THE UNIVERSITY of EDINBURGH

Edinburgh Research Explorer

A vertical additive-lathe printing system for the fabrication of
tubular constructs using gelatin methacryloyl hydrogel

Citation for published version:

Fazal, F, Melchels, FPW, McCormack, A, Silva, AF, Callanan, A, Koutsos, V & Radacsi, N 2023, 'A vertical
additive-lathe printing system for the fabrication of tubular constructs using gelatin methacryloyl hydrogel’,
Journal of the mechanical behavior of biomedical materials, vol. 139, 105665, pp. 1-9.
https://doi.org/10.1016/j.jmbbm.2023.105665

Digital Object Identifier (DOI):
10.1016/j.jmbbm.2023.105665

Link:
Link to publication record in Edinburgh Research Explorer

Document Version_:
Peer reviewed version

Published In:
Journal of the mechanical behavior of biomedical materials

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN () ACCESS

Download date: 10. Feb. 2023


https://doi.org/10.1016/j.jmbbm.2023.105665
https://doi.org/10.1016/j.jmbbm.2023.105665
https://www.research.ed.ac.uk/en/publications/47d64e59-0051-44b5-b960-09f50ccebac8

REVISED Manuscript (text UNmarked- Editable format) Click here to view linked References %

A vertical additive-lathe printing system for the fabrication of tubular constructs
using gelatin methacryloyl hydrogel

Faraz Fazal'?, Ferry P.W. Melchels?, Andrew McCormack?, Andreia F. Silva®, Anthony Callanan®,
Vasileios Koutsos?, and Norbert Radacsi®"

1School of Engineering, Institute for Materials and Processes, The University of Edinburgh, Robert
Stevenson Road, EH9 3FB Edinburgh, United Kingdom

2 Department of Mechanical Engineering, University of Engineering and Technology, Lahore, (New
Campus) Pakistan

3 School of Engineering and Physical Sciences, Institute of Biological Chemistry, Biophysics and
Bioengineering, Heriot-Watt University, EH14 4AS Edinburgh, United Kingdom

4 Edinburgh Complex Fluids Partnership (ECFP), SUPA and School of Physics & Astronomy, The
University of Edinburgh, Peter Guthrie Tait Road, EH9 3FD Edinburgh, United Kingdom

> School of Engineering, Institute for Bioengineering, The University of Edinburgh, The King’s
Buildings, EH9 3JL Edinburgh, United Kingdom

* Corresponding author email address: n.radacsi@ed.ac.uk

Abstract:

Reproducing both the mechanical and biological performance of native blood vessels remains an
ongoing challenge in vascular tissue engineering. Additive-lathe printing offers an attractive method
of fabricating long tubular constructs as a potential vascular graft for the treatment of cardiovascular
diseases. Printing hydrogels onto rotating horizontal mandrels often leads to sagging, resulting in
poor and variable mechanical properties. In this study, an additive-lathe printing system with a
vertical mandrel to fabricate tubular constructs is presented. Various concentrations of gelatin
methacryloyl (gelMA) hydrogel were used to print grafts on the rotating mandrel in a helical pattern.
The printing parameters were selected to achieve the bonding of consecutive gelMA filaments to
improve the quality of the printed graft. The hydrogel filaments were fused properly under the
action of gravity on the vertical mandrel. Thus, the vertical additive-lathe printing system was used
to print uniform wall thickness grafts, eliminating the hydrogel sagging problem. Tensile testing
performed in both circumferential and longitudinal direction revealed that the anisotropic
properties of printed gelMA constructs were similar to those observed in the native blood vessels. In
addition, no leakage was detected through the walls of the gelMA grafts during burst pressure
measurement. Therefore, the current printing setup could be utilized to print vascular grafts for the
treatment of cardiovascular diseases.
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1 Introduction

Cardiovascular diseases, such as coronary heart disease, aortic disease, and peripheral artery disease
are the primary causes of death globally [1]. The annual number of deaths due to cardiovascular
diseases are predicted to reach 23 million by 2030 [2]. Bypass surgeries are performed to treat these
cardiovascular diseases, in which a vascular conduit is used to bypass the blocked or damaged arteries



[3]. The use of autologous grafts, such as a saphenous vein or radial artery, remains the gold standard
[4]. However, 50% of the patients lack a suitable and good quality vessel that can be used in bypass
surgeries [5]. Moreover, the venous grafts show limited patency and failure rates of 50% are observed
at ten years [6]. Grafts made from synthetic materials, such as Dacron, perform well when they are
used for the replacement of large conduits (>6 mm) [7]. However, for small diameter vessels, these
synthetic grafts fail due to intimal hyperplasia, infection, and thrombosis [8].

Tissue engineering techniques provide an alternative approach to fabricate vascular grafts [9]. Over
the last two decades, several tissue engineering approaches have been developed such as molding
methods [10-12], scaffold-based techniques [13—15], decellularization-based processing [16,17], and
cell-sheet engineering [18,19]. Although these methods are useful for the development of a tubular
vascular construct, there are several limitations associated with these techniques. Molding methods
require several molds for different desired dimensions and are unable to fabricate vascular grafts with
a layered structure to mimic the tunica intima, tunica media, and tunica externa, as found in the
natural blood vessels [20]. The scaffold-based techniques have a long processing time and poor micro-
architectural control [21]. Decellularization-based processing generally involves a high cost and can
result in immune rejection, whereas cell-sheet engineering requires the use of many cell sheets which
are cultured for a long time to get a vascular graft [17,22].

3D bioprinting is an emerging technology that has already attracted great attention due to its potential
in the field of regenerative medicine [23]. Extrusion bioprinting [24-28], ink-jet bioprinting [29-33],
laser-based bioprinting method [34,35], and stereolithography [36—38] are common modalities which
have been utilized for vascular tissue engineering applications [39]. Extrusion-based bioprinting is the
most widely used method [40]. In extrusion bioprinting, the printing can be done using bioinks with a
wide range of viscosities, from 0.03 to 6 x 10* Pa's [41]. Other advantages of the extrusion printing
process over other printing methods include low setup cost, good mechanical properties of printed
structures, and the capability to utilize multi-material printing heads [42—44]. In a direct extrusion
bioprinting method, bioink is extruded from the nozzle to build a tubular construct in a layer-by-layer
fashion [45]. To maintain the shape fidelity of a hollow-3D structure, the bioink should have sufficient
mechanical strength [46]. As one way to address this challenge, a layer-by-layer UV-assisted extrusion
bioprinting strategy was developed, in which the UV crosslinking was performed after printing a few
layers of bioink. This resulted in a high aspect ratio of tubular constructs [47]. In another study, a bi-
layered vascular construct was printed using a similar technique, in which cross-linking was done after
printing every four layers of gelMA-based bioink [48]. In both of these studies, a repeated cross-linking
strategy was utilized to increase the overall height of the printed construct but the maximum height
achieved was in the range of 20 mm. However, functional testing including leakage and burst pressure
testing were not performed in any of these studies.

To print longer vascular constructs, mandrel-based printing systems have been employed [49]. These
systems are also known as additive-lathe printing systems [50]. In these setups, the hydrogel is printed
around a rotating mandrel. After cross-linking, the tubular construct is removed from the rod [51,52].
In recent studies, gelatin-based hydrogels were used to print vascular grafts around a rotating mandrel
[20,53]. In all the related works, a horizontal mandrel was used to print a tubular construct, which
resulted in a sag on the bottom side of the printed graft due to gravity. This problem tends to get
worse for hydrogels with low viscosity, e.g. as a result of low polymer concentration. A huge variation
in the mechanical properties of grafts was observed due to the non-uniform wall thickness of the graft
[20]. Also, many studies demonstrating printing of blood vessels using hydrogels (either with or
without mandrel) do not report on burst pressure strength.



Here, we address this issue by presenting an additive-lathe printing system in which a vertical rather
than horizontal mandrel was used for the fabrication of tubular constructs. The main objective of this
study is to use the newly developed printing system to fabricate and test tubular constructs using
gelatin-methacryloyl (gelMA) hydrogel which has been widely used in the field of regenerative
medicine due to its good biological and physical characteristics [54]. We hypothesized that the gelMA
filaments would fuse with each other on the vertical mandrel under the action of gravity, thus
eliminating the sagging problem observed in grafts printed on the horizontal mandrel. This would
result in the printing of good quality constructs with uniform wall thickness.

2 Materials and methods
2.1 Synthesis of gelMA

Gelatin-methacryloyl (gelMA) was prepared by reaction of type A gelatin (300 Bloom, Sigma Aldrich)
derived from porcine skin tissue with methacrylic anhydride (Sigma Aldrich) for 1 hour at 50 °C. The
experimental procedure was based on a previously described protocol developed by Van den Bulcke
et al. [55]. Briefly, methacrylic anhydride was added dropwise to a 10% (w/v) solution of gelatin in
phosphate-buffered saline (Fisher BioReagents), under constant stirring. Methacrylic anhydride was
added at a ratio of 0.02 g per 1 g of gelatin. Before the addition of anhydride, the pH of the gelatin
solution was adjusted to pH 8, with the addition of 5M NaOH solution. Following the reaction,
centrifugation, decanting, and dialysis (cellulose membrane, cut-off 12 kDa) against distilled water
were performed to remove methacrylic acid and anhydride. The gelMA macromonomer solution was
pH-neutralised and then lyophilised and stored at -20 °C until use.

2.2 'H-NMR

The degree of functionalisation (DoF) of gelMA macromonomer was quantified using proton-nuclear
magnetic resonance spectroscopy (*H-NMR, Bruker AVIII 300MHz). Before the 'H-NMR experiment,
50 mg of either the gelMA macromonomer or the corresponding gelatin sample, were dissolved in 1
mL of deuterium oxide (D,0) at 37 °C. A sample of 0.8 mL of the gelMA or gelatin solution was used
for the 'H-NMR experiments. The DoF was calculated from Equation 1 below.

lysine methylene proton of GelMA (2.9 ppm)

DoF=1—( )><100% (1)

lysine methylene proton of gelatin (2.9 ppm)

2.3 Preparation of gelMA hydrogel

GelMA hydrogel was prepared by first dissolving 0.3% (w/v) lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) in PBS at 60 °C for 10 min. The freeze-dried gelMA was weighed
and added to the solution to achieve concentrations of 7.5%, 10%, and 12% (w/v) gelMA hydrogel.
The solutions were stirred on the hot plate for 2 hours at 60 °C. After stirring, the clear gelMA solutions
were kept in the water bath for 2 — 5 minutes at specific temperatures required for printing (Table 1).

2.4 The configuration of the vertical additive-lathe 3D printing system

A vertical additive-lathe 3D printing system was developed as described previously [56]. Briefly, this
printing system consists of a vertical mandrel mounted on a NEMA14 stepper motor and a printing
head assembly as shown in the Fig. 1a. The printing head assembly is tilted at an angle of 15° with
respect to the vertical axis to facilitate the printing process. The printer is controlled by an Arduino
mega 2560 and a Ramps 1.4 controller board. To print the tubular construct, the vertical mandrel was
rotated at 20 rev min. A pre-warmed gelMA hydrogel is loaded in a 1 mL syringe with a Luer lock. The
environment temperature was recorded as 19 — 21 °C during all printing runs. Typical printing time to
print one construct ranged from 2 to 5 minutes. The printing head moved in the z-axis direction while
dispensing the gelMA hydrogel onto the rotating mandrel in a helical pattern. The hydrogel was



extruded from an 18 G tapered tip (0.838 mm ID). The hydrogel extrusion flow rates ranged from 0.15
mL min? to 0.30 mL min™. After printing, the gelMA constructs were cross-linked using 10W 1P66
lamp (405 nm, 0.44 mW cm intensity at 2 cm distance) for 10 minutes.

2.5 Rheological testing

All the rheological testing was done on a Discovery Hybrid Rheometer 2.0 (TA Instruments, United
States). A 40 mm sandblasted parallel plate and a measuring gap of 300 um was used for all the test
runs. A solvent trap was used in all measurements to minimise evaporation. For all the gelMA
concentrations, an oscillatory strain sweep was performed to determine the linear viscoelastic (LVE)
region. The storage and loss modulus were determined using an angular frequency of 10 rad sec™ and
for a temperature range of 5 °C to 40 °C. Next, the viscosity of the gelMA hydrogel was measured
using a temperature ramp at a constant shear rate of 10 s from 40 °C to 5 °C at a cooling rate of 3
°C/min.

2.6 Mechanical testing

The tensile testing of 7.5%, 10%, and 12% gelMA tubular constructs, was done in the circumferential
and longitudinal directions on Instron 3367 universal testing machine (Instron, High Wycombe, UK)
using 50 N Load cell. All the gelMA samples were tested in a fully hydrated state. For circumferential
tensile testing, the ringlet samples (inner diameter of 4 mm, the thickness of 0.6 mm, and length of 8
mm) were cut using a scalpel. A set of specially designed clamps with two steel pins (1 mm diameter)
were used to stretch the ringlet samples in the circumferential direction at a constant crosshead speed
of 11 mm min?. Using the sample dimensions, the recorded load and displacement data was
converted to circumferential stress and strain. The corresponding Young’s modulus (E.) was calculated
from the slope of a linear region of stress-strain curves ranging from 0 to 10% strain. The
circumferential tensile strength of all the samples was also determined from the stress-strain curve as
the maximum value of stress until failure. The burst pressure was estimated using the following
formula (Barlow’s equation) [39,57],

Purst = 2t X CS/OD (2)

Where t is the wall thickness of the specimen, OD is the outer diameter, and CS is the circumferential
tensile strength.

For longitudinal tensile testing, the tubular specimen with an inner diameter of 4 mm, a thickness of
0.8 mm, and a length of 12 mm were stretched at a crosshead speed of 11 mm min? until failure.
Rough sandpaper was glued to the clamps to avoid slippage during tensile testing. The corresponding
Young’s modulus (E;) was determined at 10% strain. The anisotropic index was calculated using the
following formula,

| = E/E, (3)

Where E. and E; are the Young’s modulus values of the specimen when stretched in the circumferential
and longitudinal direction, respectively.

All measurements were performed in triplicate.
2.7 Burst pressure testing

The burst pressure testing was performed at room temperature on Instron 3367 universal testing
machine (Instron, High Wycombe, UK) [58]. The gelMA grafts were mounted on 8 G blunt stainless
steel needle tips (AD8SS-1/2, 4.03 mm OD) from both the ends, with one tip sealed to avoid any



leakage during testing. The other tip was attached to a water-filled 10 mL glass syringe, which was
mounted on the rig made from polymethyl methacrylate parts as shown in Fig. S2. The joint between
the graft and needle was made leak-proof using cable ties and yarn knots. All the tests were performed
with a constant crosshead speed of 25 mm min, which is equivalent to 4.2 mL min. The net force is
calculated by subtracting the friction force from the measured force. The friction force is measured by
recording the force on the water-filled syringe plunger without having any graft. The burst pressure is
calculated by dividing the maximum net force by the syringe plunger surface area (166.75 mm?).

2.8 Statistics

All the results are presented as mean * standard deviation. The wall thickness results were analysed
using two way ANOVA. A p < 0.05 was considered as statistically significant.

3 Results
3.1 GelMA synthesis confirmation and degree of functionalization

The modification of gelatin by reaction with methacrylic anhydride was confirmed using *H-NMR
spectroscopy. The spectra, including proton identification, is shown in Fig. S1. The amine group
conversion to methacrylamide was determined from the ratio of integrals of the peak around 2.9 ppm
corresponding to lysine and was found to be 41 + 2%. Additional peaks were observed around 5.5 ppm
representing the acrylic protons on the methacrylamide group. The residual signals of the gelMA
spectrum showed similar chemical shifts and intensities to those of the gelatin, indicating the primary
structure of the gelatin molecule was unaffected by the functionalisation procedure.

3.2 Fabrication of tubular constructs

A vertical additive lathe 3D printing system was made to print a tubular graft (Fig. 1a). A stainless steel
rod with an outer diameter of 4 mm was chosen. The gelMA grafts printed on this mandrel fall in the
category of small-diameter vascular grafts, as the inner diameter of the printed construct is less than
6 mm. To print a smooth construct on the rotating mandrel, the following formula was used to achieve
the synchronization between three linear velocities (V;, V., and V;) during printing, as shown in the Fig.
1b,

Ve=V,+V, (4)

Where V. is the linear velocity of hydrogel extrusion from nozzle tip, V; is the linear velocity of the
mandrel, and V; is the linear velocity of nozzle travelling in the z-axis. The nozzle velocity V, is
calculated by using the following formula,

V,=PxN (5)

Where P is the pitch of the hydrogel printing filament and N is the rotational speed of the mandrel. To
improve the printed construct quality, the vertical velocity of the nozzle is selected as 0.75 times the
linear velocity of the nozzle (0.75 x P x N). This resulted in the overlapping of consecutive hydrogel
filaments to improve the quality and subsequently the strength of the cross-linked tubular construct.
The comparison between the higher, normal, and reduced vertical velocity of the nozzle in the z-axis
is shown in the Fig. 1c, 1d, and 1e, respectively, whereas the actual construct printed with nozzle travel
velocity as 0.75 times the V; is shown in the Fig. 1f. After crosslinking, the printed graft was removed
from the mandrel (Fig. 1g). The printing parameters used on the vertical additive lathe 3D printing
setup are shown in the Table. 1. To demonstrate the versatility of this technique, a bi-layered tubular
construct was printed, as shown in the Fig. 1 (h-i). The wall thickness of the first and second layer of
this bi-layered construct was 0.53 + 0.02 mm and 0.86 + 0.04 mm, respectively. This multi-layered



printing feature of the current printing method can be utilized to mimic the layered architecture of
natural blood vessels.

Table 1. Printing parameters of vertical additive lathe 3D printing setup.

Printing parameter Value
Printing temperature of 7.5% gelMA | 22 °C
Printing temperature of 10% gelMA | 27 °C
Printing temperature of 12% gelMA | 31 °C
Mandrel temperature 19 °C
Mandrel RPMs 20 rev min?
Extruder motor RPMs 1.014 - 2.027 rev min?
Z-axis motor RPMs 1.573 rev min!
Flow rate of gelMA hydrogel 0.15-0.30 mL min™
gelMA hydrogel filament pitch 0.629 mm
Printing speed 12.580 mm min!

(d)

Printing
head

1mL

Vertical
mandrel

Figure 1. Vertical additive lathe 3D printing system, (a) Printing setup, (b) Velocity vector diagram to
achieve synchronized printing of gelMA tubular construct, (c) Schematic diagram of hydrogel
filament on the rotating mandrel printed with higher vertical velocity (equal to 1.25 times V), (d)
Schematic diagram of hydrogel filament on the rotating mandrel printed with normal vertical
velocity (equal to V), (e) Schematic diagram of hydrogel filament on the rotating mandrel printed
with reduced vertical velocity (equal to 0.75 times V), (f) Actual printed gelMA construct with nozzle



z-axis velocity equal to 0.75 times V,, (g) A full-length gelMA graft, (h) Printing of outer layer of
gelMA over the inner layer to fabricate a bi-layered construct, (i) A bi-layered vascular graft removed
from the mandrel.

The extruder motor RPMs were controlled to vary the hydrogel flow rate, and subsequently the wall
thickness of the printed construct. The wall thickness of the printed construct could be increased by
increasing the hydrogel flow rate through the nozzle, as shown in Fig. 2. The wall thickness at top,
middle, and bottom cross-sections of the grafts were found to be close to each other at a given
extrusion flow rate (Fig. 2b and 2c). Thus, the hydrogel adhered to the rotating mandrel properly and
there was no evidence of hydrogel flowing down the mandrel during printing.
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Figure 2. Wall thickness of the printed tubular construct as a function of hydrogel flow rate, (a) Top,
middle, and bottom sections of the graft at which the thickness is measured, (b) Top, middle and
bottom cross-sections of grafts at low, medium, and high extrusion flow rates of hydrogel (Scale bar:
2 mm), (c) Wall thickness assessment of grafts as a function of hydrogel extrusion flow rate (**, P <
0.001; NS, not significant).

3.3 Rheological testing

The rheological properties of all three gelMA concentrations (7.5%, 10%, and 12%) were evaluated.
The storage and loss modulus were determined as a function of temperature, as shown in the Fig. 3a.
The storage modulus (G’) shows the elastic component of the hydrogel, whereas the loss modulus
(G”) measures the viscous component. At higher temperatures, the loss modulus for all three
concentrations of gelMA is higher than the storage modulus. The temperature at which the storage
modulus intersects the loss modulus is referred to as a sol-gel transition temperature. The sol-gel
transition temperatures of 7.5%, 10%, and 12% gelMA were found to be 20.0 + 0.2 °C, 24.1 £ 0.2 °C,
and 25.5 + 0.2 °C, respectively. The printing temperatures of all hydrogels were slightly higher than
the respective sol-gel temperatures, which suggests that printing was done with the polymer showing
liquid-like behaviour closer to the sol-gel temperature. At these temperatures, the hydrogel filaments
were able to stick to the rotating vertical mandrel (kept at room temperature) and good quality grafts
were printed as shown in the Fig. 1g. The viscosity estimation was also done using a temperature ramp
ranging from 40 °C to 5 °C for all the concentrations of gelMA hydrogels (Fig. 3b). According to the
printing temperatures (as shown in the table. 1), the viscosity of 7.5%, 10%, and 12% gelMA was found
to be 31.3 £ 2.5 mPa's, 30.1 + 18.0 mPa's, and 36.5 + 8.1 mPa's, which reveals that the viscosity values
were similar for all geMA concentrations during the printing process.
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Figure 3. Rheological properties of gelMA hydrogels, (a) Storage (G’) and loss modulus (G”) as a
function of temperature at an angular frequency of 10 rad sec™, (b) Viscosity as a function of
temperature at a shear rate of 10 s (cooling rate: 3 °C/min).

3.4 Mechanical characterization

Both the circumferential and longitudinal tensile testing were performed on the gelMA tubular grafts.
The Young’s modulus and ultimate tensile strength followed a similar trend resulting in higher strength
and modulus values with the increase in the gelMA concentration when stretched in the
circumferential and longitudinal direction, as shown in the Fig. 4a and 4b. The circumferential tensile
strength values were found to be 13 + 6 kPa, 36 + 4 kPa, and 101 * 11 kPa for 7.5%, 10%, and 12%
gelMA grafts, respectively. The mean burst pressure values were estimated using Barlow’s equation
and were calculated as 22.42 mmHg, 62.88 mmHg, and 174.23 mmHg for 7.5%, 10%, and 12% gelMA
tubular constructs, respectively. The strain at break in the circumferential direction was higher than



that in the longitudinal direction. This suggests that the printed tubular construct can withstand
sudden changes in loading without any premature failure. For all printed grafts, gelMA with a low
degree of functionalization was used, which is the reason for getting higher strain at break values. The
circumferential elastic modulus (E.) of the gelMA grafts was found to be lower than the axial elastic
modulus (E;) for 10% and 12% gelMA constructs, whereas similar Ec and Ez values were observed for
7.5% gelMA grafts (Fig. 4c). Using these modulus values, the anisotropic index (/) is calculated for all
the grafts, as shown in Fig. 4d. The anisotropic index value equal to unity shows that the grafts are
equally stiff in both axial and circumferential directions, thus representing isotropic material. The
constructs printed using 10% and 12% gelMA showed that the / value is less than one. The longitudinal
stress-strain curves of the printed grafts suggest that the gelMA filaments were attached properly to
each other during the helical printing process and a smooth tubular construct was fabricated.
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Figure 4. Mechanical testing results of gelMA tubular constructs, (a) Circumferential stress-strain
curves for 7.5%, 10%, and 12% gelMA constructs, (b) Longitudinal stress-strain curves for 7.5%, 10%,
and 12% gelMA constructs, (c) Young’s modulus of gelMA constructs in circumferential and
longitudinal directions, (d) Anisotropic index values of gelMA constructs.

3.5 Burst pressure measurement

The burst pressure was measured on Instron mechanical testing machine using a rig. Mostly in
literature, the burst pressure of 3D-printed grafts made from horizontal additive-lathe technology is
not measured directly and is usually estimated from Barlow’s equation using tensile testing data [20].
The possible reason could be poor and inconsistent properties due to the sagging problem observed
in the grafts printed around a horizontal mandrel. Using the current method of the vertical additive-
lathe printing process, the burst pressure measurement results revealed better graft quality with no
leakage, as shown in Fig. 5a and Fig. S3. These results showed that gravity played an important role in
fusing the hydrogel filaments during the helical printing process. Also, the failure line was usually



observed in the longitudinal direction of the graft, as shown in Figure S3 (e-f), which suggests that
failure occurred due to the hoop stresses developed as a result of the applied pressure during burst
pressure testing. As expected, the burst pressure of the grafts was directly related to the gelMA
concentration (Fig. 5b). The estimated burst pressure values calculated from Barlow’s equation were
higher than the measured ones. This is possibly due to the fact that the change in the cross-sectional
area is neglected in Barlow’s equation, whereas the direct measurement of burst pressure involved
reduction in the wall thickness of grafts during test. Also, even a pin-hole development is regarded as
a failure point in burst pressure testing, whereas maximum circumferential stress at complete rupture
is considered for the estimation of burst pressure.
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Figure 5. Burst pressure testing of gelMA grafts, (a) 12% gelMA graft during burst pressure testing,
(b) Estimated and measured burst pressure values for 7.5%, 10%, and 12% gelMA grafts.

4 Discussion

We demonstrated that the current printing system with vertical mandrel is very useful for the
fabrication of long and good quality grafts. The sagging problem observed in the case of the horizontal
mandrel-printing system could be eliminated by using a vertical additive-lathe printing setup. In
addition, the setup could be easily scaled-up by simply using a longer mandrel. The longer grafts are
required for the surgeries to treat peripheral artery disease. In this work, another printing strategy
was implemented in which the actual velocity of the printing head in the z-axis direction was set as
0.75 times the calculated upward linear velocity of the nozzle. This resulted in the overlapping of the
two consecutive gelMA filaments during printing on the rotating rod as shown in Fig. 1 (e-f). After
cross-linking, the tubular construct could be removed from the mandrel. This overlapping of hydrogel
filaments is difficult to implement during printing on the horizontal mandrel as it will cause
accumulation of the hydrogel, thus contributing to the sagging problem [52].

The hydrogel printing temperature is another important parameter, which is required to be controlled
for printing good quality grafts. If the hydrogel temperature is too low, premature gelation will occur
and the graft surface will become irregular. Whereas, the hydrogel will flow off the mandrel under the
action of gravity if the hydrogel temperature is too high during printing. The sol-gel transition in
gelatins is not a sharp but a broad transition, with intermediate states of partial physical crosslinking
resulting in intermediate rheological properties that can be exploited for printing [59]. In this study,
the pre-warmed hydrogel temperatures selected for different concentrations of gelMA were slightly



higher than their respective gelation temperatures observed in rheometry. As the hydrogel was
extruded from the nozzle, it adhered to the rotating mandrel, which was kept at room temperature
(19 °C).

GelMA hydrogel was selected for printing grafts as it closely resembles the native extra-cellular matrix
and it contains arginine-glycine-aspartic acid (RGD) sequences to promote cell attachment [60].
Therefore, cell-laden gelMA hydrogel could be used to print vascular grafts on the vertical additive-
lathe printing setup. In many studies, additives were used with gelMA hydrogel to improve the
printability of bioinks, such as gellan gum, gelatin, glycerol, and hyaluronic acid [20,47,48,61]. Whereas
in this work, no additive is used in the hydrogel to improve its viscosity for printing. Therefore, it is
demonstrated that gelMA hydrogel could be printed on a vertical mandrel just by controlling the
temperature of the pre-warmed hydrogel.

The mechanical characterization results showed that the circumferential tensile strength of grafts was
higher than the longitudinal strength. Also, a nonlinear stress-strain response was observed when the
gelMA grafts were strained in the circumferential direction. The calculated values of the anisotropic
index revealed that Young’s modulus in the longitudinal direction is higher than that in the
circumferential direction for 10% and 12% gelMA grafts. Similar behavior was observed in the human
internal mammary artery [62]. In addition, the anisotropic index values for all the printed gelMA grafts
were found within the range of 0.60 to 2.00, as the reported index range for the human aorta [63]
indicating that this printing method reproduces the structure of the native tissue to some extent.
Along with the tensile testing of the graft specimens, burst pressure testing was also performed. No
leakage was observed during the burst pressure testing, which represented the potential of the
vertical additive-lathe printing method for the fabrication of tubular constructs. However, the burst
pressure of the printed gelMA constructs were found to be far less than that of the native blood
vessels. Thus, reinforcement is required to achieve better mechanical properties. For future
directions, a bi-layered graft could be printed by depositing smooth muscle cells in the inner layer and
fibroblast cells in the outer layer, whereas endothelial cells could be seeded in the lumen of the grafts
to form a tight endothelium [64]. The low DoF gelMA was used for printing tubular constructs, as it
offers high cell proliferation and spreading [65]. Overall, the vertical additive-lathe printing system
could address the need for vascular grafts for the treatment of cardiovascular diseases.

5 Conclusion

The current study demonstrates that tubular grafts can be printed using a vertical additive-lathe
printing system. It is feasible to print long and good-quality grafts using gelMA hydrogels. The 12%
gelMA grafts showed the highest values of circumferential strength and burst pressure. Moreover, the
printed grafts showed similar anisotropic behaviour as observed in the native human arteries. These
results show great potential and lay a strong foundation for the printing of vascular grafts.
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