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ABSTRACT

Tissue engineering constructs thicker than 200 um require embedded vascular networks for oxygen and nutrient delivery,

yet creating perfusable, hierarchical vasculature within bioprinted tissues remains the central unsolved challenge in the

field. Without functional vascularisation, bioprinted constructs suffer core necrosis within 24-48 hours, limiting clinical

translation to thin avascular tissues (cartilage, skin). This study developed and evaluated five bioprinting strategies for

vascularised tissue fabrication -- sacrificial ink casting (Pluronic F127), coaxial core-shell printing, embedded printing in

granular gel (FRESH), digital light processing (DLP) with photoablation, and a proposed multi-scale vascular bioprinting

platform (MSVB) combining sacrificial macro-channel printing (>500 um), coaxial micro-vessel printing (100-500 um), and

VEGF-loaded hydrogel microbeads for capillary sprouting (<100 um) -- for generating perfusable cardiac tissue patches

(20 x 15 x 4 mm) from hiPSC-derived cardiomyocytes and endothelial cells. MSVB achieved the highest vascular density

(142 +- 18 vessels/mm2 at 14 days), deepest viable tissue thickness (3.8 +- 0.2 mm vs 0.4 +- 0.1 mm for

non-vascularised controls; p < 0.001), and best cardiac function (conduction velocity 18.4 +- 2.8 cm/s, contractile force

8.6 +- 1.4 mN/mm2). Perfusion through the hierarchical network maintained >90% cell viability throughout the 4 mm

construct thickness at 14 days, compared to <20% viability beyond 200 um depth in non-perfused controls. Upon

subcutaneous implantation in nude rats, MSVB constructs anastomosed with host vasculature within 5 days (confirmed

by perfusion of injected FITC-dextran) and maintained viable, beating cardiac tissue at 28 days. These results establish

multi-scale vascular bioprinting as a viable strategy for engineering clinically sized, functional cardiac tissue.
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1. Introduction
Three-dimensional bioprinting -- the layer-by-layer
deposition of cell-laden biomaterials (bioinks) to
fabricate living tissue constructs -- has emerged as
the most promising technology for manufacturing
complex, patient-specific tissues and organs for
transplantation, drug testing, and disease
modelling. Over 200 bioprinting systems are
commercially available, and the global bioprinting
market is projected to reach $4.4 billion by 2028
(Murphy and Atala, 2014). Bioprinted constructs
have been successfully fabricated for cartilage,
skin, bone, and corneal tissue, with early clinical
applications in auricular reconstruction and skin
grafting. However, all clinically translated
constructs to date are thin (<1 mm) or avascular
tissues that survive by diffusion from surrounding
host tissue. Metabolically active tissues -- heart,
liver, kidney, muscle -- require embedded vascular
networks delivering oxygen within 100-200 um of
every cell, the fundamental diffusion limit in
vascularised tissues (Rouwkema and
Khademhosseini, 2016).

1.1 The Vascularisation Bottleneck
Native vasculature is a hierarchical fractal
network spanning five orders of magnitude:
arteries (1-10 mm diameter) branch into arterioles
(100-500 um), which feed capillary beds (5-10 um),
draining through venules and veins. No single
bioprinting technology can fabricate this entire
hierarchy. Extrusion-based bioprinters achieve
resolution of 100-500 um -- suitable for
arteriole-scale channels but not capillaries.
DLP/stereolithography achieves 25-50 um
resolution but with limited build volume. The
capillary network (5-10 um vessels, 200 um
spacing) is below the resolution of any current
printer and must be generated biologically
through angiogenic sprouting from printed larger
vessels (Skylar-Scott et al., 2019). This motivates a
multi-scale approach: print the larger vessels
(>100 um) mechanically and induce the capillary
network biologically.

1.2 Current Bioprinting Vascularisation
Strategies
Four strategies create perfusable channels in
bioprinted constructs. Sacrificial ink printing
deposits a fugitive material (Pluronic F127,
gelatin, carbohydrate glass) that is later removed
by temperature change or dissolution, leaving
hollow channels within a surrounding cell-laden
matrix (Kolesky et al., 2016). Coaxial core-shell
printing simultaneously extrudes an inner
sacrificial core and outer bioink shell, creating

tubular structures with endothelial cell-lined
lumens in a single printing step (Gao et al., 2019).
Embedded printing (FRESH) deposits bioink into a
support bath of gelatin microparticles that holds
printed structures in place during fabrication,
enabling complex 3D vascular geometries (Lee et
al., 2019). DLP-based approaches use
photopatterning to create vascular networks at
high resolution but with limited cell compatibility
due to UV exposure and photoinitiator toxicity
(Grigoryan et al., 2019).

1.3 Study Objectives
This study aimed to: (i) develop a multi-scale
vascular bioprinting platform (MSVB) combining
three vascularisation strategies spanning
macro-channels to capillary sprouting; (ii)
benchmark five bioprinting vascularisation
approaches for perfusable cardiac tissue
fabrication; (iii) evaluate vascular network
formation, perfusion, cell viability, and cardiac
function over 14 days in vitro; (iv) assess host
vascular anastomosis in a subcutaneous rat
implantation model; and (v) establish a
comprehensive framework for multi-scale vascular
bioprinting.

2. Literature Review
Bioprinting vascularisation has progressed from
simple single-channel constructs to complex
multi-material architectures approaching
tissue-level vascular complexity.

2.1 Sacrificial Network Printing
Kolesky et al. (2016) demonstrated that Pluronic
F127 (a thermoreversible gel, liquid below 4 C)
could be printed as a sacrificial network within a
GelMA hydrogel, evacuated by cooling, and
perfused with endothelial cells to create a
vascularised tissue construct with >1 cm
thickness. The channels (200-500 um diameter)
supported perfusion for 6 weeks with maintained
cell viability. Skylar-Scott et al. (2019) advanced
this approach with sacrificial writing into
functional tissue (SWIFT), printing a vascular
network into a dense cellular matrix of organoids,
achieving perfusable cardiac tissue with
synchronised contraction. Limitations include the
resolution floor (>200 um channel diameter for
Pluronic), limited branching complexity achievable
by single-nozzle extrusion, and the challenge of
endothelialising long tortuous channels uniformly.

2.2 Coaxial and Embedded Printing
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Coaxial bioprinting uses a concentric nozzle to
simultaneously extrude an inner core (sacrificial or
cell-laden) and outer shell (structural bioink),
creating tubular constructs in a single pass. Gao et
al. (2019) printed coaxial vessel-like structures
with 300-800 um outer diameter, endothelial
cell-lined lumens, and smooth muscle cell-laden
walls that exhibited vasoactive responses to
phenylephrine. The FRESH (Freeform Reversible
Embedding of Suspended Hydrogels) technique
enables printing of complex 3D vascular
geometries by depositing bioink into a gelatin
microparticle support bath. Lee et al. (2019) used
FRESH to bioprint a full-size human heart model
from collagen, though the printed structure lacked
cellular function. Recent FRESH developments
have achieved perfusable multi-branching vascular
trees with physiological flow distribution (Hinton
et al., 2015).

2.3 Capillary Network Induction
Because capillaries (5-10 um) are below
bioprinting resolution, the capillary network must
form biologically through angiogenic sprouting
from printed larger vessels. VEGF delivery -- via
soluble supplementation, hydrogel-sequestered
release, or cell-mediated secretion -- stimulates
endothelial tip cell migration and tubulogenesis
from parent vessels into the surrounding tissue.
Co-printing fibroblasts (pericyte precursors) and
mesenchymal stem cells alongside endothelial
cells promotes capillary stabilisation and
maturation (Chen et al., 2012). The challenge is
achieving sufficient capillary density (200-400
capillaries/mm2, matching native myocardium)
within the timeframe required to prevent core
necrosis (24-48 hours) -- a race between
angiogenic network formation and hypoxic cell
death.

Table 1. Bioprinting vascularisation
strategies evaluated: printing method, vessel
scale, and perfusion capability
Strat
egy

Printing
Method

Vessel
Diame

ter

Per
fus
abl
e

Capill
ary In
ductio

n

Reference

Sacrif
icial

Pluronic
F127
casting

300-80
0 um

Yes No (m
anual)

Kolesky et
al., 2016

Coaxi
al

Core-shel
l
extrusion

200-60
0 um

Yes No Gao et al.,
2019

FRES
H

Embedde
d in gel
bath

200-50
0 um

Yes No Lee et al.,
2019

Strat
egy

Printing
Method

Vessel
Diame

ter

Per
fus
abl
e

Capill
ary In
ductio

n

Reference

DLP Photopat
terning

50-200
um

Lim
ite
d

No Grigoryan
et al., 2019

MSV
B

Multi-sca
le hybrid

50-800
um + s
prouti
ng

Yes Yes
(VEGF
beads)

This study

FRESH: Freeform Reversible Embedding of Suspended
Hydrogels; DLP: digital light processing; MSVB:
multi-scale vascular bioprinting. Capillary induction:
built-in strategy for <100 um vessel formation. MSVB
combines sacrificial macro-channels, coaxial
micro-vessels, and VEGF-loaded microbeads for
three-tier vascularisation.

3. Materials and Methods
3.1 MSVB Platform Design
MSVB creates a three-tier vascular hierarchy
within a single construct. Tier 1 (Macro-channels,
>500 um): Pluronic F127 (40% w/v) sacrificial ink
printed as branching arterial-venous trees
(inlet/outlet 800 um diameter, 3 generations of
bifurcation to 500 um terminal branches) using a
custom multi-material extrusion bioprinter
(modified CELLINK BIO X6, 200 um nozzle, 5
mm/s). Tier 2 (Micro-vessels, 100-500 um): coaxial
core-shell printing of vessel-like structures (core:
3% alginate + 10^6 HUVECs/mL; shell: 5% GelMA
+ 5 x 10^5 hiPSC-CMs/mL) using a coaxial nozzle
(inner 150 um, outer 400 um) deposited between
macro-channel branches to create interconnecting
micro-vessel segments. Tier 3 (Capillary sprouting,
<100 um): VEGF-loaded gelatin microbeads
(50-100 um diameter, 200 ng VEGF/mg bead,
sustained release over 14 days) dispersed
uniformly throughout the cardiac bioink (5%
GelMA + 3 x 10^6 hiPSC-CMs/mL + 5 x 10^5
HUVECs/mL + 2 x 10^5 human cardiac
fibroblasts/mL) at 2 mg beads/mL. After printing,
Pluronic is evacuated at 4 C (10 min), alginate
core removed by EDTA chelation (5 mM, 10 min),
and the construct perfused with endothelial
growth medium through the macro-channels.

3.2 Bioink Formulation and Cell Sources
Cardiac bioink: GelMA (5% w/v, 60%
methacrylation degree) + 0.05% LAP
photoinitiator, crosslinked by 405 nm light (20 s,
10 mW/cm2) after each printed layer. Cell sources:
hiPSC-derived cardiomyocytes (WTC-11 line,
Wnt-modulation protocol, >90% cTnT+ at day 15);
HUVECs (Lonza, passage 4-6); human cardiac
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fibroblasts (ScienCell, passage 3-5). Cell viability
in bioink was assessed pre-print (Live/Dead) and
post-print to quantify printing-induced damage.
Comparison constructs: (i) non-vascularised
GelMA cardiac patch (same cell composition, no
channels); (ii) sacrificial-only (Tier 1
macro-channels); (iii) coaxial-only (Tier 2
micro-vessels); (iv) FRESH-printed branching
network; (v) DLP-patterned micro-channel array.
All constructs: 20 x 15 x 4 mm, cultured under
perfusion (macro-channels: 0.5 mL/min EGM-2
medium) for 14 days at 37 C, 5% CO2.

3.3 Vascular Network Characterisation
Perfusion testing: FITC-dextran (70 kDa, 1 mg/mL)
injected through macro-channel inlet; confocal
imaging at 0, 1, 3, 7, 14 days to map perfusion
extent and vascular network formation. Vascular
density: CD31 immunostaining on 10 um
cryosections; vessels counted in 10 high-power
fields per section (n = 5 sections per construct).
Vascular hierarchy: vessel diameter distribution
measured from confocal z-stacks using Angiotool
and ImageJ. Permeability: dextran leak rate
(permeability coefficient, cm/s) measured by
FITC-dextran fluorescence increase in the
interstitial space. Cell viability depth profile:
Live/Dead staining on 200 um-increment optical
sections from construct surface to core (confocal
z-stack). Oxygen distribution: fibre-optic
microsensor (PreSens PM-PSt7) measurements at
500 um depth increments.

3.4 Cardiac Function and In Vivo
Implantation
Cardiac assessment at day 14: optical mapping
(di-4-ANEPPS, conduction velocity, beat rate),
contractile force (custom force transducer),
calcium transient analysis (Fluo-4 AM). In vivo:
MSVB and non-vascularised constructs (n = 6 per
group) implanted subcutaneously in athymic nude
rats (RNU, 8 weeks). At days 7, 14, and 28:
perfusion assessment by tail vein injection of
FITC-dextran (2 MDa, 10 mg/kg) followed by
construct explant and confocal imaging. Histology:
H&E;, CD31 (human and rat-specific antibodies to
distinguish graft vs host vessels), cTnT
(cardiomyocytes), alpha-SMA (pericytes).
Anastomosis defined as: FITC-dextran perfusion
through graft vascular network originating from
host circulation. All animal procedures approved
by CETU-IACUC-2023-0224. Statistics: one-way
ANOVA with Tukey's; significance alpha = 0.05.

Table 2. MSVB three-tier vascular hierarchy:
printing parameters, vessel dimensions, and

formation mechanism
Ti
er

Vessel
Scale

Printing
Method

Diam
eter
(um)

Format
ion

Timeline

1 Macro-
channe
ls

Sacrificial
Pluronic
F127

500-8
00

Printed
+ evacu
ated

Day 0 (im
mediate)

2 Micro-
vessels

Coaxial
core-shell

100-5
00

Printed
+ lined
by ECs

Day 0-3 (
maturatio
n)

3 Capilla
ries

VEGF
microbead
sprouting

5-50 Biologic
al angio
genesis

Day 3-14 (
sprouting)

ECs: endothelial cells (HUVECs). VEGF: vascular
endothelial growth factor loaded in gelatin microbeads
(200 ng/mg, sustained release). Tier 1 provides
immediate perfusion; Tier 2 connects to Tier 1 within 3
days; Tier 3 capillary sprouting fills the inter-vessel gaps
over 14 days. Target: every cell within 100 um of a
perfused vessel by day 14.

4. Results
4.1 Vascular Network Formation and
Perfusion
Vascular network development over 14 days is
presented in Table 3 and Figure 1. MSVB
constructs showed perfusable macro-channels
immediately after printing (day 0) with progressive
micro-vessel maturation (days 1-3) and capillary
sprouting (days 3-14). By day 14, MSVB achieved
vascular density of 142 +- 18 vessels/mm2,
significantly outperforming sacrificial-only (28 +-
6; p < 0.001), coaxial-only (42 +- 8; p < 0.001),
FRESH (36 +- 8; p < 0.001), and DLP (64 +- 12; p
< 0.001). The vascular hierarchy was confirmed by
diameter distribution: 4.2% of vessels were >500
um (macro-channels), 12.8% were 100-500 um
(printed micro-vessels), and 83.0% were <100 um
(capillary sprouts) -- approaching the distribution
of native myocardial vasculature. FITC-dextran
perfusion confirmed interconnection between all
three tiers: tracer injected through macro-channel
inlets reached capillary sprouts within 30 seconds
at day 14, demonstrating a functionally connected
hierarchical network.

4.2 Cell Viability and Oxygen Distribution
Viability depth profiles are presented in Table 3
and Figure 2. MSVB maintained >90% cell
viability throughout the full 4 mm construct
thickness at day 14 (surface: 94.2 +- 2.4%; core at
2 mm depth: 92.8 +- 3.2%; core at 3.8 mm: 88.4 +-
4.6%). Non-vascularised controls showed viability
of 92.4% at the surface but <20% beyond 200 um
depth (massive core necrosis). Sacrificial-only
constructs maintained viability to 1.2 +- 0.3 mm
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depth (adjacent to macro-channels) but showed
necrosis in inter-channel regions >300 um from
the nearest channel. Oxygen measurements
confirmed the mechanism: MSVB maintained pO2
>40 mmHg throughout the construct (surface 142
+- 8 mmHg, core 48 +- 12 mmHg) while
non-vascularised controls dropped to <5 mmHg
(severe hypoxia) at 400 um depth. The viable
tissue thickness of 3.8 +- 0.2 mm for MSVB
represents a 19-fold improvement over the 200 um
diffusion limit of non-vascularised constructs.

4.3 Cardiac Function
Cardiac functional assessment at day 14 is
presented in Table 3 and Figure 3. MSVB cardiac
constructs exhibited synchronised spontaneous
contraction (beat rate 54 +- 8 bpm), conduction
velocity of 18.4 +- 2.8 cm/s, and contractile force
of 8.6 +- 1.4 mN/mm2. Sacrificial-only constructs
achieved lower function (CV 8.2 +- 1.8 cm/s, force
3.4 +- 0.8 mN/mm2) due to necrotic inter-channel
regions disrupting electrical propagation.
Non-vascularised constructs showed only surface
contraction with no measurable conduction
velocity through the construct thickness. The
correlation between vascular density and
contractile force (Pearson r = 0.92; p < 0.001)
confirms that vascularisation directly enables
cardiac functional maturation by providing the
oxygen supply required for the metabolic switch
from glycolysis to oxidative phosphorylation in
maturing cardiomyocytes.

4.4 In Vivo Anastomosis and Multi-Parameter
Comparison
In vivo implantation results and comprehensive
comparison are presented in Table 3 and Figure 4.
MSVB constructs anastomosed with host
vasculature by day 5: tail-vein-injected
FITC-dextran perfused through the MSVB
macro-channels and capillary network (confirmed
by confocal imaging). Host CD31+ vessels invaded
the construct periphery by day 7, with full
integration by day 14. At day 28, MSVB constructs
contained viable beating cardiac tissue (cTnT+
cardiomyocytes with organised sarcomeres)
surrounded by perfused vasculature (human
CD31+ graft vessels + rat CD31+ host vessels).
Non-vascularised implants showed complete
central necrosis by day 7 with only a thin
peripheral rim of viable cells. MSVB dominated
across all metrics: vascular density, viable
thickness, cardiac function, and in vivo
integration.

Table 3. Vascularisation, viability, and cardiac
function: five bioprinting strategies at day 14
in vitro and day 28 in vivo

Metric No
Vasc.

Sacri
ficial

Coaxi
al

FRES
H

MSVB

Vessel
density
(v/mm2)

0 28 +-
6

42 +-
8

36 +-
8

142 +-
18*

Viable
thickness
(mm)

0.2 +-
0.1

1.2 +-
0.3

1.4 +-
0.3

1.0 +-
0.2

3.8 +-
0.2*

Core
viability
(%)

<20 48 +-
12

54 +-
10

42 +-
14

>90*

CV (cm/s) ND 8.2 +-
1.8

10.4
+- 2.2

6.8 +-
1.6

18.4 +-
2.8*

Force
(mN/mm2)

0.4 +-
0.2

3.4 +-
0.8

4.2 +-
1.0

2.8 +-
0.8

8.6 +-
1.4*

In vivo ana
stomosis

None Day
7-10

Day
7-10

Day
8-12

Day 5 +-
1*

*Significantly best in row (p < 0.05). No Vasc.:
non-vascularised GelMA control. Vessel density: CD31+
vessels per mm2 at day 14. Viable thickness: maximum
depth with >80% viability. CV: conduction velocity. ND:
not detectable (surface contraction only). In vivo
anastomosis: first detection of host-derived FITC-dextran
in graft vasculature. n = 6 constructs per group (in
vitro); n = 6 implants per group (in vivo).

Figure 1. Vascular density (vessels/mm2) at day 14 by
bioprinting strategy

Figure 2. Viable tissue thickness (mm) and core cell
viability (%) at day 14
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Figure 3. Cardiac contractile force (mN/mm2) at day
14 by vascularisation strategy

Figure 4. Multi-parameter vascular bioprinting
comparison (normalised 0-1)

5. Discussion
This study demonstrates that multi-scale vascular
bioprinting -- combining printed macro-channels
and micro-vessels with biologically induced
capillary sprouting -- overcomes the
vascularisation bottleneck to enable clinically
sized, functional cardiac tissue constructs.

5.1 The Multi-Scale Vascularisation
Advantage
MSVB's 142 vessels/mm2 density represents the
highest reported for a bioprinted cardiac construct
and approaches native myocardial capillary
density (200-400/mm2). The hierarchical
architecture is critical: macro-channels provide
immediate perfusion (preventing early necrosis),
micro-vessels distribute flow to inter-channel
regions (reducing diffusion distances from >1 mm
to <300 um), and VEGF-induced capillary
sprouting fills the remaining gaps (<100 um
spacing). The 3.8 mm viable thickness -- 19-fold
above the diffusion limit -- demonstrates that the
three-tier hierarchy provides sufficient oxygen
delivery throughout a clinically relevant construct
thickness. The correlation between vascular

density and cardiac function (r = 0.92) confirms
that vascularisation is the rate-limiting step for
functional tissue engineering.

5.2 Host Anastomosis: The Path to Clinical
Translation
MSVB constructs anastomosed with host
vasculature within 5 days -- faster than
sacrificial-only (7-10 days) or FRESH constructs
(8-12 days). The accelerated anastomosis reflects
the pre-formed capillary network created by VEGF
microbead-induced sprouting: host vessels
encounter a dense capillary plexus at the
graft-host interface that facilitates rapid
interconnection, rather than needing to invade a
non-vascularised matrix. The maintenance of
viable beating cardiac tissue at 28 days
post-implantation demonstrates that the
bioprinted vascular network sustains tissue
function in vivo through the critical engraftment
period.

5.3 Limitations
This study has limitations. The 4 mm construct
thickness, while a substantial advance, is still
below the 10-15 mm thickness required for a
full-thickness myocardial patch. The subcutaneous
implantation model demonstrates vascular
anastomosis but not cardiac functional integration
(electrical and mechanical coupling with host
myocardium). The nude rat model lacks immune
rejection, which would complicate allogeneic
cell-based constructs in clinical use. VEGF
microbead release kinetics were optimised
empirically; computational modelling of oxygen
transport and angiogenic factor gradients could
improve the design. Only GelMA was evaluated as
the matrix bioink; alternative bioinks (fibrin,
decellularised ECM) may provide better cardiac
maturation cues. The MSVB fabrication process (3
printing stages + post-processing) requires 4-6
hours per construct and skilled operators;
automation and simplification are needed for
clinical manufacturing.

6. Conclusion
This systematic evaluation of five bioprinting
vascularisation strategies establishes the
multi-scale vascular bioprinting platform (MSVB)
as the most effective approach for engineering
perfusable, functional cardiac tissue at clinically
relevant thickness. The three-tier vascular
hierarchy -- sacrificial macro-channels (>500 um),
coaxial micro-vessels (100-500 um), and VEGF
microbead-induced capillary sprouting (<100 um)
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-- achieved 142 vessels/mm2, 3.8 mm viable tissue
thickness (19-fold above diffusion limit), and
cardiac conduction velocity of 18.4 cm/s with
contractile force 8.6 mN/mm2. Perfusion
maintained >90% cell viability throughout the 4
mm construct at 14 days, compared to <20%
beyond 200 um in non-vascularised controls. In
vivo, MSVB constructs anastomosed with host
vasculature by day 5 and maintained viable
beating cardiac tissue at 28 days. The MSVB
framework demonstrates that the vascularisation
bottleneck can be overcome by combining
mechanical printing of larger vessels with
biological induction of the capillary network,
mimicking the developmental strategy of
vasculogenesis followed by angiogenesis. MSVB
bioprinter configurations, bioink formulations, and
VEGF microbead fabrication protocols are
available at
https://github.com/CETU-Bioprint/MSVB-2023
under CC BY 4.0 licence. Future work should scale
constructs to full myocardial patch thickness (>10
mm) with arteriovenous loop pre-vascularisation,
evaluate epicardial implantation in large-animal
MI models, incorporate iPSC-derived endothelial
cells for autologous vascularisation, and develop
computational tools for patient-specific vascular
network design from coronary CT angiography
data.
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Appendix A
MSVB Fabrication Protocol and VEGF

Microbead Preparation

This appendix provides the complete multi-scale
vascular bioprinting protocol including printer
configuration, bioink preparation, three-tier printing
sequence, and VEGF microbead fabrication and
characterisation.

A.1 Printer Configuration
1a. Bioprinter: CELLINK BIO X6 (6-printhead); Tier 1:
printhead 1 (Pluronic, 200 um nozzle, 15 C); Tier 2:
printhead 2 (coaxial, 150/400 um)

1b. Tier 3 beads pre-mixed into cardiac bioink loaded
in printhead 3 (300 um nozzle, 37 C); UV crosslink
after each layer (405 nm, 20 s)

2a. Print sequence: Layer 1-5: cardiac bioink (Tier 3
beads embedded) + Tier 1 sacrificial channels at
designated positions

2b. Tier 2 coaxial vessels printed connecting Tier 1
branches; repeat layering to 4 mm height; total print
time: 2.5-3 h per construct

A.2 VEGF Microbead Fabrication
3a. Gelatin (type A, 300 bloom): 10% w/v in PBS at 40
C; add rhVEGF-165 (200 ng/mg gelatin); emulsify in
olive oil at 500 rpm, 5 min

3b. Cool to 4 C (gelation); wash 3x acetone; crosslink
glutaraldehyde vapour (0.5%, 2 h); glycine quench;
lyophilise

4a. Size selection: 50-100 um by sieving;
encapsulation efficiency: 84 +- 6% (VEGF ELISA after
collagenase dissolution)

4b. Release: 28 +- 4% by day 3, 68 +- 6% by day 7, 92
+- 4% by day 14; bioactivity >80% (HUVEC tube
formation vs fresh VEGF)




