure,
and compliance analysis) and the effect of storage and aging, are
required to assess the suitability of this material and manufacturing
method for the production of aortic graft substitutes. Moreover, given
that both the alginate and PEGDA monomers are known for their lack of
cell binding moieties, ongoing work is currently investigating the bio-
functionalization of this hydrogel formulation to improve cell adhesion,
and thus promote endothelialisation. Nonetheless, this work provides a
promising step forward for the development of mechanically relevant,
patient-specific aortic grafts, particularly through the ability of this
fabrication method to be able to also produce complex structures
(branching and bifurcations (Fig. 7)) at high precision and rapid fabri-
cation times.

5. Concluding remarks

Synthetic vascular grafts play a crucial role in the treatment of CVD.
In particular, Dacron® grafts have proved to be lifesaving in the surgical
treatment of aortic aneurysms. However, the recurrence of graft-related
complications and their impact on cardiovascular homeostasis raises the
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question of their long-term suitability both for the patient’s health and
from an economical perspective. Here, the use of an alginate:PEGDA IPN
hydrogel was introduced to potentially replace existing vascular graft
materials. Mechanical characterisation of this hydrogel formulation
demonstrated some similarity in elastic properties to those reported in
the literature for the human aorta. Furthermore, by exploring two
different fabrication methods, moulding and SLA 3D-printing, the latter
was identified as a suitable manufacturing technique that not only
preserves the mechanical properties of the material but also allows the
faithful replication of the aorta’s anatomy. Overall, albeit preliminary,
this approach shows great potential towards the contribution to future
fabrication of patient-specific, biomechanically-relevant vascular grafts.
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