UNIVERSITY OF LEEDS

This is a repository copy of Optimised Vascular Network for Skin Tissue Engineering by
Additive Manufacturing.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/174038/

Version: Accepted Version

Book Section:

Ekinci, A, Han, X, Bibb, R et al. (1 more author) (2021) Optimised Vascular Network for
Skin Tissue Engineering by Additive Manufacturing. In: Bidanda, B and Bartolo, PJ, (eds.)
Virtual Prototyping & Bio Manufacturing in Medical Applications. Springer, Cham , pp. 1-20.
ISBN 978-3-030-35879-2

https://doi.org/10.1007/978-3-030-35880-8_1

© Springer Nature Switzerland AG 2021. This is an author produced version of an article
published in Virtual Prototyping & Bio Manufacturing in Medical Applications. Uploaded in
accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




Optimised Vascular Network for Skin Tissue Engineering by Additive Manufacturing

Alper Ekinci', Xiaoxiao Han"?, Richard Bibb3, Russell Harris*

Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough

University, LE113TU, UK

2HNU College of Mechanical and Vehicle Engineering, Hunan University, Changsha, China

3 Design School, Loughborough University, LE113TU, UK

4 Mechanical Engineering, University of Leeds, LS2 9JT, UK



Abstract

Artificial vascular vessels, including arteries, veins and capillaries, are being printed using
additive manufacturing technologies. Additive manufacturing allows the manufacture of
artificial blood vessels and their networks of any sophisticated geometry. This chapter
demonstrates the essential and efficient methods to design and fabricate optimal vascular
network for tissue engineering structures following the physiological conditions.
Comprehensive physiological requirements in both micro- and macro- scales were
considered in developing the optimisation design for artificial vascular networks. The
optimised vascular vessel offers three advantages: (1) it provides the maximum nutrient
supply; (2) it minimises the recirculation areas and (3) it allows the wall shear stress on the
vessel in a healthy range. Two main design technologies are used in the chapter to achieve
the design. They are computer graphics and computational fluid dynamics. The optimised
design was then manufactured by the stereolithography process using materials that are
biocompatible, elastic and surface bio-coatable. The stereolithography manufactured
vascular vessels were embedded in the hydrogel seeded with cells afterward. The results of
in vitro studies show that the optimised vascular network has the lowest cell death rate
compared with a pure hydrogel scaffold and a hydrogel scaffold embedded within a single
tube in day seven. The combination of the optimised micro- and macro- design, the material
selection and the manufacturing methods completes a general guide for future artificial

vascular vessel network developments.

Keywords: artificial vascular network, skin tissue engineering, additive manufacturing,

stereolithography, design optimisation, computational fluid dynamics (CFD).



1 Introduction

Many clinical therapies utilise autologous and allografts to repair skin defects resulting from
genetic disorders, acute trauma, chronic wounds or surgical interventions. Tissue
engineering (TE) of skin is an emerging technology that offers many potential advantages in
repairing skin defects over conventional autologous grafts [1]. It overcomes the shortage of
donor organs and reduces the added cost and complications of tissue harvesting. Tissue-
engineered skin can also be used as a skin equivalent for pharmaceutical or cosmetics
testing, eliminating the need for animal testing [2]. A major issue in tissue engineering is
that the artificial skin may not develop adequate vascularisation for long-term survival [3].
An artificial vascular system can be pre-embedded in a skin equivalent before it is
implanted. The embedded network has three primary functions: (1) to supply nutrients and
other soluble factors and to remove waste products from the surrounding cells, (2) to act as
scaffolds for culturing vascular endothelial cells and (3) to develop small sprouting
capillaries that can be connected with existing blood vessels, also known as angiogenesis [1],
[4]-[6]. Nutrition supply in the human body is realised by a very complex blood vessel
network. It consists of vessels in dimensions between several millimetres down to several
micrometres in diameter. To mimic the system, flexible structuring processes are needed.
Traditional manufacturing technologies, such as spinning, dip-coating or extrusion, can
produce linear tubes with different inner-diameters [7]. However, it is not possible to
generate branched vessels, with decreasing or increasing internal diameters to mimic the

natural changes in blood vessel networks.



Additive manufacturing (AM) technologies have made it possible for the first time to
manufacture artificial blood vessels and their networks of any sophisticated geometry and
connections. With AM, three-dimensional (3D) objects can be produced from 3D computer-
aided design (CAD) data by joining materials together using a layer-by-layer manner. There
are many AM technologies classified as bioprinting systems, based on microvalve
deposition, ink-jetting, material extrusion and stereolithography (SLA) techniques [8], [9].
SLA has advantages in 3D printing microvascular vessel networks due to (1) its high
resolution, (2) its ability to produce flexible materials and (3) excellent process control. The
use of these AM technologies will enable the generation and mimicking of complex blood
vessel networks under controlled conditions. Currently, various research groups have
successfully 3D printed and tested such vascular vessels [4], [10]-[13]. Wu et al., (2011)
used transient inks to print a solid template within the substrate and then removed the ink
to create microchannels. Hinton et al.,(2015) invented a freeform reversible embedding of
suspended hydrogels method (called FRESH in their paper) to print hydrated materials that
enable the printing of complex vascular architectures. However, in their work, vascular
networks were printed with little understanding of the physiological demands. Therefore,
general design guidance is missing. Design parameters such as branch levels, a branching
point, branch angles, vessel diameter, the daughter vessel asymmetry ratio, wall shear
stress (WSS) and recirculation areas should be considered carefully in the design of vascular
vessels. Based on these parameters, this chapter presents guidance on the design

optimisation of a vascular network manufactured by SLA for skin tissue engineering.



2 Design of Vascular Network

The main parameters considered in the design of a vascular network can be described in
two categories: (1) the macroscale parameters and (2) the micro-scale parameters. The
macro-scale parameters include branch levels and branching point locations, while the

micro-scale parameters include branch angles, vessel diameters, the daughter vessel

asymmetry ratio, the WSS and the recirculation areas. Their definition and illustration are
shown in Figure 1.
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Figure 1:The macro-scale (a) and the micro-scale (b) parameter definitions [15]

In Figure 1 (a), branch levels and branching point are illustrated while Figure 1 (b)

demonstrates parent diameter Rp, daughter diameters Rq1 and Rq2, total branching angle,
WSS and the recirculation areas.



2.1 Macro-Scale Design

The design of vascular networks is focused on bifurcations, because, in normal vasculature,
around 98% of blood vessels bifurcate at each junction, while only 2% trifurcate [16], [17].
As the 3D structures can be formed by stacking 2D vascular systems, the locations of the
branching points having different branching levels such as 2, 3, and 4 levels are evenly

distributed on the skin patch, which can be illustrated in Figure 2 (a-c).
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Figure 2: Distributed configuration of the vascular network with different branching levels:

(a) 2 levels, (b) 3 levels, (c) 4 levels [15]

The formula and calculation of different branching levels are given in details in [15]. Based

on this calculation, the first configuration sketch of the vascular system is shown in Figure 3.



Figure 3: The first version of the vascular system [15]

It is shown that sharp junctions are used in all bifurcation points. These sharp apices at
junctions of bifurcated vessels need to be avoided because they are considered risk factors
for local mechanical weakness [18]. Rounding (increasing the radius) the apex at each
junction can be one of the solutions. However, larger recirculation areas of blood are found
in bifurcation vessels with rounded apices compared with sharp junctions [18]. Thus, a
careful design of the bifurcation junctions is necessary. At the macro-scale, the main
objective of the design is to maximise the nutrient supply and the waste exchange to
surrounding tissues and cells; nevertheless, the local bifurcation design needs to ensure that

the shear stress on the vessel wall is in the healthy range at the microscale.

2.2 Micro-Scale Design

The WSS is a critical haemodynamic indicator that affects endothelial cell development
[17]-[20]. Many researchers have found that branching angles have a significant effect on

WSS in the bifurcation of a branch vessel [21]-[24]. The maximum curvature of the junction



is the most important factor that influences WSS. High curvature also leads to stress
concentration, which weakens the system mechanically [18], [19], [25], [26]. The volume (V)
of the junction is another important factor in haemodynamics [27], [28]. A large volume
leads to local recirculation of the blood [27], [28]. Another physiological requirement at the
micro-scale is to ensure minimal recirculation areas where nutrient and oxygen may be

trapped.
2.2.1 Branch Angle and Vessel Diameters

Design approaches to optimise a vascular network have been based on the minimisation of
the sum of the energy required for pumping blood through the network and the energy
required for the metabolic supply of the blood volume. To minimise the energy, Murray’s

law given in Equation 1 is applied [29], [30]:
Ry =Ra1 + R (1)

Using Murray’s law, the radii of daughter vessels (Rq1 and Rq42) can be obtained based on the
radius of their parent vessels (Rp). It has been confirmed that most natural vascular systems
follow Murray’s law [31]. It is widely recognised that local geometries of a vascular
bifurcation, such as bifurcation angles, junction curvatures and branching, are major

features of the arterial system [20], [26].

The basic principle for a good junction design is therefore to ensure that the volume of the
junction remains in a desired narrow range while limiting the maximum curvature. The exact
range and limit depend on specific applications. Han et al. [32] developed a mathematical
model using parameters such as bifurcation angles, and diameters of parent and daughter

vessels. All the parameters in the model influence the junction volume V and the maximum



curvature Cmax. In their paper, a systematic parametric study was carried out to establish a
set of simple design rules to achieve a balance between V and Cnax. A parametric map,
which can be used as a guide for designers, is provided based on the parametric study. The
parametric study shown in Figure 4 calculated Cmax and V for bifurcation angle of 30° , 50°

and 85° and more detailed information can be found in the study completed by Han et al.

[32].
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Figure 4: A Cmax— V map for random parameters [32]

A further analysis was completed for four different values of ¢otal, the total bifurcation
angle of the vascular branch, shown in Figure 5 to understand the relationship between Cmax
and V for each bifurcation angle. duwotal is the sum of the &1 and ¢, where ¢1 and ¢, are the

daughters’ bifurcation angle, respectively.
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Figure 5: Cmax — V plots for different bifurcation angles: @total =45°, @total =60°, Ptotal =70° and

total =85° [32]

For each bifurcation angle, dtota, one dashed line and one solid line are plotted reflecting a

band corresponding to different values of a and a is defined in Equation 2 as:

_ min (¢1,p2) (2)
max (1,92

The band is rather narrow showing the insensitivity to a. Figure 5 can be used as a design

guide to find the possible combinations of Cmnax and V.
2.2.2 WSS and Recirculation Areas

Computational fluid dynamics (CFD) to study blood flow behaviour has to be based on
accurate modelling of local vascular geometries [19], [20], [25], [27], [28]. Computer
modelling of vascular bifurcation can be achieved in three ways: (1) skeleton based implicit

surfaces [33]-[35], (2) blending objects obtained by canal surfaces [36], [37] and (3)



sweeping disks or spheres along curves [34], [38], [39]. Of all previous researches about
modelling vascular structures, Cai et al. proposed a relatively simple method based on
surface sweeping techniques [38], [39]. In medical imaging, every detail of the vascular
geometry has to be captured accurately. In tissue engineering, on the other hand, one only
needs to control some key factors when designing an artificial vascular network. It is
therefore possible to select a simple method for the convenience of tissue engineering

researchers.

Ensuring the smoothness of the junction and keeping a relatively small branch angle, as
observed in the human body, is very important to avoid high WSS and recirculation.
Vascular branches were constructed using the algorithm described in [32]. Figure 6 shows
the midsections of the smooth branches with three different joining angles of 45°, 85° and

125°.

45° 85° 125°

Figure 6: Mid-sections of the smooth branches with joining angles of 45°,85°, and 125° [40]

CFD simulations were carried out for haemodynamic analysis of different branch designs
given in Table 1. The definition of parameters used in this table is fully explained in Han et

al. [40].



Table 1: Value of controlled variables for different cases [40]

Parameters
Cases Branch angle Crmax \Y
1 125° 0.44 54
2 85° 1.43 54
3 45° 1.34 5.9
4 45° 3.02 5.56
5 45° 5.37 54
6 45° 7.5 5.3
7 45° 14 5.2

The purpose of the analysis is to compare the different designs in terms of the WSS and flow
behaviour. CFD simulations were performed for cases 1, 2 and 5. In all cases two flows
merge from the daughter vessels into the branch leading to a volume expansion. Using the
same branching volume for all the three cases, the effect of branch geometry such as the
branching angles can be analysed. The negative velocity observed in all the cases indicates
backflow. In Figure 7, it can be observed that the backflow induces recirculation in the
branching area. Two vortices can be seen in the branching area although its magnitude is
small comparing with the surrounding velocity field. A region with low-velocity vortices is

known as a flow recirculation area.



45 85 125

Figure 7: Recirculation area for branching angles 45° (case 5), 85° (case 2) and 125° (case 1)

[40]

Nutrients for arteries or waste for veins in the blood flow can be trapped in such area.
Therefore, it is important to understand how the recirculation area of a rounded junction
affects the flow velocity profile and the wall WSS downstream. In Figure 7, the ratios of
recirculation area over the whole branch are (1) 45°: 26.4%, (2) 85°: 24.9% and (3) 125°:
21.8%. Junction with 45° branch angle has the largest recirculation area, while junction with

125° branch angle has the smallest recirculation area.

WSS is one of the most significant haemodynamic factors that relate to blood vessel
development and cardiovascular diseases [19], [25], [26]. In healthy cerebral arteries, the
WSS ranges from 1 to 7 Pa [41]. WSS higher than 7 Pa can damage the endothelial cells
during vascular remodelling while WSS lower than 1 Pa can lead to the formation of plaque
due to insufficient mechanical stimulation on endothelial cells [41]. WSS distributions for

different smoothed cases and their sharp counterparts are shown in Figure 8.
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Figure 8: Wall shear stress distribution for branching angles (a) 45°, (b) 85° and (c) 125° for

the smoothed model (left) and sharp model (right) [40]

In the junction, the WSS can be many times higher than that in the straight vessel. WSS in
the smoothed junction has a different distribution compared with those in the sharp
junctions. High WSS (12 Pa) is found on the sharp junction compared to the rounded one (10
Pa) as shown in Figure 8 (a). The area of low WSS in the smoothed junction is larger than
that in the sharp one due to recirculation. Figure 8 (a) shows that at z = 15 mm, the WSS
distribution is more uniform with a low average value of 4 Pa in comparison with 5 Pa in a
sharp junction. In Figure 8 (b), similar values of maximum WSS can be observed for both
models (~14 Pa). In the smoothed model, the distribution of WSS is more intense at the

beginning of the downstream flow, but a more uniform distribution of low values is found at



z =20 mm in comparison with the sharp model. It is found in Fig. 1.8c that the recirculation
area has a similar but weak influence on the WSS distribution in a rounded junction in
comparison to the sharp junction. A correlation between the WSS reduction and the

bifurcation angle is shown in Figure 9.
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Figure 9: WSS reduction at z= 0.15 (m) using parametric model compared with sharp

bifurcations versus bifurcation angle [40]

From Figure 9, it is seen that junctions with larger bifurcation angle result in a smaller WSS
reduction. With further increase in the bifurcation angle, the WSS reduction decreases more
slowly. This indicates that the smoothed design has less effect on WSS reduction
downstream for bifurcations with larger angles. In the parametric design model of a branch
junction, Cmax and its corresponding V are the most important geometric parameters. A
larger Cmax leads to a smaller V, thus a smaller branching area. Further increasing Cmax,

however, has a limited effect on the branching area as V will decrease more slowly. In this



section, CFD simulations are presented for smoothed junctions with different Cmax for a

branching angle of 45° (cases 3-7).

2.2.3 Daughter Vessel Asymmetry Ratio

According to [42], the WSS in a vascular bifurcation is related to two local parameters. They
are R*, the asymmetry ratio and the total bifurcation is shown in Figure 1 (b) and R* is

calculated using Equation 3:

R™ = Ry1/Raz (3)

Khamassi et al. [42] established a CFD simulation to analyse how a and R* effect the minimal
WSS at bifurcation junctions. They also generated a diagram to explain their correlations.

This diagram is used as a guide for the selection of bifurcation angles shown in Figure 10.
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Figure 10: WSS as a function of the bifurcation geometry [15]

In Figure 10, the circles represent the founding WSS using different combinations of R* and
a. The contour lines in Figure 10 demonstrate the interpolated WSS values based on the

founding values. A distinct optimum appears when R* is shown as a square in Figure 10. This



diagram suggests that the branch angle and the asymmetry are the major geometry
parameters of physiological bifurcations. The selection of bifurcation angle and the
asymmetry should be in the range of the contour lines to lead to proper function: the

bifurcation angle ranges from 60° to 140°, while the asymmetry ratio ranged from 0.6 to 1.

In the first version of the vascular system, bifurcation angles and the asymmetry were
checked, and it was found that two bifurcation angles were out of the range. An algorithm
was then developed to fix the problem [15]. By updating this algorithm, the bifurcation

points with sharp apices are rounded as can be seen in Figure 11.

Figure 11: The new version of the vascular system [15]

To optimise a vascular network embedded in the skin patch to supply tissues and cells with
nutrients and oxygen, exchange waste and to support angiogenesis, design criteria are
considered in both macro-scale and micro-scale. It can be described as four criteria, which

are as follows:

e to maximise the nutrient supply and waste exchange
e to minimise the resistance to blood flow

e to ensure the shear stress on the vessel wall is in the healthy range



e to avoid the blood recirculation.

3 The Application: Optimised Vascular Network Design for Skin Tissue Engineering

Selecting the material and manufacturing technologies are important while designing a
vascular network for skin tissue engineering using SLA. The material selected for
manufacturing of a vascular network needs to have appropriate viscosity and
polymerisation characteristics to allow it to be 3D printed successfully. Additionally, it also
needs to have vessel-like properties, such as appropriate elasticity, biocompatibility and
surface readiness for bio-coatability. The well-proven AM process SLA makes it possible to

manufacture complex geometries such as a vascular network.

3.1 Additive Manufacturing Technologies for Biomanufacturing

SLA was developed in 1980s and was one of the first commercial AM processes [43], [44].
Conventional SLA machines have vertical resolutions in the range of 150 um. Further
developments known as “micro SLA” can create geometries with high complexity [45] and
with resolutions below 150 um in all three spatial directions. Layer heights of less than 10
um allow the replication of capillaries that are essential for the metabolism in the tissue.
Alternative AM methods are not able to produce such high-resolution structures [10], [46].
The high resolution of AM cell scaffolds or membranes enables targeted cell alignment, cell
growth and cell interaction [46], [47]. The SLA process relies on a photo-polymerisation
process and suitable resins consist of monomers and photoinitiators (Pl) that are typically
toxic. Consequently, for biomedical applications, it is paramount to guarantee that the PI
degrades completely during the polymerisation process. This challenge can only be

overcome by interdisciplinary process improvement, including material, SLA process and



environmental conditions since in state-of-the-art implementations a typical degree of
polymerisation is between 40 and 70% resulting in a considerable amount of remaining PI
[48]. A promising approach to guarantee complete polymerisation and to prevent the
formation of unwanted compounds uses inert atmosphere. Only in the absence of oxygen, it
is possible to achieve complete crosslinking and full disappearance of cytotoxic Pl and

monomers.

3.2 Materials and Methods

The material chosen for the application consisted of three monomers plus a photoinitiator.
The formulations are BPA-ethoxylated-diacrylate, lauryl acrylate and isobornyl acrylate (BLI).
Three types of photonitiator were tested to select the most appropriate one that has the
lowest cytotoxicity. They are Irgacure® 184, Irgacure® 2959 and Irgacure® 369. BLI samples
with three photoinitiators were investigated by the two methods WST-1lassay (three
replicates of each kind of a material; characteristic of the sample: diameter: 14 mm, height:
1-2 mm, weight: 200 mg) and live/dead assay (characteristic of the sample: diameter: 14
mm, height: 2-3 mm, weight: 300 mg). All samples were disinfected in 70% ethanol for 30
min (meanwhile the samples swelled), washed two times for 30 min with PBS and

equilibrated in cell culture medium.

In the WST-1 assay, eluates from different specimens were tested for cytotoxic components.
The specimens were eluted by incubation in complete cell culture medium for 24 h and
following periods at 37°C. According to ISO norm 10993-5 a volume of 1 mL medium was
applied per 0.2 g material. Eluate samples were taken after 1, 2, 3,6, 7, 8,9, 10, 13, 15, 17,
21 and 24 days and the medium was completely renewed. The elution period day 0-1, 1-2,

2-3, 6-7, 10-13 and 21-24 was finally tested. For this 3T3 cells have been pre-cultured for 1



day in a 96 well tissue culture plate inoculated with care with about 8,000 cells per well.
Then the medium was changed against the eluate samples (four replicates from each eluate
sample resulting in 12 replicates representing the same material sample) and cells were
incubated with the eluates for 24 h under cell culture conditions at 37°C in a 5% CO;
atmosphere. The negative control (representing no cytotoxic influence) received pure cell
culture medium, whereas the positive control (representing highest level of cytotoxicity and
complete inhibition of dehydrogenase activities) was obtained from wells without cells
containing only culture medium. Eluate samples and controls were changed after 24 h
against medium with WST-1® reagent but without phenol red and cultured for about 20 min
to 1 h. Formation of coloured formazan was measured by the optical density at 450 nm. The
development of dye intensity was kept under control to measure at a time point, when the

optical density of the negative control was between 0.2 and 0.6.

3.3 In Vitro Testing

Human adipose-derived stem cells (hASCs) and pericytes were isolated from human tissue
derived from patients that underwent regular surgical treatment and signed an informed
content at the BG University Hospital Bergmannsheil in Bochum, Germany. The hASCs were
cultured in DMEM-HAMS-F12, and the pericytes were cultured in a pericytes-growth-

medium (PGM, PromoCell).

In the context of the study as a scaffold methacrylated gelatine (5%; IGB) was used [4].
Using methacrylated gelatine and a photoinitiator (LAP; INN) a stable hydrogel was created.
Within this hydrogel, three diverse species of cells were spread: 600,000 HUVECS, 600,000

hASCs and 60,000 pericytes. In the hydrogel three different shapes of tubes were created:



(1) a stainless steel moulded tube, (2) a single tube 3D printed by SLA using BLI with

Irgacure® 184 and (3) a branched network 3D printed by SLA using BLI with Irgacure® 184.

The bioreactor system developed in [22] was driven by a pump-sleeve-system to deliver
medium (620 pl/min) to the hydrogels. The pump was connected to a nutrient bottle and
the hydrogel containing chamber (see Figure 12). To run the bioreactor system a medium
mixture was performed in the same ratio as the corresponding cells were distributed. The

hydrogels were cultured at 37°C and 5% CO> for 7 days.

S —

Figure 12: The bioreactor system used for the tube supported tissue culture [15]

After 7 days a live/dead assay was performed staining the hASCs with calcein (green) and

Propidiumiodid (red).



4 RESULTS and DISCUSSION

4.1 Cytotoxicity Testing for Photoinitiators

Firstly, in the live/dead assay, to evaluate the cytotoxic effect observable in case of direct

contact of the cells to the material, the percentage of dead cells was determined by

manually counting live and dead cells from fluorescence micrographs. Below 5% dead cells

(during longer culture below 10%) was considered to be not cytotoxic since this can be

observed in control cultures too. Low cytotoxicity is assumed from 5% to 20% dead cells,

moderate cytotoxicity is from 20% to 50%, and high cytotoxicity is above 50%. Already the

viability staining revealed the high cytotoxicity of BLI with Irgacure® 2959, where no viable

cells could be at BLI with Irgacure® 184 and at BLI with Irgacure® 369 developed higher cell

densities from about 135-225 to 360-625 cells/mm? during culture time and had less than

10% dead cells (Table 2).

Table 2: Levels of cytotoxicity determined by live/dead staining [15]

Material | Control (glass) BLI with Irgacure® BLI with Irgacure® | BLI with Irgacure®
184 2959 369
Day 1 No cytotoxicity No cytotoxicity High cytotoxicity No cytotoxicity
Day 4 No cytotoxicity Low cytotoxicity; High cytotoxicity Low cytotoxicity;

increased number of
cells from day 1 to
day 4

increased number
of cells from day 1
today 4

Day 14

No cytotoxicity

Low cytotoxicity

High cytotoxicity

Low cytotoxicity




4.2 The Printed Vascular Network

The SLA process was developed in this work to produce the vascular network. It consists of a
polymer bath, a laser and a scanner system with an F-theta lens (f=100mm) for fast beam
deflection in x-y-direction. The polymer bath was positioned on a platform connected to a
piezo-axis to allow positioning in the z-direction. For process development, different photo
resins in combination with a photoinitiator 355 nm were investigated. Detailed SLA setting is

shown in Figure 13.

Scanner
A

Laser =

f-Theata lens
f=100 mm

Piezoaxis
zl :

Figure 13: SLA process setups [15]

uncured polymer
B cured polymer

To define a reliable process regime, Pl concentration (0.5 wt% and 1 wt%), scan speed (5—
600mmy/s), layer thickness (30um, 100um, 150um) and the distance between two lines were
varied. Firstly, photo resin 3D-03H-87, Marabu with 1wt% Pl was used in printing to get the
best set of parameters, which were 15 kHz, power: 10.1 mW, scan speed: 80 mm/s, line
distance 30um and a layer thickness: 800um. Non-crosslinked photo resin was washed away
with ethanol (70%). A branched vessel system was also printed from this material using the

above parameters. It is showed that by using the SLA technique, the designed branched



blood vessel network could be constructed. The structure of the printed vascular network

using BLI with Irgacure® 184 with pores is shown in Figure 14.

Figure 14: The structures of the printed branched vessel network using BLI with Irgacure®

184 with pores [15]

The printing accuracy of angles and pores was tested by flow test with dye solution. It
demonstrated that all pores were open. In the first experiments it was observed that

branching angles show irregularities due to pores or problems from data slicing.

4.3  In Vitro Testing

hASCs were evaluated regarding their viability using a live/dead assay for 7 days of culture.

Results of cell viability are shown in Figure 15.



Figure 15: Cell vitality within a 1 x 1 cm hydrogel supported via (a) a stainless steel moulded
central tube; (b,c) a branched BLI with Irgacure® 184 tube containing pores (d) single central

SLA-formed BLI with Irgacure® 184 tube containing pores [15]

Figure 15 illustrates the cell vitality within a 1 x 1 cm hydrogel supported via a stainless steel
moulded central tube (Figure 15 (a)), an SLA-formed branched PA tube containing pores
(Figure 15 (b-c)) and a single central SLA-formed PA tube containing pores (Figure 15 (d)). By
comparing Figure 15 (a-b), it is demonstrated that the ability of a branched tube can support
the whole volume more appropriately compared with the central steel tube. Additionally, it
is also shown that the surrounding cells get in contact to parts of the materials, infiltrating
the pores (in Figure 15 (c)) and form more complex structures within the hydrogel (in Figure
15 (d)). Figure 16 gives a preliminary comparison of dead cell rate with different embedded

tubes. It can be seen from this picture that after 7 days, cell death rate in the branched



vessel is the lowest (27%) compared with the pure hydrogel (35%) and hydrogel with a

single tube (55%).

Dead cells [%]

without material central tube branched tube

Figure 16: The dead cell rate (%) after seven days with no embedded tube, single tube and

branched tube (sample size for each is 3) [15]

The pure hydrogel used as a scaffold in this work has proven to be non-toxic and has a good
biocompatibility. This can also be seen in Figure 16 that the pure hydrogel scaffold has less
than 50% percent cell death rate after 7 days. The curable resin made of BLI with Irgacure®

184 was proven to be biocompatible and cytocompatible.

5 Conclusion

In this chapter, an optimised vascular network was developed using a set of comprehensive
design rules. These design rules considered the physiological requirements in both macro-
and micro-scales. The vascular network is optimised not only to provide the maximum
nutrient supply with minimal complexity but also to minimise recirculation areas and to

keep WSS in a healthy range. For an application study, a suitable photo-curable resin which



is elastic, biocompatible and bio-coatable with photoinitiators was selected. Among three
resins, the results show that BLI with Irgacure® 184 has the lowest cytotoxicity and it was
used with an SLA equipment to 3D print the design. SLA enables the manufacture of
complex three-dimensional bifurcated vascular networks with controllable geometries. The
results of the 3D printed design in preliminary in vitro studies showed that the branched
resin vascular network had the lowest cell death rate. The design and manufacturing route
for skin tissue engineering proved in this chapter can be used as a guide to design and

manufacture an optimised vascular network.
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