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Abstract

Vascularisation is a critical factor in large-scale tissue engineering, as it supports the sur-
vival of cells in large tissue constructs. In native tissue, a hierarchical vascular network
is present where larger vessels transport nutrients and oxygen throughout the body, and
smaller capillaries facilitate blood-tissue exchange. In large-scale engineered tissue, such
a functional hierarchical vascular network is necessary for cell survival. In this study, we
aimed to create a high-density capillary network using biocompatible hydrogels for tissue
engineering purposes.

To achieve this, we first synthesised alginate-tyramine (ATA) by modifying the alginate
backbone to contain tyramine groups. Then, we created monodisperse ATA microgels
through in-air microfluidics (IAMF). These microgels were in turn used to form a micro-
porous annealed particle (MAP) structure through photocrosslinking, which resulted in a
structure containing the desired high-density microporous network.

Next, we showed that we could use embedded 3D (emb3D) printing techniques to fab-
ricate channels in the ATA hydrogel, which we stabilised through photocrosslinking. These
macroscale channels proved to be open and perfusable.

To create a stable interface between the microgels and hydrogel, we pre-saturated the
microgels with a polymeric solution that forms an aqueous two-phase system (ATPS) with
the ATA hydrogel. The ATPS and pre-saturation successfully counteracted capillary forces,
keeping the hydrogel outside the microgel compartment. At the same time, the ATPS al-
lowed the hydrogel and microgels to be in contact with each other, at which interface pho-
tocrosslinking was allowed to establish a connected structure.

By combining these approaches, we were able to successfully assemble a perfusable
hierarchical porous network with micro- and macroscale vasculature. Specifically, we fab-
ricated a macroscale channel using emb3D printing methods in a bath with both hydrogel
and microgel components, which we then solidified through photocrosslinking. The re-
sulting MAP was perfused through the macroscale inlet with fluorescent particles, demon-
strating successful perfusion through the printed channel.

To date, the fabrication and perfusion of a multiscale vascular tree has not been demon-
strated in this manner. Our study demonstrates the possibility for multiscale vascular emb3D
printing through a microporous bath and highlights the potential of this innovative ap-
proach to overcome current limitations in tissue engineering.

Keywords

Tissue engineering, perfusable multiscale vasculature, high-density interconnected micro-
porous network, embedded 3D printing.





1
Introduction

Organ shortage is a significant global healthcare problem worldwide. It is estimated that
the number of organ transplantations performed represents less than 10% of the global
need [1]. Furthermore, the gap between the number of patients in need of organs and the
number of available organs for transplantation is increasing every year [2], [3]. Tissue en-
gineering offers a potential solution to this problem by providing an alternative means to
create replacement organs or tissues [4]–[8]. Apart from posing a solution to the problem
of organ shortage for transplantation, engineered tissue can have various applications. For
example, engineered tissue could reduce the number of animal tests in the drug develop-
ment process [9], [10], help develop personalised medicine [11], [12], be used in disease
modelling [4], [13], and be cultured for consumption [14]–[17].

Current research has shown the possibility of fabricating small 3D organoids that mimic
the structure and function of an organ [18]. While organoids have shown great potential
in disease modelling and drug testing [19], the production of larger anatomically relevant
sized organs for transplantation remains a major challenge.

Vasculature plays a crucial role in the success of large-scale tissue engineering, as it
enables the survival of cells in large tissue constructs. The human body’s tissues receive
nutrients and oxygen via a hierarchical vascular tree, where large vessels are responsible for
transport through the body and capillaries facilitate blood-tissue exchange. In the human
body, these large vessels consist of arteries with a diameter from 400 µm to 8 mm [20].
Intermediate vessels such as arteries and venules typically have a diameter of 40-300 µm
[20]. The small capillaries typically have an inner diameter of 5 µm, although capillaries
with a diameter of up to 40 µm can be found in the liver [20], [21]. To engineer large tissues,
a comparable and functional vascular network is crucial [7]. The goal of this study is to
create such a functional vascular network from biocompatible materials.

The creation of hollow structures resembling macroscale vessels in engineered tissues
can be achieved through the use of 3D printing techniques [22]–[24]. However, it is im-
portant to note that the absence of a microscale capillary-like network in large engineered
tissues results in a necrotic core and tissue death [25], [26], as cells require adequate oxygen
and nutrient supply as well as metabolic waste removal for survival. The diffusion limit for
these essential substances is limited to 100-200 µm in tissues [20]. The fabrication of such
high-density and high-resolution open channels cannot be feasibly achieved using 3D bio-
printing techniques and has thus not been reported. This highlights the need for further
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4 1. Introduction

advancements in the field to replicate the high-density capillary networks present in the
human body. We propose to address this challenge by exploiting the dense and intercon-
nected microporous network that is inherently present in microporous annealed particles
(MAPs) [27]–[33]. In particular, we propose to use microgels in which cells can be encap-
sulated with sizes within the diffusion limit. Previous studies have demonstrated the suc-
cessful encapsulation of cells within such microgels, which maintained cell viability [34]–
[37].

To fabricate such a perfusable microporous structure connected to macroscale chan-
nels, we propose a four-step plan. The first step is to manufacture a MAP with a high-
density capillary-like network from microgels. The second step is to fabricate perfusable
arteriole-like channels using 3D printing techniques. The third step is to create a stable in-
terface between the microgels from the first step and the hydrogel from the second step, so
that it is possible to fabricate a channel that was connected to the MAP. In the fourth step,
the approaches from the previous three steps are to be combined to assemble a perfusable
hierarchical porous network (Fig. 1.1; Appendix A; Fig. A.1).

For the first step (Fig. 1.1), we chose to use a hydrogel that is biocompatible and double-
crosslinkable for making such a MAP, where the first crosslinking mechanism is used to
fabricate microgels from liquid hydrogel and the second crosslinking mechanism is used
to fabricate MAPs from microgels. More specifically, we propose to make microgels from al-
ginate (Alg) through in-air ionic crosslinking, which is faster and cleaner than conventional
emulsion microfluidics [34]. The properties of Alg can be modified by functionalising the
Alg-backbone [38]–[46]. When the Alg-backbone is functionalised with tyramine (TA), it
gains dual crosslinking properties as the TA groups from the alginate-tyramine (ATA) can
form covalent bonds between the microgels [47]–[50]. This second photocrosslinking step
is used to form the MAP.

To achieve perfusion in the MAP, the presence of perfusable macroscale in- and outlets
are necessary. This allows for the perfusion of the interstitial spaces between the microgels,
ensuring that all cells have access to a sufficient blood supply within the diffusion limit.
Furthermore, keeping transplantation in mind as a future application, these in- and outlets
must be connected to the host’s native vasculature through microvascular surgical meth-
ods to achieve perfusion. Therefore, it is necessary to connect the MAP to a macroscale
perfusable channel.

To create perfusable arteriole-like chanels (step 2, Fig. 1.1), we propose to fabricate
channels by liquid-in-liquid embedded 3D printing (emb3D printing) based on an aque-
ous two-phase system (ATPS), where a sacrificial ink is printed in a supporting and curable
hydrogel bath [51]. It has been reported that channels ranging from 18 µm to 600 µm in di-
ameter can be fabricated using the emb3D printing method [22], [52], [53]. Keeping in mind
that these channels must be connected to the MAP and the MAP is formed by crosslinking
TA groups, a biocompatible crosslinkable material was needed that could be collected in
liquid form in contact with ATA microgels. Preferably, the channels would be fabricated in
a TA-crosslinkable material, so that channel fabrication and MAP formation could be com-
pleted simultaneously. For this purpose, we chose to fabricate the channels in ATA with the
same visible light crosslinker as for the MAP fabrication.

To fabricate a structure in which the MAP and channel are connected and perfusable,
first the microgels and liquid hydrogel are collected, then the open perfusable channel is
fabricated through emb3D printing, and finally, the entire structure is solidified through
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photocrosslinking in a one-step procedure. In this design, we exploit the self-healing prop-
erties of the microgel bath during channel fabrication [54]–[58], as emb3D printing will
take place both through the ATA hydrogel and the microgels. From the moment the mate-
rials are collected to the materials are solidified through photocrosslinking, it is necessary
to have a stable the interface between the microgels and liquid hydrogel.

We propose to stabilise the interface between the MAP and hydrogel with an ATPS (step
3, Fig. 1.1). The basic principle behind ATPS is the creation of two immiscible aqueous
phases by mixing two polymers with different molecular weights and chemical properties
in water, without diluting either of the polymeric solutions [59]–[61]. When the two so-
lutions are brought together, phase separation will occur with a well-defined interface be-
tween them. This liquid-liquid interface can be visualised, as these solutions will each have
their own characteristic refractive indexes [62]–[65]. By pre-saturating the microgels with
such a polymeric solution, it could form an ATPS with the liquid ATA, effectively keeping
the ATA out of the MAP.

In this study, we intend to combine the key ideas as mentioned above by fabricating
the MAP and emb3D printed perfusable channel together in an ATPS (step 4, Fig. 1.1).
With this approach, we aim to fabricate a perfusable and hierarchical vascular architecture
using biocompatible materials.

Figure 1.1: The fabrication of a perfusable hierarchically vascular network in four steps: (1) creating a micro-
porous network from microgels; (2) creating macroscale channels in hydrogel; (3) creating stability between
the microgels and hydrogel when they are brought together together; (4) fabricating a perfusable macroscale
channel connected to a high density microporous capillary-like network.





2
Materials and methods

This chapter provides a detailed description of the experimental design and methods used
to carry out the research. This chapter will start by listing the materials used in this study
(section 2.1). Then, the methods related to step 1, creating a MAP with a high density
capillary-like network, will be described (sections 2.2 - 2.6). This will be followed by the
methods used in step 2, creating perfusable arteriole-like channels (sections 2.7 - 2.11) and
step 3, creating a time-window of stability during which channel fabrication is possible
(sections 2.12 - 2.14). Finally, the experiments for creating a perfusable hierarchical porous
network will be described (sections 2.15 - 2.17).

7



8 2. Materials and methods

2.1. List of materials

Material Full name Manufacturer
6-aminofluorescein 6-aminofluorescein Sigma-Aldrich (USA)
Alg Sodium Alginate (80 to 120 cP) Wako Chemicals (USA)
CaCl2 Calcium chloride dihydrate Sigma-Aldrich (USA)
Clear Resin Clear Resin V4 (liquid photopolymer) Formlabs Inc. (USA)
DexTA Dextran-tyramine Synthesized by MB
DMEM Dulbecco’s Modified Eagle Medium Gibco (USA)

DMTMM
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride

Fluorochem (UK)

EDC
N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride

Sigma-Aldrich (USA)

EtOH Ethanol
FBS Fetal Bovine Serum Sigma-Aldrich (USA)

Fitc-dex 2000kDa
Fluorescein isothiocyanate-dextran
average mol wt 2,000,000 Da

Sigma-Aldrich (USA)

Fluorescent particles Fluorescent Airbrush Colors Createx Colors (USA)
Food dye Sodium chloride, E124, E102 TRS Food Colour (India)
Gelatin Gelatin, tested according to Ph. Eur. Sigma-Aldrich (USA)
H2O2 Hydrogen peroxide 30 (w/w) Sigma-Aldrich (USA)
HRP Peroxidase from horseradish Sigma-Aldrich (USA)
IPOH Isopropanol
MES 2-(N-morpholino)ethanesulfonic acid Sigma-Aldrich (USA)
MetOH Methanol
NaCl Natrium chloride
NHS N-Hydroxysuccinimide Sigma-Aldrich (USA)
PBS Phosphate buffered saline Lonza (Switzerland)
PDMS elastomer base Dowsil 184 Silicone Elastomer Base Sylgard 184, Dow Corning (USA)
PDMS curing agent Dowsil 184 Silicone Elastomer Curing Sylgard 184, Dow Corning (USA)
PEG-35K Polyethylene glycol 35000 Sigma-Aldrich (USA)
Pen/Strep Penicillin Streptomycin Gibco (USA)
RhodB Rhodamine B Sigma-Aldrich (USA)
RU Ruthenium Advanced BioMatrix (USA)
SPS Sodium Persulfate Advanced BioMatrix (USA)
TA Tyramine hydrochloride, 99% Acros Organics (China)

2.2. Microgel production with In-Air Microfluidics (IAMF)
The IAMF device, as developed by Visser et al. [34], generates monodisperse droplets by
breaking up a liquid jet using the eigenfrequency of the fluid with a vibrating piezoelectric
element. The liquid jet is formed by pushing liquid through a nozzle using a syringe pump
(Fig. 2.1). The flow speed of the fluid is controlled with a syringe pump and compatible
software (QMix, Cetoni GmbH, Germany). The position of the nozzles is monitored using
an iDS camera (iDS Imaging Development Systems GmbH, Germany) compatible software
(uEYE, iDS Imaging Development Systems GmbH, Germany).

The technique and settings for microgel production using 100 µm-diameter nozzles
were optimised using a 0.5% w/v Alg in MilliQ water (MQ) solution and a 0.1 M CaCl2 in
MQ crosslinking solution with 10% EtOH to reduce the surface tension of the fluid. The
Alg-solution was filtered using a 0.2 µm filter before microgel fabrication to prevent clog-
ging of the nozzle. The flow speeds of both the Alg- and CaCl2 jets were set to be 2000
µL/min. The offset was set to be 4 VdC and the amplitude was 4 Vpp. The frequency of
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the vibrating piezo was found to be around 4.57 kHz, although this frequency was adjusted
on the fly until a stable droplet train could be observed. The microgels were collected and
kept in a 0.03 M CaCl2 in MQ solution and stored at 4 °C. Microgel production with IAMF
was also performed with (mixtures of) 0.5% w/v Alg derivatives, such as photocrosslinkable
alginate-tyramine (ATA) or fluorescent alginate (Alg-F). Images of microgels were taken
with an EVOS microscope and analysed using ImageJ software (NIH). Graphs were created
using SPSS (IBM) and schematics were made with BioRender.

2.3. Fluorescent alginate (Alg-F) synthesis and analysis
Two protocols for the synthesis of Alg-F using 6-aminofluorescein were adjusted from lit-
erature [44], [45], resulting in the synthesis of Alg-F-MES and Alg-F-PBS (Fig. 3.1H).

Alg-F-MES was synthesized according to the protocol from Balaj et al. [44]. In short, 2.1
mL of 100 mM MES buffer (pH 4.98), 560 µL of 6-aminofluorescein in MetOH (30 mg/mL),
280 µL of EDC in 25 mM MES buffer (50 mg/mL, pH 4.98), and 280 µL of NHS in MQ (30
mg/mL) were added to 7 mL of 3% w/v Alg in MQ and stirred for 15 min at room temper-
ature in the dark. The solution was then dialysed (Pre-wetted RC Tubing MWCO: 3.5kD,
Spectra/Por 6 Dialysis Membrane, Repligen, USA) in the dark against MQ at 4 °C for 3 days
with 4 changes of the dialysis bath, after which the product was freeze-dried and stored in
the dark at room temperature.

Alg-F-PBS was synthesized according to the protocol from Hori et al. [45]. In short, 1
mL of 90 mM EDC in PBS and 1 mL of 90 mM NHS in PBS were added to 8 mL of 2.5%
w/v Alg in PBS, achieving a 10 mL solution of 2% w/v Alg + 9 mM EDC + 9 mM NHS in
PBS. This solution was stirred for 2 h at room temperature, after which 10 mL of 4.5 mM 6-
aminofluorescein in 70% EtOH was added and stirred for 18 h at room temperature in the
dark. The solution was then dialysed (Pre-wetted RC Tubing MWCO: 3.5kD, Spectra/Por
6 Dialysis Membrane, Repligen, USA) in the dark against MQ at 4 °C for 2.5 days with 5
changes of the dialysis bath, after which the product was freeze-dried and stored in the
dark at room temperature. The yield of the synthesis was determined by weighing the Alg-
F.

Microgels were made using IAMF from a solution consisting of 0.4% w/v Alg and 0.1%
w/v Alg-F-PBS or Alg-F-MES in MQ, following the protocol described in section 2.2. The
fluorescence of the microgels was attempted to visualise using an EVOS FL microscope
and Zeiss LSM 880 confocal microscope.

2.4. ATA synthesis
Alg was modified to contain TA functional groups for photocrosslinkable properties (Fig. 3.2A).
To do this, 2.2 g of TA was added to 500 mL of a 1% w/v solution of Alg in MQ for substitu-
tion catalysed by 3.5 g of DMTMM for 24 h under continuous stirring. After that, 40 mL of
saturated NaCl in MQ was added to the solution for 30 min to help the precipitation. The
precipitation took place in a fivefold volume of EtOH on ice under continuous stirring, after
which it was stored overnight at 4 °C. To remove the EtOH, the samples were centrifuged for
5 min at 5000 rpm at 15 °C after which the samples were dried on a petridish in a desiccator
at room temperature. Unreacted TA and other small molecules were then removed through
dialysis (Pre-wetted RC Tubing MWCO: 3.5kD, Spectra/Por 6 Dialysis Membrane, Repligen,
USA) against MQ for 4 d. Water was refreshed twice a day for the first two days (demi water)
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Figure 2.1: Top: overview photo of IAMF setup. Bottom left: photo of droplet train (left nozzle) and crosslinker
(right nozzle) coming out of 100 µm IAMF nozzles for in-air crosslinking. Bottom right: Schematic of IAMF
setup with labeled components of the setup.

and once a day for the last two days (MQ). The concentration of the solution was increased
by evaporating the solvent using a vacuum rotary evaporator at 40 °C. Finally, the solution
was freeze-dried and stored at room temperature for future use. The yield of the synthesis
was determined by weighing the ATA. This protocol was carried out twice in parallel, hence
resulting in two batches: ATA_A and ATA_B.

A smaller bath of ATA_S with the aim of a higher degree of TA substitution was made.
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For this, 0.88 g of TA was added to 100 mL of 1% w/v solution of Alg in MQ for substitution
catalysed by 1.4 g of DMTMM (double concentration as compared to the previous protocol)
for 48 h under continuous stirring. After that, the solution was precipitated, centrifuged,
desiccated, dialysed, freeze-dried, and stored according to the protocol described above.

2.5. UV-VIS spectrometry
The substitution percentage of TA on the synthesized ATA was determined using a Nan-
odrop spectrophotometer (ND-1000 spectrophotometer). The measurements were taken
on wavelength λ = 274 nm, of which it is known that it is absorbed by TA. The degree of TA
substitution was then calculated using a calibration curve.

2.6. MAP formation through photocrosslinking of microgels
Microgels produced with IAMF from 0.5% w/v ATA in MQ and 0.1% w/v Fitc-dex 2000kDa
were annealed as reported in previous work [35]. In short, a mould was fabricated by
drilling a hole of approximately 3 mm in diameter in a 1 mm thick plate. The microgels were
collected in this hole on top of a glass plate. Excess fluid was taken up from the bottom of
the mould with lint-free tissues. Solutions of 2 mM RU and 2 mM SPS were added on top of
the microgels in succession, after which the structure was exposed to visible light (E27 807
lumen white LED lamp) for 15 min for photocrosslinking. To evaluate the photocrosslink-
ing quality, the structure was taken up in MQ and exposed to mechanical turbulence to see
whether the MAP would stay intact. The MAP was imaged with a Nikon A1 confocal mi-
croscope. The images were analysed with ImageJ (NIH) and Matlab (MathWorks). Graphs
were created using Prism 5 (GraphPad).

2.7. Developing print bath moulds
3D CAD designs of the negative replica casting moulds for the print bath and compatible
lid were designed in TinkerCAD (Autodesk). The designs were then loaded into PreForm
software and printed with a Form3B+ freeform resin printer (Formlabs, USA) using Clear
Resin at a layer thickness of 0.100 mm. The moulds were then soaked in IPOH for 15 min-
utes in the dark. After blow-drying the moulds with air, the moulds were again washed with
IPOH using Form Wash (Formlabs, USA). When the moulds were clean, they were cured at
60 °C for 60 min by Form Cure (Formlabs, USA). To avoid confusion, definitions are given
for the terms used in this report regarding the print bath, it’s origin (print bath mould), and
it’s contents (hydrogels and microgels or construct) (Tab. 2.1).

2.8. Fabricating print baths
Initially, baths were made from polydimethylsiloxane (PDMS). To prepare PDMS, the elas-
tomer base and curing agent were mixed by fiercely stirring in a 10:1 weight ratio. After
fierce stirring, the mixture was degassed at -0.08 MPa for 1 h. This uncured PDMS could
then be used immediately or stored at -18 °C for future use. Uncured PDMS at room tem-
perature was poured onto the negative replica casting mould of the print bath and compat-
ible lid, after which it was degassed in the desiccator at -0.08 mPa for 30 min and cured at
60 °C for 22-24 h. The bath and lid were carefully removed from the moulds with a surgical
22-blade, tweezers, and gentle pulling. Images were taken with an iDS camera (iDS UI-
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Table 2.1: Terminology and definitions used in this report regarding the print bath, it’s origin (print bath
mould), and it’s contents (hydrogels and microgels or construct).

Print bath mould
Mould for negative replica casting.
Designed in TinkerCAD and fabricated
with the freeform resin printer.

Print bath
PDMS or gelatin bath, result of
negative replica casting. Holder for
ATA hydrogel and microgels.

Hydrogels and microgels
Materials to fill the print bath.
Materials through which emb3D
printing is performed.

Construct
Solidified hydrogels and microgels
after photocrosslinking, either with
or without emb3D printed channel.

3140CP Rev 2, IDS Imaging Development Systems GmbH, Germany) and compatible uEYE
software (IDS Imaging Development Systems GmbH, Germany). Schematics were created
with BioRender.

Gelatin baths were also fabricated in the negative replica casting moulds from 10% w/v
gelatin in PBS. Freshly dissolved gelatin at 37 °C was poured into the mould of the print
bath and solidified for at least 30 min at 4 °C, after which the baths could be removed from
the moulds using a wet spatula. During experiments, the gelatin baths were kept on ice. No
gelatin lids were fabricated, as it was sufficient to directly pipet liquid gelatin on top of the
gelatin bath to seal the structure.

2.9. Bulk ATA fabrication through photocrosslinking
To determine the photocrosslinking variables of the various ATA batches, 1% w/v ATA in
MQ solutions were made and mixed with various photocrosslinker concentrations in the
dark (1 mM RU and 5 mM SPS; 0.5 mM RU and 5 mM SPS; 0.5 mM RU and 2 mM SPS; 1 mM
RU and 2 mM SPS). For every sample, 200 µL was transferred to an Eppendorf cap (height:
2-3 mm) and exposed to visible light (Philips lamp, 4.3 W, 4000 K, 470 lm, 40 mA, 200-240
Vac, 50/60 Hz) from approximately 0.5-1 cm distance from the light source. The liquidity of
the sample was evaluated every 30 sec by poking it with a pipette tip to determine the time
needed for the ATA to solidify and to acquire sufficient stiffness to lift the sample from the
bath.

2.10. Emb3D printing of perfusable channels in ATA
Emb3D printed channels were fabricated in the dark with a 25G nozzle to print through
1% w/v ATA_S with 0.5 mM RU and 5 mM SPS in MQ. The ink consists of 5% w/v PEG-35K
and food dye in MQ to identify the channel during printing. Channels were made with
various print speeds (100 mm/min, 200 mm/min, 300 mm/min, 400 mm/min, and 500
mm/min) and infusion rates (50 µL/min, 100 µL/min, and 200 µL/min) after which they
were fixed in the hydrogel through photocrosslinking (4000 K, 470 lm, 30 sec). The printing
variables were controlled using an Inkredible+ 3D bioprinter (Cellink, Sweden) through a
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G-code (Tab. 2.2). The infuse rate was controlled by a syringe pump (Harvard Apparatus,
PHD Ultra, USA).

Table 2.2: G-Code used to fabricate 2 mm long channels. Post processed by INKREDIBLE post pro-
cessor. External perimeters extrusion width = 0.28mm (0.06mm3/s); perimeters extrusion width =
0.26mm (0.05mm3/s); infill extrusion width = 0.26mm (0.05mm3/s); solid infill extrusion width = 0.26mm
(1.04mm3/s); top infill extrusion width = 0.26mm (1.04mm3/s).

G21 ; set units to millimeters
G90 ; use absolute coordinates
M83 ; use relative distances for extrusion
G1 X-10 Y0 Z20
G1 X-10 Z0.00 F1200.000
G4 P6000 ; pause needle movement to turn on extrusion
G1 X10 F100 ; change F for different print speeds
G4 P3000 ; pause needle movement to turn off extrusion
G1 X10 Z30 F1200.000
G1 Y50 F1200.000
M761
G1 E-2.00000 F2400.00000 ; retract extruder 0
M760
G1 E2.00000 F2400.00000 ; unretract extruder 0
M761
G1 E-2.00000 F2400.00000 ; retract extruder 0
G1 Z30 ; move needle out of the way for photocrosslinking
M84 ; disable motors

Before perfusion, an open outlet was created by cutting into the bulk hydrogel. Perfu-
sion of the emb3D printed channel in ATA was completed by inserting a 32G needle into
the closed inlet of the printed channel from the top and manually pushing fluorescent par-
ticles suspended in 5% w/v PEG-35K in MQ through it. The flow of the fluorescent particles
was filmed using an Andonstar microscope (Shenzhen Andonstar tech Co., China) and the
side view of the perfused channel was imaged using an EVOS FL microscope.

To analyse the channel sizes, the solidified structures were removed from the PDMS
baths with a wet spatula, after which cross-sectional slices of the bulk hydrogel holding
the channels were made using a surgical 22-blade. The slices were then taken up in MQ
and immediately imaged using an Andonstar microscope (Shenzhen Andonstar Tech Co.,
China). Further analysis of the channel sizes was completed with ImageJ (NIH) and Orig-
inPro (OriginLab Co.).

2.11. Swelling of ATA channels
Solutions of 1% w/v ATA_S, 0.5 mM RU, and 5 mM SPS were made in various solvents: MQ,
PBS, or culture medium (89% DMEM, 10% FBS, and 1% Pen/Strep). The solutions were
poured into a 1.2 mL mould (height: approximately 1 cm) with a needle (20G x 1 ” (0.9 x 25
mm), BD Microlance TM3, Switzerland) through the middle, after which it was exposed to
visible light (4000 K, 470 lm) for 1 min 30 sec. Cross-sectional slices of the hydrogel were
made using a surgical 22-blade. The slices were kept in various storage solutions (MQ,
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PBS, or culture medium) at 37 °C. The size of the channel was evaluated at time points 0
min, 30 min, 1 h, 4 h, 6 h, 24 h, and 7 d using an EVOS microscope. Further analysis was
completed with ImageJ (NIH) and OriginPro (OriginLab Co.). Schematics were created with
BioRender.

2.12. Interface trials between fluid Alg and microgels
To observe the effect of capillary forces of the microgels on the liquid Alg, Alg microgels
were strained and collected in the middle component of the PDMS bath. Some granules of
RhodB were taken up in 1% w/v Alg in MQ, after which 60 µL of the Alg-solution was added
in each side-compartments. Finally, the microgels were wetted with 80 µL MQ. The stabil-
ity of the structure was monitored with an iDS camera (iDS UI-3140CP Rev 2, IDS Imaging
Development Systems GmbH, Germany) and compatible uEYE software (IDS Imaging De-
velopment Systems GmbH, Germany) and analysed using ImageJ (NIH).

To observe the effect of diffusion, Alg microgels were strained and collected in the mid-
dle component of the PDMS bath after which 80 µL MQ was added on top. Then, some
granules of RhodB were taken up in 1% w/v Alg in MQ and 60 µL of this Alg-solution was
added in each side-compartments. The stability of the structure was monitored with an
iDS camera (iDS UI-3140CP Rev 2, IDS Imaging Development Systems GmbH, Germany)
and compatible uEYE software (IDS Imaging Development Systems GmbH, Germany) and
analysed using ImageJ (NIH).

To observe the behaviour of liquid Alg and microgels in an ATPS system, Alg micro-
gels were strained and taken up in 80 µL 5% w/v PEG-35K in MQ. After rigorous mixing,
the pre-wetted microgels and storage fluid were collected in the middle compartment of
the PDMS bath. Then, a spatula of dried green food dye was taken up in 1% w/v Alg in
MQ, after which 60 µL of this solution was added in each side-compartments. The stabil-
ity of the structure was monitored with an iDS camera (iDS UI-3140CP Rev 2, IDS Imaging
Development Systems GmbH, Germany) and compatible uEYE software (IDS Imaging De-
velopment Systems GmbH, Germany) and analysed using ImageJ (NIH). Schematics were
created with BioRender.

2.13. Stability of Alg in an ATPS
To study the interface stability of 1% w/v Alg and 5% w/v PEG-35K, Alg solutions in MQ
or PBS were stacked in a cuvette on top of various PEG-35K solutions in MQ or PBS. The
shadows of the polymer solutions and their interface based on refractive indexes were con-
tinuously monitored for the first 30 min. After the initial 30 min, the shadows were moni-
tored in intervals. For this, an iDS camera (iDS UI-3140CP Rev 2, IDS Imaging Development
Systems GmbH, Germany) and compatible uEYE software (IDS Imaging Development Sys-
tems GmbH, Germany) were used. The shadow was cast using a light source near the cam-
era (Fig. 2.2). The images were analysed using ImageJ (NIH). Schematics were created with
BioRender.

2.14. Degree of pre-saturation for a connected structure
ATA microgels were washed, strained, and taken up in 20 µL 5 mM RU, 50 mM SPS, and
5% w/v PEG-35K in PBS while being kept in the dark. After rigorous mixing, the pre-
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Figure 2.2: Photo of the ATPS interface test setup. In this image, the Alg solutions are coloured and the PEG
solutions were initially clear, although diffusion of the RhodB colouring is observed. A shadow of the cuvettes
was cast where the ATPS interface was clearly visualised despite the diffusion of the colouring agent. The
photo is taken with the camera of a mobile phone.

wetted microgels were collected in the middle compartment of the PDMS bath. Then, 60
µL of 0.5 mM RU, 5 mM SPS, and 1% w/v ATA_S in PBS was added in each of the side-
compartments. The structure was exposed to visible light (4000 K, 470 lm) for 1 min 30 sec
for photocrosslinking. The connection between the MAP and bulk ATA was tested using
gravitational and hydrodynamic forces. Imaging was completed with an iDS camera (iDS
UI-3140CP Rev 2, IDS Imaging Development Systems GmbH, Germany) and compatible
uEYE software (IDS Imaging Development Systems GmbH, Germany) as well as an EVOS
microscope.

2.15. Effect of needle movement on the self-healing proper-
ties of the microgel bath

To evaluate the effect of needle movement on the self-healing properties of the microgel
bath, Alg microgels were washed, strained, and taken up in 20 µL 5% w/v PEG-35K. After
rigorous mixing, the pre-wetted microgels were collected in the middle compartment of
the PDMS bath with a spatula. Then, 60 µL of RhodB-stained 1% w/v Alg in PBS was added
in each of the side-compartments. A needle (25G needle, BD Microlance TM3, Switzer-
land) was dragged through the structure at various movement speeds (50 mm/min, 100
mm/min, 200 mm/min, 400 mm/min, 600 mm/min, 800 mm/min, and 1000 mm/min) us-
ing an Inkredible+ 3D bioprinter (Cellink, Sweden) (Fig. 2.3), during which the self-healing
capacities of the microgel-bath were observed by eye.
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Figure 2.3: Image from a video where the 25G needle from the Inkredible+ printer is moving through the bath
filled with RhodB-stained Alg and microgels from left to right. The video was made with the camera of a
mobile phone.

2.16. Effect of microgel packing on the self-healing properties
of the microgel bath

To show the effect of microgel packing on the self-healing properties of the microgel bath,
ATA microgels were washed, strained, and taken up in 5 mM RU, 50 mM SPS, and 2, 20, or
200 µL 5% w/v PEG-35K in PBS while being kept in the dark. After rigorous mixing, the pre-
wetted microgels and suspension fluids were collected in the middle compartment of the
PDMS bath. Then, 60 µL of 0.5 mM RU, 5 mM SPS, and 1% w/v ATA_S in PBS was added in
each of the side-compartments. A needle (25G needle, BD Microlance TM3, Switzerland)
was dragged through the structure at f = 100 mm/min using an Inkredible+ 3D bioprinter
(Cellink, Sweden). The structure was exposed to visible light (4000 K, 470 lm, 30 sec) for
photocrosslinking. The crosslinked structure was transferred on top of a spatula and im-
ages were taken using an iDS camera (iDS UI-3140CP Rev 2, IDS Imaging Development
Systems GmbH, Germany) and compatible uEYE software (IDS Imaging Development Sys-
tems GmbH, Germany).

2.17. Printing and perfusion of final contruct
ATA microgels were washed, strained, and taken up in 20 µL 5 mM RU, 50 mM SPS, and
5% w/v PEG-35K in PBS while being kept in the dark. After rigorous mixing, the pre-wetted
microgels were collected in the middle compartment of a gelatin bath. Then, 60 µL of 0.5
mM RU, 5 mM SPS, and 1% w/v ATA_S in PBS was added in each of the side-compartments.

Channels were emb3D printed through a 25G needle with fluorescent particles and food
dye suspended in 5% w/v PEG-35K in PBS at a print speed of 100 mm/min using an Inkred-
ible+ 3D bioprinter (Cellink, Sweden) and an infuse rate of 50µL/min using a syringe pump
(Harvard Apparatus, PHD Ultra, USA). The structure was then photocrosslinked with visi-
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ble light (4000 K, 470 lm, 30 sec) and sealed with a liquid gelatin coating, which was solidi-
fied and kept on ice until perfusion and imaging.

Before perfusion, one end of the hydrogel was cut to create an open outlet. Perfusion
fluid was prepared by straining (70 µm) fluorescent particles suspended in 5% w/v PEG-
35K. Perfusion of the emb3D printed channel in ATA was completed manually using a 32G
needle which entered the inlet of the channel from the side of the gelatin bath.

The perfused structures were macroscopically visualised using an iDS camera (iDS UI-
3140CP Rev 2, IDS Imaging Development Systems GmbH, Germany) with compatible uEYE
software (IDS Imaging Development Systems GmbH, Germany) while exposed to UV light
(Hamamatsu LightningCure LC8) and microscopically analysed using a Nikon A1 confocal
microscope and ImageJ software (NIH). Schematics were created with BioRender.





3
Results

3.1. Fabrication of a microporous structure with a high den-
sity capillary-like network

This study aimed to fabricate a biocompatible microgel-based structure with a high-density
capillary-like network. To achieve this goal, biocompatible Alg-microgels were fabricated
with IAMF (Fig. 3.1A) where a continuous Alg droplet train is ionically crosslinked (Fig. 3.1B)
in the air (Fig. 3.1C). When comparing IAMF (flow rate: 2000 µL/min) to conventional
emulsion microfluidics (flow rate: 8 µL/min), a 250-fold increase in the production speed
of microgels is found in our lab in terms of volume (Fig. 3.1E). The IAMF-fabricated mi-
crogels were monodisperse with a diameter of 114 µm (SD 2.6) and roundness of 0.87 (SD
0.047, n=146) (Fig. 3.1D, F-G).

To make the microgels visible under a laser-scanning confocal microscope, the Alg back-
bone was functionalised with 6-aminofluorescein (Fig. 3.1H). Fluorescent alginate (Alg-F)
was synthesized using two distinct protocols in literature, resulting in Alg-F-MES and Alg-
F-PBS. No fluorescence for either the Alg-F-MES or Alg-F-PBS microgels was detected using
EVOS microscopy. The results showed that the Alg-F synthesis in MES buffer resulted in 3x
stronger fluorescence compared to synthesis in PBS buffer when visualised with the Zeiss
confocal microscope using the same settings (Fig. 3.1I-K): their respective mean grey val-
ues are 11.660 for Alg-F-PBS and 37.323 for Alg-F-MES. The yield for Alg-F-MES was 71%
and the yield for Alg-F-PBS was 78%.

To ensure that the MAP maintained its shape, the microgels were made photocrosslink-
able by functionalizing the Alg backbone with TA (Fig. 3.2A-B). The synthesis yielded 56.0%
ATA_A, 55.5% ATA_B, and 73.1% ATA_S. The results showed that the degree of TA synthesis
was about 4.7 % for the 24-hour synthesis protocol and about 7.0 % for the 48-hour synthe-
sis protocol (Fig. 3.2C-E). Photocrosslinking of ATA microgels was successful and resulted
in a microporous structure (Fig. 3.2F). The average pore size was 64.17 µm and the median
void space in the MAP structure was 12.48 %, which corresponds to a range of capillary- and
arteriole-sized vessels in the human body (Fig. 3.2G-H). About 31% of these pores range
from 5-40 µm in diameter and correspond to native human capillary-sized pores.

19
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Figure 3.1: The fabrication of microgels. (A) Schematic illustration of the production of microgels with IAMF.
(B) Chemical structures of Alg (or Alg derivative, purple) under influence of calcium-chloride during microgel
fabrication using IAMF. (C) Microscopic image of liquid hydrogel droplets and crosslinker during IMAF. (D)
Monodisperse microgels fabricated by IAMF with the 100 µm nozzle. (E) Quantification of the volume of
microgels that can be produced in 5 minutes with conventional emulsion microfluidics at 8 µL/min and
IAMF at 2000 µL/min. (F) Size and (G) roundness distribution of microgels fabricated by IAMF with a 100 µm
nozzle (n = 146) where a high average value of 87.4% (4.7 pp) for roundness combined with a low standard
deviation of 2.6 µm for the average diameter indicates that the microgels are monodisperse. (H) Chemical
structures of the synthesis of Alg-F from Alg (purple) and 6-aminofluorescein (green) under influence of EDC
and NHS. Microgels made from Alg-F synthesized with the (I) MES and (J) PBS buffer as observed using
a Zeiss LSM 880 microscope. (K) Grey value analysis of the fluorescent microgels quantifies a 3x stronger
fluorescence in the Alg-F-MES microgels as compared to the Alg-F-PBS microgels.

3.2. Fabrication of stable and perfusable channels in bulk hy-
drogel

The purpose of the present study was to establish stable perfusable channels in ATA hydro-
gel. To achieve this goal, the photocrosslinking time was evaluated for various ATA batches.
Also, the photocrosslinker concentrations required to solidify and gain sufficient stiffness
were evaluated. It was known from preliminary studies that a concentration of 1 mM RU
and 5 mM SPS is sufficient in similarly synthesized ATA batches. The aim of this study
was to evaluate the performance of reduced photocrosslinker concentrations as high pho-
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Figure 3.2: The creation of a MAP with a high-density capillary-like network. (A) Chemical structures of the
synthesis of photocrosslinkable alginate from Alg (purple) and TA (orange) under the influence of DMTMM.
(B) Chemical structures of the photocrosslinking process of ATA under influence of RU, SPS, and visible light.
(C-E) Absorbance curves from UV-VIS spectrometry analysis for the various ATA batches. (F) MAP after pho-
tocrosslinking of ATA-microgels. (G) Pore size quantification within MAP, where the pore sizes are related to
capillary- and arteriole-sizes in the human body. (H) Total void space quantification within the MAP, with a
medium void space fraction of 12.48 %.

tocrosslinker concentrations are known to impact cell proliferation negatively. Also, it is
essential to reach sufficient solidity and stiffness of the ATA within the time that the printed
channel is stable. It was observed that with 0.5 mM RU and 5 mM SPS, the shortest time
was required with the lowest amount of photocrosslinker concentrations (Tab. 3.1). Fur-
thermore, it was indicated that the stiffness ATA_S was higher than that of ATA_A or ATA_B
after 30 sec of exposure to light, however, measurements to confirm this observation are
lacking. Nevertheless, it was decided to continue with ATA_S for channel fabrication.

Next, a swelling test with cross-sectional slices (Fig. 3.3A) was conducted to determine
the most suitable hydrogel solvent and storage solution for long-term stability. The results
showed that channels embedded in ATA_S dissolved in MQ displayed a higher degree of
swelling over time (Fig. 3.3B-C) as compared to those embedded in ATA_S dissolved in PBS
or culture medium (Fig. 3.3D-E). Further, the samples kept in MQ as a storage solution
were observed to be less stable and more gel-like than those kept in PBS or culture medium
(Fig. 3.3F). Based on these findings, it was concluded that both PBS and culture medium
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Table 3.1: Time needed for various ATA batches with various photocrosslinker concentrations to solidify (first
line) and gain sufficient stiffness to lift the sample from the mould (second line) through exposure to visible
light (4000 K, 470 lm).

0.5 mM RU
2 mM SPS

0.5 mM RU
5 mM SPS

1 mM RU
2 mM SPS

1 mM RU
5 mM SPS

ATA_A
2 min 30 sec
4 min

30 sec
30 sec

1 min
2 min

30 sec
30 sec

ATA_B
2 min 30 sec
3 min 30 sec

30 sec
30 sec

1 min 30 sec
2 min 30 sec

30 sec
30 sec

ATA_S
1 min 30 sec
1 min 30 sec

30 sec
30 sec

1 min
1 min 30 sec

30 sec
30 sec

would be excellent choices for dissolving the hydrogel and preserving the sample stability.
Ultimately, for research purposes, PBS was selected as the solvent as well as the storage
solution as it was both colourless and convenient.

Furthermore, the impact of various printing variables on the formation of open, thus
perfusable channels was evaluated. The results indicated that the channel size increased
with larger infuse rates (i[µL/min]) and/or lower print speeds (f[mm/min]). In particular,
it was observed that the size of the open channel decreases when the print speed increases
for both infuse rates i = 50 µL/min (Fig. 3.3G-I) and i = 100 µL/min (Fig. 3.3J-L). It must be
noted that the channel stability was dependent on the printing parameters. Stable open
channels were produced using the following parameters: (i) i50f100-500, (ii) i100f400-500,
and (iii) i200f400-500 (n = 3), while channels produced in the 0.6 mm diameter range were
perceived as less stable as one out of three samples broke during analysis for samples made
with both i50f50 and i200f300 settings (Fig. 3.3M). Out of the stable open channels, it was
found that the open channels produced at i50f200-400, i100f300-500, and i200f500 were
arteriole-sized. Researchers observed better visualisation of perfusion in larger channels
as opposed to smaller channels. Perfusion was observed macroscopically live from a top
view (Fig. 3.3N) and microscopically in hindsight from a side view (Fig. 3.3O). Therefore,
perfusion imaging of the channel (Fig. 3.3P-R) and further experiments were conducted
using the i50f100 settings.

3.3. Separating the MAP and liquid hydrogel through ATPS
The objective of the present study was to investigate the stability and connection between
the capillary-like structure and the liquid hydrogel. In the previous sections, the creation
of a capillary-like structure and the establishment of perfusable channels in ATA was sep-
arately demonstrated. To perfuse the capillary-like structure, it is necessary to connect the
perfusable channel to the capillary-like structure. To facilitate the collection of microgels
and hydrogel, a bath was developed to collect the various materials, keeping the possibil-
ity of perfusion in mind. The bath was designed to consist of compartments for the MAP
and the perfusable channels. For this bath, 3D CAD designs for the negative replica casting
mould were created (Fig. 3.4A-B). From these negative moulds, PDMS baths and compat-
ible lids (Fig. 3.4C-D) were fabricated with negative replica casting. The bath has showing
a shallow rectangular compartment for the MAP with an inlet and outlet on opposite sides
(Fig. 3.4E). The bath also featured a system to secure a compatible lid in place with a marked



3.3. Separating the MAP and liquid hydrogel through ATPS 23

Figure 3.3: The creation of open perfusable channels in ATA hydrogel through emb3D printing and pho-
tocrosslinking. (A) Schematic relating the terminology top view, side view, and cross section to the orientation
of the channel in the hydrogel. (B-E) Panel of cross-sectional images from the swelling study at various time
points (t = 0 min and t = 7 d) and various hydrogel solvents and storage solutions (MQ and PBS). (F) Bubble
graph with the results of the swelling test (n = 3). Swelling is observed over time when exposing the hydro-
gel to MQ. (G-L) Panel of cross-sectional images from the printed channel size study at various print speeds
(f = 200 mm/min, f = 300 mm/min, f = 400 mm/min) and various infuse rates (i = 50 µm/min and i = 100
µm/min) (n = 3 for channels with a diameter of 0.5 mm or smaller, n = 2 for channels with a diameter of 0.6
mm or larger, n = 0 for empty spaces). (M) Bubble graph with the results of the printed channel size study (n
= 3 for diameter < 0.6 mm, n = 2 or n = 0 for other). Larger channels are created with an increased infuse rate
or decreased print speed. (N) Top-view schematic of the printing process through hydrogel in the mould. (O)
Side-view fluorescent microscopic image of a printed and perfused inlet and channel. (P-R) Top-view images
of the perfusion process through a printed channel from left to right, where the perfusion progress in each
image is indicated with a blue arrow.

inlet and outlet for perfusion.

The initial observation when bringing together the microgels and liquid hydrogel was
that the liquid hydrogel infiltrated the pores of the MAP due to capillary forces. Capillary
forces are the attractive forces between a liquid and a solid surface that cause the liquid
to rise or fall (Fig. 3.5A). In our case, the stacked microgels exert these capillary forces on
the liquid hydrogel, rendering the capillary-like structure no longer microporous after pho-
tocrosslinking (Fig. 3.5J). To resolve this, infiltration was blocked by pre-saturating the MAP
with MQ. However, it was observed that the MQ in the MAP diluted the liquid hydrogel on
the interface due to diffusion (Fig. 3.5D, K; Appendix B).

Therefore, it was attempted to pre-saturate the MAP with a polymeric solution to pre-
vent interaction between the liquid hydrogel and the MAP through achieving ATPS stabil-
ity (Fig. 3.5B). The study focused on the stability of the ATPS interface between 1% w/v Alg
and 5% w/v PEG-35K in MQ and PBS. In particular, the study aimed to create a window
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Figure 3.4: (A) 3D CAD design for 3D printing a mould for negative replica casting with a print-bath com-
ponent (orange) and empty cubes to make it compatible to secure a lid (red cubes). (B) Dimensions of the
print bath component in the negative 3D CAD design. (C) Three steps for negative replica casting: pouring
the PDMS or gelatin (left), hardening the material by baking PDMS or cooling gelatin (middle), and gently
separating the solidified bath from the mould (right). (D) PDMS products of the mould (left), compatible lid
(middle) with marked positions for in- and outlets (pink arrows), and both the mould and lid put together
(right). (E) The intended purposes of the bath components were the microgels are collected in the middle
compartments and the liquid hydrogel is collected in the side compartments. For research purposes, emb3D
printing can be completed in a straight line in this bath.

of ATPS stability that allows for emb3D printing of a channel through the combined struc-
ture. Visualisation of the ATPS interface was based on a difference in refractive indexes of
the polymeric solutions (Fig. 3.5C).

The results showed that ATPS stability was observed when stacking Alg dissolved in MQ
(Alg_MQ) on top of PEG-35K dissolved in MQ (PEG_MQ) solutions for over 2 hours but less
than 24 hours (Fig. 3.5E). However, no ATPS stability was observed when stacking Alg_PBS
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on top of PEG_MQ, as the interface between the two liquids immediately merged into each
other (Fig. 3.5F-G). Limited ATPS stability was observed between Alg_PBS and PEG_PBS, as
the PEG-35K solution penetrated the Alg solution in slow swirling movements (Fig. 3.5H-I).

The time window of ATPS stability necessary for embedded 3D printing through the
construct in this study was found to be less than 5 minutes, for which both the purely MQ
and PBS ATPS systems were suitable (Fig. 3.5E, H). The results also showed that when the
MAP was pre-saturated with a 5% w/v PEG-35K solution, the liquid ATA formed a clear
interface with the PEG-35K and stayed out of the MAP (Fig. 3.5L).

Finally, observations indicated that with the appropriate amount of pre-saturation, it
was possible to establish a connection between the MAP and the liquid ATA with a clear
interface between the two components, which remained connected even when balanced
on a spatula in the air (Fig. 3.5M) or dropped in PBS (Fig. 3.5N).

3.4. Printing through the interface and perfusing the struc-
ture

This study aimed to create open perfusable channels using emb3D printing techniques
through the liquid hydrogel, ATPS interface, and microgel bath (Fig. 3.6A). To achieve this
goal, the response of the microgels to needle movement was evaluated first. The results
showed that the packing of the microgels plays a crucial role in determining the outcome of
the experiment (Fig. 3.6C). If the microgels were densely packed, the self-healing properties
of the microgel bath were lost, leading to deformation of the structure upon needle move-
ment. Conversely, if the microgels were suspended and not in contact with each other,
photocrosslinking between the microgels was unsuccessful. It was found that the addition
of 20µL fluid to 140µL freshly strained and therefore loose-packed microgels was sufficient
to create a self-healing, photocrosslinkable bath. This corresponds to a total suspension
volume of 160µL with roughly 110K 114µm diameter microgels and a packing density of
approximately 60% [66]. After we found the appropriate amount of pre-saturation, studies
were completed to find the appropriate print-speed range in which the microgel bath has
self-healing properties. We found that needle movements between 50-800 mm/min were
compatible for this purpose.

In the next experiment, researchers attempted to perfuse the MAP through a channel
in a PDMS bath. The results indicated that the perfusion particles traversed the channel
(Appendix C; Fig. C.1A), but instead of entering the MAP, they took the path of least resis-
tance along the edges between the MAP and the bath (Appendix C; Fig. C.1B). In response
to this observation, researchers restricted the void space near the edges of the construct
and increased friction between the microgels and the bath by switching from PDMS to a
gelatin bath and cover (Fig. 3.6B). The results showed that perfusion particles were able to
successfully enter the MAP through the channel (Fig. 3.6D). The locations of the channel in
the hydrogel and the interface between the hydrogel and MAP are both identifiable in a mi-
croscopic brightfield 3D reconstruction (Fig. 3.6E). It is observed that in the bulk-hydrogel
compartment, the red particles used in perfusion are aligned in the channel, while in the
MAP compartment, the red particles distribute throughout the structure (Fig. 3.6F). The
3D results showed perfusion particles in the channel (Fig. 3.6G) and in the MAP around the
particles (Fig. 3.6H).
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Figure 3.5: The creation of a stable interface between the liquid hydrogel and the microgels. (A) Schematic ex-
planation of fluid movement through narrow spaces due to capillary forces based on cohesion, adhesion and
surface tension at the coloured arrows. (B) Schematic of a binodal curve for achieving ATPS. (C) Schematic of
the experimental setup for visualising and studying the ATPS interface. (D) Shadow of ATPS study at t = 5 min
where 1% w/v Alg dissolved in MQ is stacked on top of MQ. No ATPS is observed. (E) Shadow of ATPS study
at t = 60 min where 1% w/v Alg dissolved in MQ is stacked on top of 5% w/v PEG dissolved MQ. Stable ATPS is
observed. (F-G) Shadow of ATPS study at (F) t = 5 min and (G) t = 20 min where 1% w/v Alg dissolved in PBS is
stacked on top of 5% w/v PEG dissolved MQ. ATPS is observed with unstable interface between phases. (H-I)
Shadow of ATPS study at (H) t = 5 min and (I) t = 20 min where 1% w/v Alg dissolved in PBS is stacked on top
of 5% w/v PEG dissolved PBS. ATPS is observed with decreased stability of the interface over time. (J-L) Top:
grey value analysis over the length of the bath. Bottom: various configerations with liquid Alg and microgels:
Alg (pink) penetrating dry microgels (white) due to capillary forces at t = 2 min (J); Dilution of Alg (pink) at
the interface by MQ between the microgels (white) due to diffusion at t = 2 min (K); 1% w/v Alg (green) and
pre-saturated microgels with 5% w/v PEG-35K (white) stay separated due to ATPS at t = 10 min (L). Dotted
lines at the interfaces of the liquid hydrogel and microgels. (M) Side-view macroscopic image of a solidified
connected structure due to ATPS and photocrosslinking balanced on a spatula to show the connectivity. (N)
Side-view microscopic image of a solidified connected structure stored in PBS. The connection is created by
ATPS and photocrosslinking where a clear interface is visible between the capillary-like structure (left) and
the bulk hydrogel (right).
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Figure 3.6: The creation and perfusion of an emb3D printed channel connected to an open MAP with a high-
density capillary-like network. (A) Top: top-view schematic of printing (red) through liquid hydrogel (light
blue) and microparticles (dark blue). Bottom: 3D schematic of solidified MAP in the middle (green) with per-
fusable channels on the side (orange). (B) Schematic featuring microgels (white), small void spaces (green),
large void spaces (red), stiff PDMS bath (grey), and soft gelatin bath (blue) of how the stiffness of the bath
affects the pore sizes on the edges of the MAP, and therefore also how it affects the path of least resistance
during perfusion. (C) Schematic (top) and macroscopic images (bottom) of how microgel packing influences
the self-healing and solidifying capacities of the bath. (D) Macroscopic image under UV light of a perfused
structure embedded in gelatin. Perfusion was performed with red fluorescent particles. Yellow line indicates
the location at which the next images (E-G) were taken in the construct. (E) Stitched 3D reconstruction of
the region of interest with brightfield settings. The clear gelatin bath is more transparent than the bulk ATA
holding the channel. Neither the microgels nor the perfused channels are transparent, and are therefore dark
in this image. Because of the contrast, the bath, ATA hydrogel and channel are identifiable in this image. (F)
Stitched 2D reconstruction combining brightfield (white) and perfusion particles (red) at the region of inter-
est where it is observed that the particles go through the channel into the MAP. (G) Stitched 2D confocal image
combining bulk ATA (dark green), microgels (bright green), and perfusion particles (red) where it is observed
that the particles go through the channel into the MAP. (H) 3D confocal reconstruction in the perfused MAP
where the perfusion particles (red) go around the microgels (green) through the capillary-like structure.
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Discussion

The objective of this study was to engineer a perfusable and hierarchical vascular archi-
tecture using biocompatible materials. To realise this goal, first, a MAP from ATA microgels
was manufactured with a high-density capillary-like network. Second, perfusable arteriole-
like channels were fabricated using emb3D printing techniques. Third, a stable interface
between the microgels and hydrogel was created using ATPS so that it was possible to fab-
ricate a channel that was connected to the MAP. Last, the methods were combined to as-
semble a perfusable hierarchical porous network with micro- and macroscale vasculature
(Fig. 1.1).

This chapter will present an in-depth analysis of the implications of the results obtained
from the four experimental steps. Additionally, recommendations for future investigations
will be proposed to advance the field of large-scale tissue engineering. In the last section,
ideas and recommendations will be considered for future studies where cells are included
in the structure.

Step 1: Microgel and MAP fabrication
The first step in this study involved the fabrication of monodisperse soft microgels using
IAMF, which were then used to construct MAPs. We have established that the use of IAMF
allows for high-throughput microgel fabrication, which is essential for scaling up tissue
engineering. Although the microgels produced using IAMF are less spherical compared to
those produced using conventional emulsion microfluidics, their shape can be improved
with the nozzle positions of the IAMF device [34]. Furthermore, we hypothesise that the
roundness is influenced by the deformation of the droplets in the air before and during
crosslinking, which means that the roundness of the particles might be controlled by regu-
lating the crosslinker flow rate.

We observe by eye that the microgels are soft and deformable after their first and before
their second crosslinking step, which results in deformed microgels in the MAP. Although
the shape and porosity of the MAP are dependent on the properties of the microgels result-
ing from the first crosslinking step, the stiffness of the MAP is formed during the second
crosslinking step. During the second crosslinking step, not only the TA groups between
various microgels will crosslink, but also TA groups within microgels internally, which will
result in the stiffening of the microgels. This means that the stiffness of the microgels and
the full MAP are separately tuneable and that the stiffness of the MAP is dependent on
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photocrosslinker concentrations, photocrosslinking time, and the amount of TA on the Alg
backbone. The range of microgel and MAP stiffness with ATA should be investigated by
exposing the structures to compression tests.

In the future, various microgel shapes and sizes should be considered as the building
blocks for MAPs. Previous research has demonstrated that the pore sizes within MAPs con-
structed from IAMF ATA microgels were similar and all in the capillary range for microgels
of 50, 100, and 200 µm in size (unpublished). However, the underlying mechanism for this
phenomenon remains unknown. We hypothesize that the stiffness and deformability of
the microgels may have an impact on the pore sizes of the MAPs. Nevertheless, the void
space fraction could differ due to the various sizes of the microgels. Also, the packing prop-
erties of Alg microgels of various sizes have not yet been explored. Polydispersity may lead
to different particle packing and consequently affect the quality of void space in the MAPs,
for example, the presence of smaller pore sizes. Apart from studying MAPs from variable
spherical microgel sizes, it is also worth investigating the properties of MAPs constructed
from non-spherical microgels in future studies. For example, researchers found that MAPs
from randomly assembled rods have higher porosity and better cell ingrowth than MAPs
from assembled spheres [67], [68]. Another example is that researchers have discovered
that the shape of biological structures determines their functions, especially on the larger
microscale, as that is the scale on which many biological functional units are organised.
One example of those units is the elongated shape of striation in muscle bundles and bone
osteons. Unlike spherical microgels, rod-shaped microgels can be collected and aligned,
potentially resulting in more anatomically accurate microstructures. The shape of the mi-
crogel should be tailored to the structure of the target tissue.

Step 2: Emb3D printing perfusable channels in ATA
In the second step, the behaviour of ATA was studied regarding crosslinking variables and
storage variables before fabricating perfusable arteriole-like channels in it. The liquid ATA
bath was solidified using ruthenium (RU) and sodium persulfate (SPS) mediated photocrosslink-
ing at λ = 400-450 nm. As visible light is used, colourless materials are preferred as they are
less likely to interfere. We observe faster and stiffer photocrosslinking results with ATA_S
than with ATA_A and ATA_B. The difference between those batches is that ATA_S has a
higher degree of TA substitution, thus more TA groups that can form networks due to pho-
tocrosslinking. In future studies, this observation can be confirmed and quantified with
compression tests.

We observe in both the swelling test and the printing test that larger channels are less
stable than smaller channels. In the swelling test, the size of the hydrogel is not constricted.
We observe that the size of the channel increases when the sample is exposed to MQ. We
hypothesize that in this scenario, osmosis causes the gel to swell. As a result of this swelling,
there is more space between the crosslinked polymer strands, which compromises the
strength of the hydrogel and causes the material to tear. This can be solved by dissolving
and storing the hydrogel sample in an isotonic solution so that there will be no net move-
ment of water and therefore no swelling (or shrinking) will take place. On the other hand,
in the printing test, the size of the hydrogel is constricted, which means that the larger the
hole of the channel is, the less hydrogel there is on the side of the channel to stabilise it.
We hypothesize that this causes larger printed channels to be unstable. This can be solved
by increasing the size of the bath to make sure that there is enough remaining hydrogel on
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the edges to stabilise the channel. However, upscaling the size of the bath is not infinitely
possible, as there is a limitation to the depth to which the light can penetrate the sample,
and therefore the depth at which photocrosslinking is effective, even when exposing the
sample to light from multiple angles.

Our analysis revealed that channels generated by emb3D printing range from 300 to 500
µm in diameter. In the human body, the arterioles and arteries have a diameter ranging
from 40 µm to 8 mm [20], [21]. This means that the size of the fabricated channels is within
the range of existing vessels that they can be attached to for in vivo perfusion. Given that
Alg is biocompatible and non-degradable in mammals [46], and TA-crosslinked gels have
been reported to be stable in vivo [50], it is reasonable to assume that both the channel
and MAP would remain stable after transplantation, allowing for the successful integration
of the construct with the host tissue. Existing microvascular surgery methods include the
use of sutures or adhesion agents. We acknowledge that further studies are required to
investigate the stability of the channel and MAP in vivo, as well as which surgery method is
most compatible with our ATA channels.

In the field of tissue engineering, researchers have proposed an alternative approach to
our emb3D printed perfusable vessels, which involves embedding a perfusable fenestrated
tube within engineered tissue [69]. Following their approach and applying it in our con-
struct, we would build a MAP around a perfusable fenestrated tube. While this approach
may seem simpler than emb3D printing channels in the early stages of large-scale tissue
engineering, there are potential complications that arise from using a pre-made tube. For
example, using a tube made of a different material may lead to the formation of fibrosis
between the tube and the MAP. Additionally, the use of a pre-made tube restricts the flex-
ibility of our freeform fabrication approach using emb3D printing. This flexibility is espe-
cially useful as we aim to mimic macroscale branched vascular networks. Therefore, while
this proposed approach is an interesting alternative, we believe that our emb3D printing
approach provides greater flexibility and potential for building more complex vascular net-
works.

Step 3: Stabilising the MAP-hydrogel interface with ATPS
In the third step, a stable interface was created through an ATPS between the MAP and the
hydrogel where the materials were in contact with each other without interfering with each
other’s concentration and porous properties. In particular, we pre-saturated the microgels
with polyethylene glycol (PEG-35K), which is a biocompatible polymer that is commonly
used in various biomedical applications [70], [71]. The pre-saturation fulfils many func-
tions. For one, it washes out the excess calcium in the microgel bath, making the microgels
compatible to collect next to ATA hydrogel for the one-step fabrication protocol, render-
ing the previously conducted manual print trials through DexTA unnecessary (Appendix
B). Furthermore, the pre-saturation and the ATPS also counteracted the dilution of the liq-
uid ATA due to diffusion [46], [72] and the capillary forces exerted by the microgels on the
liquid ATA [73], [74]. Furthermore, as will be elaborated on further, the pre-saturation has
beneficial effects on the self-healing properties of the microgel bath.

To distinguish between the two colourless liquids for ATPS stability studies, a visual-
isation method was invented based on the refractive indexes of the polymers. Refractive
indexes are a measure of how much a material bends light as it passes through it, which is
dependent on the chemical properties and concentration of the polymer [62]. As the two



32 4. Discussion

polymeric solutions have different chemical properties and concentrations, they also have
different refractive indexes [63]–[65]. To distinguish between the two colourless liquids for
ATPS stability studies, the interface could be visualised by looking at the shadow.

We observed lower ATPS stability when the polymers were dissolved in PBS than in
MQ. This was an unexpected observation, as our initial hypothesis was that the salts in the
PBS would stabilise the ATPS, as it is known that polymer-salt ATPS exists next to polymer-
polymer ATPS [75], [76]. Even though the limited stability in the PBS system was sufficient
for this study, methods to stabilise the interface further are beneficial for future studies, es-
pecially with upscaled tissue engineering in mind, where it is highly likely that more chan-
nels will need to be fabricated and therefore a longer window of stability will be needed.
We hypothesise that the ATPS stability can be increased by using a solution with a higher
PEG-35K concentration.

To create a connected structure, the right balance between the microgel pre-saturation
and the amount of hydrogel was needed. When the microgels are not saturated enough,
the hydrogel would penetrate the microgel structure due to capillary forces. On the other
hand, if the microgels are oversaturated, the hydrogel would not have sufficient contact
with the microgels for photocrosslinking on the interface. In the case of oversaturation,
we found that the hydrogel could be brought in contact with the microgels anyways by
adding a larger volume of hydrogel, effectively increasing the pressure on the hydrogel in
the direction of the microgels. However, we found that creating such an overfull structure
was not beneficial for channel fabrication, as channel fabrication requires depositing more
material into the structure, which can cause the print bath to overflow.

After photocrosslinking, we observe a clear and connected interface between the MAP
and the ATA. We assume that when this structure is fabricated with the presence of a printed
channel, the structure will still be connected, and therefore, we hope that there is no leak-
age of perfusion fluid between the channel and the MAP. However, we predict that the inter-
face might be less stable with the presence of a hollow perfusable channel, as its presence
will reduce the contact area between the MAP and the channel, and therefore the amount of
photocrosslinked TA connections. Therefore, we hypothesise that the interface may need
further stabilisation, especially in situations where forces are exerted on the interface, such
as for perfusion and in vivo transplantation, as in both scenarios, the forces from the fluid
flow will act perpendicular on the interface surfaces. Our proposed solution to stabilise
the interface is to put the whole construct in a holder so that the internal structures and
interfaces are supported.

Step 4: Creating perfusable hierarchical vasculature
In the fourth and final step of this study, the appropriate microgel pre-saturation was de-
termined for emb3D printing and MAP formation and the final hierarchically vascular and
perfusable construct was created combining by combining approaches from the previous
three steps. In this step, we exploited the self-healing properties of the microgel bath dur-
ing emb3D printing [54]–[58], which had to be investigated in combination with microgel
presaturation. The presaturation and therefore packing of the microgels is a crucial fac-
tor that influences the formation and the shape of the MAP. If the microgels are densely
packed, the bath loses its self-healing properties [77]. Conversely, if the microgels are too
loosely suspended, their surfaces do not make contact with each other, leading to insuffi-
cient crosslinking between the microgels. Therefore, it was essential to control the microgel
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packing by adjusting the amount of pre-saturation in the microgel bath.

Other researchers have previously leveraged the self-healing and supportive character-
istics of microgel baths for freeform printing, as reported in the literature [58], [78], [79]. For
instance, a microgel bath can be utilised to print an anatomically precise heart model [80].
Moreover, printing sacrificial channels in microgel baths is not a new concept [23], [81],
[82]. Nonetheless, these researchers fabricated their channels in densely packed microgel
baths, where the porous structure of MAPs was relinquished in favour of enhanced stability
and support for the printed structure. Consequently, these researchers only perfused the
printed structure, and they did not perfuse a microporous bath as we did in our study.

Another proposed approach to fabricate perfusable macroscale vessels involves emb3D
printing a solid tubular network through the MAP-and-liquid-hydrogel structure, followed
by sacrificing the solid ink once the MAP and bulk hydrogel are formed. This approach
overcomes the challenge of maintaining the stability and connectivity of the liquid ink for
a longer period, especially near the ATPS interface. Solidifying the ink in between can be
particularly advantageous when fabricating larger perfusable channels in larger structures,
where the separation between the liquid ink, liquid hydrogel, and ATPS interface needs to
exist for an extended period before the liquid hydrogel solidifies. Despite the advantages
of this approach, we acknowledge that solidified inks, for instance, gelatin, in constructs
can be challenging to wash out. However, other researchers have successfully printed and
sacrificed gelatin inks in microgel baths [81], demonstrating the feasibility of this approach.

Initially, we elected to fabricate the print baths from PDMS, which is a widely used sil-
icone elastomer with beneficial properties such as gas permeability, flexibility, elasticity,
and biocompatibility [83]. However, when perfusing the MAP through the channel, it was
observed that the particles in the perfusion fluid preferred to traverse the bath from the side
of the MAP instead of through the MAP. We have two hypotheses that can explain this phe-
nomenon. First, we hypothesised that the spaces on the side of the MAP were larger than
the pores in the MAP due to higher PDMS stiffness than MAP stiffness, which made the
resistance on the side of the MAP lower and therefore the preferred path of the perfusion
particles. Second, we thought that the presence of that particular path of least resistance
could be attributed to the hydrophobic properties of PDMS [83] which rejects friction with
the microgels.

To maintain perfusion throughout the MAP, we proposed to minimise the size of the
pores at the edges and to increase the friction between the bath and the microgels. We
achieved this successfully by using a softer and hydrophilic material to fabricate the per-
fusable structure in, namely as 10% w/v gelatin. Gelatin is a naturally occurring biopolymer
derived from collagen, which has been widely studied and is known to be biocompatible
with low immunogenicity [84]–[87].

In the macroscopic UV image of the perfused construct (Fig. 3.6E), we observed that the
fluorescent perfusion particles are mainly visible at the beginning of the construct. We hy-
pothesise that this is due to the larger particles becoming trapped within the pores. Based
on our knowledge that the fluorescent particles were strained to a diameter of up to 70 µm
and that the pores have an average diameter of 61.17 µm, this hypothesis is highly plau-
sible. To further support this claim, we can also observe a faint fluorescent line extending
towards the outlet in the same image. Additionally, during the experiment, we observed
fluid exiting the outlet, indicating successful perfusion through the MAP despite incom-
plete traversal of the larger fluorescent particles. However, to support this claim and to fur-
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ther study the behaviour of perfusion flow through the capillary-like MAP, perfusion should
be performed with red blood cell (RBC)-sized particles of 7-8 µm [88], [89]. Ideally, this flow
study with RBC-sized particles should be conducted at a realistic flow rate in the capillaries,
which is about 0.5 to 1.5 mm/sec in human capillaries [90], to gain insights on the number
of inlets needed to fully saturate any MAP volume through perfusion.

In our study, we have observed that particles in the perfusion fluid may settle at the
bottom of the construct due to gravitational forces when perfusing in the horizontal plane.
We predict that it can become a challenge to fully perfuse and saturate a larger MAP when
the perfusion direction is horizontal, therefore, we propose to either keep the MAP volumes
small or to perfuse the larger MAP in the same direction as the gravitational forces and
taking advantage of the gravitational forces for more effective perfusion in future studies.
However, both approaches require further investigation.

Another consideration is the limited depth of our laser scanning confocal microscope,
which may not be sufficient for analysing larger and deeper constructs. Thus, alternative
methods for visualization and analysis should be explored for larger perfused constructs.
One option for visualising and analysing large constructs that are too deep for confocal mi-
croscopy is to use optical coherence tomography (OCT), which uses light waves to create
high-resolution, cross-sectional images. OCT has a depth of focus of approximately 700
µm, which is a deeper penetration depth than confocal microscopy [91]. OCT can be used
to visualise the internal structures of large constructs in a non-invasive manner at a reso-
lution of 20-5 µm [91].

Although engineering perfusable capillary-like networks is a significant breakthrough,
scaling up the size of the constructs presents several challenges. One major limitation
of photocrosslinking is the depth of light penetration into the hydrogel, which restricts
the size of photocrosslinked constructs. To overcome this limitation, we propose two ap-
proaches. The first approach involves activating TA crosslinking with HRP and H2O2, as an
alternative to photocrosslinking ATA. However, this method results in weak links due to the
low degree of TA substitution on ATA, as observed in preliminary studies. To address this is-
sue, we could increase the degree of TA substitution on our ATA, or use a different hydrogel
with more (substituted) TA groups. The second approach involves building a full construct
layer-by-layer within the penetration depth of the light, which could result in variations in
properties and weak connections between the layers. A third potential approach is to make
several small constructs and stack them together to form a larger construct. While these
approaches present challenges, they provide potential solutions to overcome the limita-
tions of photocrosslinking and enable the engineering of larger tissue constructs. To scale
up the fabrication of tissue, it is essential to determine the arteriole density required for full
perfusion of the MAP. While previous studies have provided estimates for arteriole density,
these values can be influenced by material properties, such as frictional resistance caused
by Alg in both the channel and MAP. Therefore, to determine the optimal channel diameter
and quantity for full perfusion of our MAP structure, we propose using simulation to pre-
cisely calculate the required arteriole density. Additionally, simulation can provide insight
into the stability of the channels and MAP for varying perfusion flow rates, including the
impact of branching on pressure changes along the channels. It should be noted that while
our current design includes only one inlet and outlet tube, the addition of more branches
during printing may result in changes in pressure that could potentially be leveraged for
large-scale tissue engineering. Further investigation into this phenomenon is warranted.
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To prevent leakage during perfusion and facilitate transplantation, it would be advanta-
geous to utilise a holder to contain the tissue construct. Gelatin, as used in our experiments
as a print bath, is a suitable biocompatible option, but it has the disadvantage of melting
at mammalian in vivo temperatures. To address this issue, GelMA, which is a variant of
gelatin that remains solid, could be used [92], [93]. By encapsulating the engineered tissue
within such a bath, a protective barrier could be formed between the construct and native
tissue, which can become a permanent barrier over time through the process of fibrosis.

Including living cells to the hierarchical vascular structure
In conventional tissue engineering techniques, making large, clinically relevant-sized con-
structs using cell encapsulation and seeding methods is limited. This is because the for-
mation of the tissue depends on cell migration and growth into the scaffold, which is a
time-consuming process [94]. Alternatively, encapsulating cells in a bulk hydrogel results
in a necrotic core due to the limited diffusion of oxygen and nutrients [25], [26].

To render our system compatible with cell culture, it is imperative to dissolve all sam-
ples in materials that are suitable for this purpose. Alg, when dissolved in culture medium
or PBS, has been shown to be challenging to sterilise in previous studies, however, we have
successfully sterilised Alg solutions in HEPES buffered saline [35]. Therefore, we propose
to dissolve and sterilise our ATA in HEPES buffered saline for this purpose as well. Sub-
sequently, we suggest performing new channel swelling studies and ATPS stability experi-
ments with these new materials. Once the structure is constructed using these materials,
it should ideally be maintained in a culture medium, as we intend to introduce cells to the
system. However, if we find that the swelling and ATPS stability are comparable in other al-
ternatives, such as PBS, we can use them for research purposes, similar to how we replaced
the culture medium with PBS in this study. To study the effect of continuous perfusion flow
on the structure, a perfusion bioreactor can be used.

Our construct is designed for the addition of cells, where tissue cells are intended to be
encapsulated in the microgels, forming microtissues. From previous studies, it has been
established that various cell types such as HepG2, MIN6, and MSCs can be successfully
encapsulated in microgels using IAMF [34], [35]. As these microtissues can be fabricated
within the diffusion limit, we hypothesise that we can use those microtissues to make large
living MAPs without necrotic cores, which is a crucial step towards large-scale tissue engi-
neering. Therefore, it is highly important to test this hypothesis and to achieve maintained
cell viability in MAPs. One of the expected challenges is weighing the MAP strength in-
duced by photocrosslinking against cell viability, as it is known that high concentrations of
the photocrosslinker SPS both increases photocrosslinking quality and is toxic to cells in
high quantity. Potential possibilities to enhance the performance of cells by incorporating
growth factors or other beneficial materials in the hydrogel can be explored. Additionally,
anti-inflammatory agents or other drugs could be incorporated to improve cell behaviour.
For our experimental setup, it is also necessary to study the cell response to emb3D print-
ing through a living modular bath in which cells are encapsulated (Fig. 4.1). The advantage
of this setup is that the cells are encapsulated and thus protected. However, cell response
must still be studied, especially for more fragile cell types.

To functionalise the vessels in the engineered tissues, we aim to seed human umbilical
vein endothelial cells (HUVECs) onto the MAP and the channels for vessel formation in fu-
ture studies. The presence of HUVECs is essential for regulating the exchange of substances
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Figure 4.1: Schematic of emb3D printing through a microtissue bath. Schematic created with BioRender.

between the blood and surrounding tissues. To enhance HUVEC adhesion to the scaffold,
a collagen coating can be applied to the Alg channels. Previous studies have demonstrated
successful cell ingrowth within a MAP scaffold [32] and effective cell adhesion to collagen-
coated hydrogel channels [82], thus supporting the feasibility of this approach. The ability
to encapsulate various cell types in distinct microgels presents an opportunity to produce
a living structure with heterogeneity. In theory, the injectability of microgels provides con-
trol over the positioning of different microtissues within a single construct, allowing for
the creation of a heterogeneous patterned living structure. As native tissues and organs in
the human body are composed of different types of cells, it would be remarkable to fabri-
cate such a large living heterogeneous structure. The next step would be to investigate how
emb3D printing movements affect the individual positions of microgels. If we could pre-
dict and control the placement of individual microtissues, we could fabricate macroscale
channels in the patterned heterogenous microtissue bath.

The research enables the development of large cell-laden constructs with sufficient vas-
culature within the diffusion limit for all cells, thereby avoiding necrotic cores. We hope
that our technique will advance the field of tissue engineering, enabling the generation of
larger and more complex tissue constructs.

Tissue engineering has the potential to revolutionise medical treatment and provide so-
lutions to various health problems. However, it also raises ethical concerns that need to be
addressed before clinical applications can be considered. One concern is the use of human
embryonic stem cells or fetal tissues, which raises ethical and legal issues surrounding their
sourcing and usage. Additionally, there are concerns about the safety and efficacy of engi-
neered tissues, as well as the possibility of unintended consequences such as unforeseen
immune responses or tumorigenesis. There are also questions about the accessibility and
affordability of these treatments and potential inequalities in access to cutting-edge thera-
pies. As such, ethical considerations need to be carefully considered and addressed in the
development and deployment of tissue engineering technologies for clinical applications.
So far, there is no ethical guidance for engineered tissues in clinical trials [95].
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Conclusion

The goal of this study was to fabricate a structure with hierarchical vasculature, in par-
ticular, a microporous capillary-like network and macroscale perfusable channels. In this
study, we created a MAP that exhibits a microscale capillary-like interconnected porous
network that is inherent in its structure. The MAP was built from monodisperse ATA mi-
crogels, which were fabricated through IAMF. IAMF was found to be about 250 times faster
than conventional emulsion microfluidics, making high-throughput microgel and micro-
tissue fabrication possible.

We have successfully performed emb3D printing to fabricate perfusable macroscale
channels in ATA hydrogel. Our results demonstrate that the hydrogel can be solidified
through photocrosslinking within a feasible timeframe while maintaining the hollow and
perfusable nature of the printed channel. Moreover, we have observed that dissolving and
storing ATA in cell culture-compatible materials, such as PBS or culture medium, does not
adversely affect the size and stability of the channel for up to a week. We found that the
channel size fabricated by emb3D printing was dependent on two printing parameters:
larger infuse rates (i[µL/min]) and lower print speeds (f[mm/min]) would cause the chan-
nel size to increase. After careful consideration, we decided to fabricate perfusable chan-
nels with a diameter of approximately 0.5 mm with the i50f100 settings as a proof of con-
cept.

We have also achieved successful exclusion of the ATA hydrogel from the MAP by pre-
saturating the microgels with a biocompatible polymeric solution consisting of 5% w/v
PEG-35K in PEG that forms an ATPS with the 1 % w/v ATA in PEG hydrogel. Simultaneously,
the pre-saturation allowed for the formation of a connected structure between the MAP
and the bulk hydrogel and it enabled the self-healing abilities of the microgel bath. Fur-
thermore, we have demonstrated the simultaneous fabrication of the MAP and perfusable
channels through photocrosslinking. The proof-of-concept perfusion experiment showed
that perfusion of the MAP through the printed channel was successful when encapsulated
in a gelatin bath. This innovative approach represents a significant advancement in the
field of tissue engineering, as it has not been previously demonstrated to engineer a multi-
scale vascular tree in this manner. We believe that this novel approach has the potential to
overcome the current limitations in large-scale tissue engineering by enabling the creation
of hierarchical vascular structures in living tissues.
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A
Schematic overview of experiments needed

to build the final construct

Schematic with depicting the workflow regarding experiments and knowledge necessary
before building the final construct. The experiments include ATA synthesis, microgel fabri-
cation, MAP formation, emb3D printing for channel fabrication, and pre-saturation stud-
ies. Printbath fabrication, ATPS, and perfusion studies are not included (Fig. A.1).
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52 A. Schematic overview of experiments needed to build the final construct

Figure A.1: Green: ATA syntesis, microgel-, and MAP fabrication. Orange: Macroscale channel fabrication
through emb3D printing. Pink: Needle movement through microgels. Purple: Pre-saturation studies. Yellow
underlined: optimising requird.



B
Manual print trials in DexTA

Initially, ATA hydrogel was not suitable candidate for the purpose of macroscale channel
fabrication, as the microgels were exposed to an abundance of calcium, which would cause
the liquid ATA to crosslink before channel fabrication could take place [46], [96], [97]. In-
stead, we opted to fabricate channels in dextran-TA (DexTA) [51], [98]. When in later stud-
ies it became apparent that the microgels had to be washed and pre-saturated with a poly-
meric solution, it was decided to abandon DexTA in favour of ATA. This way, the same ma-
terial is used in the channels and the MAP, and the introduction of additional materials into
the structure is avoided.

Nonetheless, manual print trials were conducted by printing through a PDMS bath con-
sisting of three components, where the first and last components are filled with liquid 5%
w/v DexTA with 1 unit/mL HRP and the middle component is filled with strained ATA mi-
crogels. The sacrificial ink was extruded by a syringe pump (Harvard Apparatus, PHD Ultra,
USA) through a 25G needle at a flow rate consisting of 11.23% w/v PEG-35K with 30% H2O2

in MQ along with a pipette tip of RhodB granules for visualisation. Due to the presence
of HRP and H2O2, the TA functional groups on DexTA crosslink during and after printing,
solidifying the DexTA and forming crosslinked ATA microgels.

The presence of a hollow channel was evaluated by taking cross-sectional slices of the
printed channel in DexTA with a surgical 22-blade and evaluation under an EVOS micro-
scope. Perfusion through the channel was performed manually by injecting fluorescent
particles suspended MQ through a 34G needle. The flow of perfusion particles and further
observations were visualised under the EVOS FL microscope.

The results indicated that it was feasible to produce hollow perfusable channels through
emb3D printing techniques in liquid DexTA hydrogel. However, during perfusion, it was
observed that the hydrogel penetrated the empty space of the MAP due to capillary forces,
thus filling up the capillary-like structure. We proposed to resolve this issue by pre-saturating
the MAP. As this involves washing the microgels and thus removing excess calcium, it allows
us to replace the DexTA with ATA to fabricate the channel through. Following these obser-
vations, we had to determine whether it is possible to create hollow perfusable channels
with emb3D printing techniques in liquid ATA hydrogel. Also, it is necessary to study the
stability of the interface between the MAP and the channel as a time window that allows
emb3D printing of a channel through the interface is needed.
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C
Additional data from perfusion studies

While it was possible to perfuse the macroscale channel fabricated by emb3D printing, it
proved difficult for the perfusion particles to traverse the MAP when it was in a PDMS bath
(Fig. C.1A). Instead, it was observed that the perfusion particles preferred to flow on top of
the MAP out of the bath, even when a PDMS lid was placed on top of the entire structure
(Fig. C.1B).

Figure C.1: Perfusion of channel and MAP in PDMS bath with PDMS lid using blue fluorescent particles.
White lines around the edges of the channel. White arrows at the bulk-MAP interface (A) The perfusion parti-
cles have traversed the channel and have reached the beginning of the MAP. (B) The perfusion particles have
traversed the channel and entered into the MAP-component of the PDMS bath. However, the particles are
observed to move alongside the between the MAP and PDMS bath at the blue and white arrows. Also, parti-
cles are observed to flow on top of the MAP and go between the PDMS bath and lid.
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