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Abstract

In engineering of tissue analogues, upscaling to clinically-relevant sized constructs remains a significant 
challenge. The successful integration of a vascular network throughout the engineered tissue is anticipated 
to overcome the lack of nutrient and oxygen supply to residing cells. This work aimed at developing a 
multiscale bone-tissue-specific vascularisation strategy.
	 Engineering pre-vascularised bone leads to biological and fabrication dilemmas. To fabricate channels 
endowed with an endothelium and suitable for osteogenesis, rather stiff materials are preferable, while 
capillarisation requires soft matrices. To overcome this challenge, gelatine-methacryloyl hydrogels were 
tailored by changing the degree of functionalisation to allow for cell spreading within the hydrogel, while 
still enabling endothelialisation on the hydrogel surface.
	 An additional challenge was the combination of the multiple required cell-types within one biomaterial, 
sharing the same culture medium. Consequently, a new medium composition was investigated that 
simultaneously allowed for endothelialisation, capillarisation and osteogenesis. Integrated multipotent 
mesenchymal stromal cells, which give rise to pericyte-like and osteogenic cells, and endothelial-colony-
forming cells (ECFCs) which form capillaries and endothelium, were used.
	 Based on the aforementioned optimisation, a construct of 8 × 8 × 3 mm, with a central channel of 600 µm 
in diameter, was engineered. In this construct, ECFCs covered the channel with endothelium and osteogenic 
cells resided in the hydrogel, adjacent to self-assembled capillary-like networks. This study showed the 
promise of engineering complex tissue constructs by means of human primary cells, paving the way for 
scaling-up and finally overcoming the challenge of engineering vascularised tissues.
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Introduction

Engineering of large, clinically-relevant sized tissue 
analogues remains challenging due to the need for 
vascularisation. Oxygen and nutrients have to be 

delivered homogeneously throughout an engineered 
tissue due to their limited diffusion distance, typically 
100-200 µm, and low solubility (Carmeliet and Jain, 
2000). Consequently, an engineered multiscale 
vascular network has to place the residing cells 
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in the bulk material within a limited (diffusion) 
distance from the nearest perfused vessel (Langer 
and Vacanti, 1999; Rouwkema and Khademhosseini, 
2016). Native bone tissue is characterised by a dense 
vascular system that regulates bone development, 
homeostasis and fracture healing (Kanczler and 
Oreffo, 2008; Lafage-Proust et al., 2015). In addition to 
delivering oxygen and nutrients, blood flow through 
the vasculature also transports cells and growth 
factors to bone defect sites (Lafage-Proust et al., 
2015). In vascularised tissues, the vascular network 
consists of macrovessels branching into a dense bed of 
capillaries (microvessels). In vitro pre-vascularisation 
strategies, compared to intraoperative preparation of 
scaffolds, integrate faster with the host vasculature 
(Levenberg et al., 2005) and prevent necrosis in the 
central core of the construct (Butt et al., 2007). In 
principle, pre-vascularisation approaches will allow 
immediate blood supply throughout the engineered 
tissue upon its implantation through anastomosis 
to the host’s blood circulation (Rouwkema and 
Khademhosseini, 2016).
	 A major advancement in the field is achieved 
through the biofabrication of a thick bone-like tissue 
with macrovessel-like structures and subsequent 
culture under flow perfusion (Kolesky et al., 2016). 
However, this approach is limited to the macroscale, 
due to the restricted spatio-temporal resolution in 
current biofabrication technologies (Lee et al., 2014). 
Moreover, in order to bring all residing cells close 
to the perfusing media flow, the presence of dense 
capillary beds and angiogenic sprouts into the bulk 
material is essential. Endothelial cells have the ability 
for self-assembling into capillary-like beds when 
co-cultured with stabilising cells (Unger et al., 2015). 
Thus, for the formation of a dense capillary bed, it 
is a logical approach to exploit the self-assembly 
capacity of endothelial cells for forming microvessels 
and connecting with the main channel by sprouting 
angiogenesis (Lee et al., 2014). This current bottleneck 
in the field is addressed by seeding endothelial cells 
into the bulk material surrounding the engineered 
channels (Lee et al., 2014) or by enabling sprouting 
from a macrochannel by providing a cell penetrable 
3-dimensional (3D) matrix (Miller et al., 2012).
	 The integration of the abovementioned approaches 
for pre-vascularisation strategies is the next step in 
engineering of complex bone tissue constructs. 
When multiscale pre-vascularised, osteogenically 
differentiated tissue constructs are engineered, 
multiple aspects are critical. To date, these have 
not yet been addressed in a holistic approach for 
osteogenically stimulated constructs that are pre-
vascularised by both capillaries and endothelium-
lined macrovessels. Engineering of prevascularised 
bone leads to biological and fabrication dilemmas. A 
capillary bed requires soft bulk matrices (Occhetta et 
al., 2015), preferably lower than 4 kPa (Nichol et al., 
2010), while pronounced osteogenic differentiation 
of progenitor cells is supported by materials with 

compressive moduli of 15-30  kPa (Tan et al., 2014; 
Wen et al., 2014). Such stiff hydrogels, which are not 
cell permissive, are generally used for the fabrication 
process of macrovessel-like structures (Rouwkema 
and Khademhosseini, 2016). The resulting structurally 
stable channel structures are covered with endothelial 
monolayers (Hasan et al., 2015; Kolesky et al., 2016; 
Nichol et al., 2010). However, these stiff biomaterial 
compositions would impair or even exclude cell 
migration and sprouting into the bulk material.
	 Besides satisfying the biological requirements 
of the biomaterial, it also remains challenging to 
select a suitable culture medium. Choosing one 
type of medium might affect the differentiation and 
performance of the combined cell types (Baldwin et 
al., 2014; Rouwkema and Khademhosseini, 2016). 
For engineering pre-vascularised bone, the medium 
has to simultaneously allow for i) endothelialisation 
on the hydrogel surface, ii) capillarisation and 
sprouting, iii) osteogenesis. To the best of our 
knowledge, these three aspects have, so far, not been 
systematically assessed within one single construct. 
In tissue engineering, the final aim is to stimulate 
simultaneous differentiation of multiple cell types 
within one construct. Therefore, a synergistic 
combination of media and biomaterial composition 
that allow for all essential cell lineage commitments 
is highly desirable.
	 In this study, an integrated approach was 
presented – combining multiple human primary cells 
– to engineer a pre-vascularised and osteogenically 
differentiated tissue construct. A main central 
macrovessel-like structure covered by endothelium 
was engineered in a capillarised, early bone tissue. 
For this purpose, clinically-relevant cell types, being 
multipotent mesenchymal stromal cells (MSCs) 
and endothelial-colony-forming cells (ECFCs), 
were combined in gelatine-based hydrogels. 
Gelatine-methacryloyl (gelMA) was selected as 
the base material, due to its tailorable properties 
for various tissue engineering applications (Klotz 
et al., 2016). Firstly, gelMA was tuned towards 
endothelialisation (in 2D) and MSC spreading in 
3D bulk hydrogels. Secondly, an optimal culture 
medium was defined to support multiscale pre-
vascularised and osteogenically committed gelMA 
constructs. Finally, a multiscale pre-vascularised 
network was fabricated, which was characterised by 
an endothelium-lined macrochannel, a capillary-like 
network and a formed bone-like tissue.

Materials and Methods

The outline of the present study is described in Fig. 
1, where N refers to the number of experiments 
conducted with different donor combinations of 
the MSC-ECFC co-cultures and n to the number 
of replicates within an experiment. For the 
medium selection, 3 different MSC-ECFC donor 
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combinations were tested, with n  =  3 replicates 
each. For the channelled constructs, N = 2 different 
MSC-ECFC donor combinations were tested, with 
n = 1-2 replicates and hydrogels cultured for 10 d. 
Furthermore, the same setup (N  =  2, n  =  1-2) was 
chosen for channelled constructs that were cultured 
up to 15 d. For the hydrogel characterisation, n = 3 
independent experiments were performed, with n = 3 
replicates (3 × 3 hydrogels). MSCs were encapsulated 
in hydrogels in n = 3 independent experiments, with 
n = 3 replicates (3 × 3 hydrogels). ECFC seeding on 
the hydrogel discs was performed twice for n  =  2 
independent experiments, with n = 3 replicates for 

GFP-labelled ECFCs, and twice with n = 2-3 replicates 
for non-labelled ECFCs.

Materials and mould preparations
Disc-shaped silicone moulds were prepared by 
punching 8 mm-diameter circles into silicone sheets 
of 1 mm in height (BioPlexus Corporation, Ventura, 
CA, USA). To make channelled hydrogel constructs, 
a custom-made mould (Med610, Stratasys, Eden 
Prairie, MN, USA) was designed with Autodesk 
Fusion 360 software version 2.0.3253, printed by 
Cetma (Brindisi, Italy) using an Objet30 3D printer 
(Stratasys). This mould (8  ×  8  ×  3  mm as inner 

Fig. 1. Study outline and replicates. 3 independent experiments were performed for the hydrogel 
characterisation and MSC encapsulations. Cell seeding on hydrogel discs was performed twice with GFP-
ECFCs and twice with non-labelled ECFCs. N refers to different experiments with varying MSC-ECFC 
combinations from different donors; n to the number of replicates within an experiment. Experiment a: 
MSC donor 1 + ECFC donor 1, MSC donor 1 + ECFC donor 2, MSC donor 2 + ECFC donor 2. Experiment 
b: MSC donor 2 + ECFC donor 1, MSC donor 2 + ECFC donor 2. Experiment c: MSC donor 2 + ECFC donor 
1, MSC donor 3 + ECFC donor 1.

×
×

×

×
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dimensions) served as the negative sample to prepare 
silicone moulds. Inlet and outlet ports in the mould 
were created by inserting a 0.6 mm-diameter needle 
into the printed construct. Sylgard 184 silicone 
elastomer kit (Dow Corning, Midland, MI, USA) was 
prepared according to the manufacturer’s instructions 
and poured into the custom-designed mould. For 
hydrogel fabrication, silicone moulds (with needle 
insert) were placed onto a glass slide, where the gel 
solution was added and sealed from air by a second 
glass slide for subsequent UV crosslinking.

GelMA synthesis and characterisation
Gelatine was functionalised with methacryloyl 
groups to allow for free-radical-mediated photo-
crosslinking of a thermally stable hydrogel. The 
physico-chemical and mechanical properties of 
the hydrogels can be further tailored by modifying 
the degree of functionalisation (i.e. number of 
methacryloyl groups). This is particularly important 
as the hydrogel microenvironment closely regulates 
the cell-matrix interaction, affecting cell attachment, 
spreading and proliferation. GelMA was prepared 
from type A porcine gelatine (MedellaPro, Gelita, 
Eberbach, Germany)  that was reacted with 
methacrylic anhydride (Sigma-Aldrich), as described 
previously (Van den Bulcke et al., 2000). In brief, 
gelatine was dissolved in phosphate buffered saline 
(PBS) by heating to 50  °C. Two batches of gelMA 
were prepared, one with a low- and one with a high-
degree of functionalisation (DoF). 0.02 g and 0.6 g of 
methacrylic anhydride/g of gelatine, respectively, 
were added drop-wise to the solution and allowed 
to react for 1 h under constant stirring. Subsequently, 
unreacted methacrylic anhydride was removed from 
the reaction mixture by centrifugation. After the pH 
of the solution was set to 7.4, the gelMA solution 
was dialysed against distilled water using a cellulose 
membrane (14 kDa cut-off, Sigma-Aldrich) for 5 d at 
room temperature. The gelMA solution was sterile 
filtered, lyophilised and stored at − 20 °C until use. 
The DoFs of the two gelMA batches were determined 
by the ninhydrin assay, as described previously 
(Loessner et al., 2016). The DoF is defined by the 
percentage of modified lysine residues (Van den 
Bulcke et al., 2000) and was calculated to be 18.4 % 
(referred to as 20 %) and 78 % (referred to as 80 %) for 
the low and high DoF gelMA batches, respectively.

Hydrogel preparation
The gelMA precursor solution was crosslinked by 
UV-light using 0.1  % (w/v) Irgacure® 2959 (Ciba®, 
Ludwigshafen am Rhein, Germany). One day before 
use, GelMA solutions were heated to 70 °C for 15 min 
and the two batches were mixed in varying ratios to 
obtain final average DoFs between 30 % and 70 %. 
For hydrogel preparation, gelMA was dissolved at 
60 °C and diluted with PBS to a final concentration 
of 5 %. Finally, the gelMA precursor solution with 
0.1 % Irgacure® 2959 was pipetted into a mould and 
crosslinked in a UVP CL-1000L UV linker (UVP 

Cambridge, UK; 365  nm, 7  mW/cm²) for 15  min. 
Hydrogel constructs containing a channel were 
crosslinked from both sides for 4.5 min each, with a 
Superlite S-UV 201AV lamp (350-500 nm, Lumatec, 
Munich, Germany).

Mechanical analysis of hydrogel
GelMA hydrogels were prepared and incubated for 
24 h in PBS at 37 °C (3 independent experiments with 
n = 3) and the compression modulus was determined 
by a Dynamic Mechanical Analyser (DMA, Q800 
TA Instruments, New Castle, DE, USA) at room 
temperature. Compression was applied between 
– 20 %/min and −30 %/min and the Young’s modulus 
was calculated from the slope of the linear region of 
the stress/strain curves in the 5-10 % strain range.

Mass loss and swelling studies
Mass loss and swelling studies were performed on 
GelMA hydrogels, as previously reported (Lim et 
al., 2013). In short, the wet weight of the hydrogels 
was determined directly after crosslinking (minitial, t0). 
Then, 3 out of 6 hydrogels per experimental group 
were frozen and lyophilised to obtain the dry weights 
of the hydrogels (mdry, t0). The other 3 hydrogels were 
left in PBS at 37 °C for 24 h, frozen and lyophilised to 
obtain the dry weight (mdry,t1). The hydrogel swelling 
ratio (q) and the sol fraction were calculated as 
described in the following equations (Lim et al., 2012; 
Nilasaroya et al., 2008):

Cell culture media
MSC expansion medium was composed of alpha 
modification minimum essential medium (α-MEM; 
Gibco), 10  % heat-inactivated foetal bovine serum 
(FBS; Lonza), 100  U/mL penicillin, 10  mg/mL 
streptomycin (Gibco), 0.2  mM L-ascorbic acid-2-
phosphate (ASAP; Sigma-Aldrich) and 1  ng/mL 
fibroblast growth factor-2 (FGF-2; 233-FB, R&D 
Systems). Endothelial growth medium-2 (EGM-
2) was composed of endothelial basal medium-2 
(EBM; Lonza), 10 % FBS, 100 U/mL penicillin, 10 mg/
mL streptomycin and EGM-2 SingleQuot (Lonza). 
Osteogenic differentiation medium (ODM) was 
composed of α-MEM, 10 % FBS, 100 U/mL penicillin, 
10 mg/mL streptomycin, 10 mM β-glycerophosphate 
(Sigma-Aldrich) and 10 nm dexamethasone (Sigma-
Aldrich). For the ODM-EGM combination medium 
(O-E), the osteogenic components β-glycerophosphate 
and dexamethasone were 2× concentrated and 
subsequently 1 : 1 diluted with EGM-2.
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MSC isolation and culture
Bone marrow aspirates were obtained from the iliac 
crest of 3 donor patients after informed consent was 
given and with approval of the local ethics committee 
(TCBio-08-001-K University Medical Centre Utrecht, 
the Netherlands). The white mononuclear cell (MNC) 
fraction was collected after performing a density 
gradient centrifugation on Ficoll-Paque PLUS 
(1.077  g/mL; GE Healthcare). Obtained cells were 
cultured in MSC expansion medium at 37 °C/5.0 % 
CO2 and tested for differentiation potential into osteo-, 
adipo- and chondrogenic lineages. Obtained MSCs 
were analysed by fluorescence-activated cell sorting 
(FACS) and were negative for the haematopoietic 
markers CD14 [RPA-M1, fluorescein isothiocyanate 
(FITC)-conjugated, Abcam], CD34 [4H11, alkaline 
phosphatase (AP)-conjugated, Abcam], CD45 [MEM-
28, phycoerythrin (PE)-conjugated, Abcam] and 
CD79a (HM47, PE-conjugated, Abcam) and positive 
for the established MSCs markers CD90 (5E10, 
FITC-conjugated, Abcam), CD105 (MEM-226, AP-
conjugated, Abcam) and CD73 (AD2, PE-conjugated, 
Abcam). For all the experiments, MSCs up to passage 
4 were used.

ECFC isolation and culture
Human umbilical cord blood from 2 donors was 
obtained after approval by the local ethics committee 
(METC 01-230/K, University Medical Centre Utrecht, 
the Netherlands) and following patient informed 
consent after caesarean section. The blood was diluted 
at least 1  : 1 with PBS 2 mM EDTA and the MNC 
were isolated by density gradient centrifugation 
on Ficoll-Paque PLUS. Obtained cells were plated 
on rat tail collagen I (Corning)-coated plates at a 
seeding density of 10-20 × 106 cells/cm² and cultured 
in EGM-2. The culture medium was refreshed daily 
during the first 7 d after cell isolation and afterwards 
every 3-4 d. After 14-21 d, colonies with cobblestone 
morphology were picked and replated for expansion. 
Obtained ECFCs were analysed by FACS and resulted 
positive for CD105 and CD31 (TLD-3A12, FITC-
conjugated, Abcam), partially positive for CD34 
and CD309 (VEGFR/KDR, PE-conjugated, MACS, 
Miltenyi Biotech) and negative for CD45, CD14 and 
CD133 (AC133-VioBright, FITC-conjugated, Miltenyi 
Biotech). ECFCs were used up to passage 10 for all 
the experiments.

ECFC transduction with GFP
ECFCs in passage 5 were seeded at a density of 
4700 cells/cm2 and transduced with a lentiviral green 
fluorescent protein (GFP) construct (in a pHAGE2 
vector combined with a human EF-1α promotor) in 
FBS-free medium the following day. After 1 d, fresh 
EGM-2 was added to the cells. Selection of ECFCs that 
were successfully transduced with the GFP-construct 
occurred by addition of 3 μg/mL puromycin (Sigma-
Aldrich) for 10  d. During selection, GFP-ECFCs 
were expanded for 2 passages to create a batch of 
fluorescently-labelled cells.

Co-cultures in gelMA and discs covered with 
ECFCs
ECFCs and MSCs were co-cultured in 5 % gelMA 
hydrogels and, additionally, ECFCs were seeded on 
top of the hydrogel discs. Cell-encapsulation occurred 
in gelMA mixtures of 30 and 50 % DoF, as described 
above. For these hydrogels, PBS was replaced with the 
respective culture medium to encapsulate 1.25 × 106/
mL ECFCs and 5 × 106/mL MSCs. Following hydrogel 
crosslinking, ECFC suspensions (6.6 × 105 cells/mL) 
were seeded on top of the disc and left to adhere 
for 30  min before medium was added. Constructs 
containing only a (GFP-)ECFC monolayer were 
cultured in EGM-2, whereas constructs containing a 
MSC/ECFC co-culture in the hydrogel and ECFCs on 
top of the disc were cultured in ODM or O-E. After 
10 d of culture, gels were fixed and cut in half for 
vasculogenic and osteogenic stainings (N = 3, n = 2-3).

Preparation of MSC-ECFC containing channelled 
constructs
MSCs and ECFCs were encapsulated at 5 × 106 and 
1.25  ×  106  cells/mL, respectively, in 50  % DoF, 5% 
w/v gelMA constructs containing a channel that was 
seeded with ECFCs as follows. The cell-prepolymer-
mixture was injected and cross-linked in silicone 
moulds with a 0.6 mm-diameter retractable needle in 
the centre to create the channel in the bulk hydrogel. 
The gels were cultured in O-E for 8 d before ECFCs, 
at a concentration of 50 × 106 cells/mL, were seeded 
into the channel. The cells were allowed to adhere 
for 15  min before the construct was flipped of 
180° and incubated for another 15 min. Next, O-E 
was added for another 2  d. Alternatively, the gels 
were cultured for 12 d and a slice was cut from the 
construct for alkaline phosphatase (ALP) staining. 
In these gels, ECFCs were seeded at a concentration 
of 50 × 106 cells/mL on day 12 and the construct was 
further cultured up to day 15. The constructs were 
cultured for either 10 or 15 d in O-E, fixed and cut 
into sections for further analysis.

F-actin staining
MSCs were encapsulated at a concentration of 
5 × 106 cells/mL in 30, 50 and 80 % DoF at 5 % w/v 
gelMA hydrogels (3 independent experiments 
with n  =  3 hydrogel discs). After 5  d, the gels 
were fixed and stained whole mount with 0.2  μm 
tetramethylrhodamine B isothiocyanate (TRITC)-
phalloidin (Sigma-Aldrich) after permeabilisation 
with PBS-Triton-X and a blocking step in 5% bovine 
serum albumin (BSA) in PBS. The central plane in the 
hydrogels were imaged using a confocal microscope 
(SP8x Leica, DMi8) to assess cell morphology in 3D.

Histology and immunostaining
After 10 or 15  d of culture, samples were fixed 
and stained for ALP activity using Fuchsin 
+ Substrate-Chromogen System (K0624, Dako). For 
immunostainings, the samples were permeabilised 
with 0.2 % Triton-X in PBS for 30 min and blocked 
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in BSA/PBS for 30 min. The formation of stabilised 
capillary-like structures was assessed by CD31 
staining (5.1 µg/mL; M0823, Dako), secondary sheep 
anti-mouse biotinylated antibody (1 : 200; RPN1001v1, 
GE Healthcare) and tertiary streptavidin Alexa Fluor 
488 conjugate (5.0 µg/mL; S32354, Invitrogen). Mouse 
monoclonal Cy3-conjugated α-smooth muscle actin 
(αSMA) antibody (1 : 300; Clone 1A4, C6198, Sigma-
Aldrich) was used to detect the stabilising cells of the 
capillary-like structures. Furthermore, anti-vascular 
endothelial cadherin antibody from rabbit (VE-cad, 
1  :  250; D87F2, Cell Signalling Technology) was 
combined with Hilyte fluor 488 (2 µg/mL; AS-28176-
05-H488, AnaSpec, Fremont, CA, USA) and murine 
anti-von Willebrand factor antibody (vWF, 8 µg/mL; 
ab194405, Abcam) with secondary Alexa Fluor 546 
(A-11030, goat-anti-mouse, 2 µg/mL; ThermoFisher 
Scientific). 4, 6-diamidino-2-phenylindole (DAPI, 
100 ng/mL; Sigma-Aldrich) was used to stain the cell 
nuclei. The constructs were imaged with an upright 
fluorescence microscope (BX51, Olympus) or confocal 
microscope (SP8x Leica, DMi8, Leica).

Immunohistochemistry
After fixation, hydrogels were dehydrated in graded 
ethanol series, cleared in xylene and embedded in 

paraffin. An osteonectin staining was performed 
on 5  µm-thick sections. In short, sections were 
deparaffinised and hydrated before endogenous 
peroxidase was blocked in 0.3  % H2O2. Antigen 
retrieval was performed in citrate buffer at 80  °C 
for 20 min. Subsequently, the primary antibody for 
osteonectin [4.2 µg/mL; AON-1 was deposited to the 
Developmental Studies Hybridoma Bank (DSHB) by 
J.D. Termine (Bolander et al., 1989)] was incubated 
for 1 h before addition of a horseradish peroxidase-
conjugated anti-mouse antibody (EnVision + System-
HRP Labelled Polymer, K4000, Dako). Osteonectin 
was detected by conversion of 3,3’-diaminobenzidine 
solution (SK-4100, Vector, Burlingame, CA, USA) 
and nuclei were counterstained with haematoxylin 
(Merck). Isotype controls were performed using 
concentration-matched mouse IgG1 monoclonal 
antibody (ThermoFisher Scientific).

Image analysis
RGB fluorescence images of the whole hydrogel 
construct (one field of view per hydrogel, with a 
random selected plane) were obtained using an 
upright fluorescence microscope (BX51, Olympus). 
Images were merged, where contrast and intensity 
were set to be comparable across all images using 

Fig. 2. GelMA hydrogel characterisation based on physico-mechanical and biological aspects. 5  % 
GelMA hydrogels, with average DoF ranging from 20 to 80 %, were characterised. (a) Swelling ratio and 
(b) sol fraction gradually decreased from 20 % DoF hydrogels to 80 % DoF. (c) Compressive moduli of 
gelMA hydrogels increased with increasing DoF. (d, upper row) A decrease in hydrogel swelling was 
macroscopically visible with increasing DoF; scale bar: 2 mm. (d, bottom row) MSC encapsulation in 30, 
50 and 80 % DoF gelMA hydrogels resulted in cell spreading in 30 and 50 % DoF hydrogels, whereas 
MSCs stayed rounded in 80 % DoF gelMA hydrogels at day 5; TRITC-phalloidin; scale bar: 200 μm.
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Adobe Photoshop CS6 and ImageJ 1.47v and 1.51a. 
Total and mean lengths of vessel-like structures were 
quantified by manual processing by AngioQuant 
software, as per previously published protocols 
(Niemisto et al., 2005). Quantification of cell-based 
experiments was based on 3 experiments with 
different MSC-ECFC donor combinations (N  =  3) 
and 2-3 gels (n = 2-3) per condition. In total, 9 field 
of views of 9 different hydrogels were quantified for 
the O-E condition and 8 hydrogels were imaged for 
the ODM condition.

Statistical analysis
Difference of the means between O-E and ODM 
cultures of the AngioQuant data was determined 
by Student’s t-tests in GraphPad Prism 7.02. 
The significance of the differences in the mean 
compressive moduli, sol fractions and swelling ratios 
were detected by a one-way ANOVA and subsequent 
Tukey honest significant difference (HSD) post-hoc 
analysis using GraphPad Prism 7.02. p  <  0.05 was 
considered significant.

Results

GelMA hydrogel optimisation by tuning the DoF
The DoF was optimised for 5 % gelMA hydrogels, in 
order to select a composition with suitable physico-
mechanical and biological properties to engineer pre-
vascularised bone constructs. While a high swelling 

ratio, indicated by water uptake of the hydrogel, 
provides cells with freedom to migrate (Ehrbar et al., 
2011), it is also associated with loss of material during 
the crosslinking process (sol fraction), which should 
be kept minimal (Nandi and Winter, 2005). Hydrogels 
with a DoF ranging from 20  % to 80  % gradually 
decreased in swelling ratio from 31.3 ± 13.4 to 16 ± 0.7 
(p < 0.0001) (Fig. 2a). Also, the sol fraction decreased, 
with increasing DoF, from 40.5 ± 21.8 % to 5.5 ± 2.7 % 
(p  <  0.0001) (Fig. 2b). The compressive modulus 
indicates the bulk stiffness of the hydrogel and is used 
to determine the range of mechanical properties that 
support cell spreading and migration in 3D (Ehrbar 
et al., 2011). The compressive modulus slightly 
increased from 1.2 ± 0.5 kPa (30 % DoF hydrogel) to 
1.8 ± 0.5 kPa (p = 0.0966) and 2.8 ± 0.8 kPa (30 vs. 80 
p < 0.0001, 50 vs. 80 p = 0.0052) for 50 % and 80 % DoF 
hydrogels, respectively (Fig. 2c). Macroscopically, a 
difference in swelling behaviour was visible among 
30 %, 50 % and 80 % DoF hydrogels (Fig. 2d, upper 
row). Biologically, a clearly varying cell response was 
observed among these three hydrogel compositions. 
After 5 d, MSCs spread in 30 and 50 % DoF hydrogels, 
which did not occur in 80 % DoF (Fig. 2d, bottom 
row). Since cell spreading is essential for the assembly 
of pre-vascular structures, 30 and 50 % DoF hydrogel 
compositions were selected for further studies.

Evaluation of endothelium formation
A further selection between 30 and 50 % DoF gelMA 
was made by evaluating the suitability for formation 
of endothelial monolayers on the hydrogel surface.

Fig. 3. Effect of gelMA DoF on ECFC monolayer formation on hydrogel discs cultured for up to 10 d. 
(a,b) GFP-labelled ECFCs attached to a 30 % DoF gelMA hydrogel surface 3 h after seeding and after 
5 d, however, (c) after 10 d, cells were detached when cultured in EGM-2 (2 out of 4 experiments). (d-f) 
GFP-ECFCs were able to attach to 50 % DoF gelMA hydrogels and form an endothelial monolayer when 
cultured in EGM-2 (N = 2, n = 2-3).
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	 ECFCs that were seeded on 30 % DoF hydrogels 
did not allow for reproducible monolayer formation 
since the cells detached over time in culture in 2 out 
of 4 experiments (Fig. 3a-c), whereas on 50 % DoF 
hydrogels, endothelial cells were able to robustly 
form confluent monolayers (Fig. 3e,f). Based on these 
results, 50 % DoF gelMA hydrogels were selected to 
create multi-scale pre-vascularised bone constructs.

Optimisation of culture medium for pre-
vascularisation and osteogenesis
The culture medium composition was optimised for 
pre-vascularisation and osteogenic commitment of 
encapsulated cells in the bulk hydrogel. Also, the 
medium had to allow for ECFC monolayer formation 
on the hydrogel surface, given that any macrovessel 
or channel in the hydrogel would preferably be 
covered with endothelium. Whereas the biomaterial 
selection (Fig. 3) was based on constructs that were 
cultured in the preferred medium for ECFCs (EGM-
2), the MSC-ECFC co-cultures were cultured in either 
ODM or O-E.
	 The constructs cultured in ODM resulted 
in impaired ECFC monolayer formation on the 
hydrogel surface (Fig. 4a), whereas in the O-E, 
ECFC-monolayers were obtained reproducibly (Fig. 
4d). Pre-vascular network formation in the bulk 
hydrogel was more pronounced in O-E as compared 

to ODM (Fig. 4b,e). Also, the total length of vessel-like 
structures was significantly greater in O-E cultures 
when compared to ODM (p  =  0.0168) (Fig. 4g,h). 
Addition of 50  % EGM-2 to the ODM resulted in 
an ALP activity comparable to constructs that were 
cultured in 100 % ODM (Fig. 4c,f).

Characterisation of endothelium, capillaries and 
pericyte-like cells
Along with the expression of CD31, indicating the 
formation of capillary-like structures, the phenotype 
of the endothelial cells was further investigated after 
culture for 10  d in O-E. VE-cadherin highlighted 
the presence of intercellular junctions between 
endothelial cells, both in the endothelium (Fig. 5a) 
and in the capillary-like structures inside the bulk 
hydrogel (Fig. 5b). The adhesive glycoprotein vWF, 
synthesised by endothelial cells, formed globular 
structures in the cytoplasm (Fig. 5a,b). Pericyte-
like cells adjoining the endothelial structures were 
identified by positive staining for αSMA (Fig. 5c). 
Furthermore, the interface between the endothelium-
covered hydrogel surface and the bulk hydrogel 
with capillary-like structures was investigated (Fig. 
5d). Co-existence of stabilised capillaries in direct 
contact with an endothelial monolayer could show 
the feasibility that differentiated MSCs did not 
impede the formation of the endothelium. Three 

Fig. 4. Influence of media composition on ECFC monolayer formation on top of 5 % gelMA discs (50 % DoF) 
and on capillary-like structure assembly and osteogenic differentiation of ECFC-MSC co-cultures inside 
gelMA discs. (a) Endothelial monolayer formation was impaired in ODM, whereas in (d) O-E, endothelial 
monolayer patches were present after a culture time of 10 d. (b,e) Capillary-like structure formation in 
the bulk hydrogel was dependent on the culture medium. (c,f) ALP activity was comparable in both co-
cultures. (g,h) Quantification of total and mean vessel-like structure length showed the beneficial effect of 
the combination medium over ODM (N = 3, n = 2-3).
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cross-sections at the level of the endothelium (Fig. 
5e), transition zone (Fig. 5f) and capillary-like 
structures in the hydrogel (Fig. 5g) were analysed. An 
endothelial monolayer had formed on the hydrogel 
surface, with capillary-like structures extending from 
here into the bulk hydrogel (Fig. 5g). At the same 
time, capillary-like structures and αSMA-positive 
cells were present inside the hydrogel.

Engineering a macrovessel-like structure in a 
bulk hydrogel of capillaries and osteogenic cells
Multiscale pre-vascularised and osteogenically 
differentiated gelMA-based constructs were prepared 
and cultured for 10 d (Fig. 6a-d) and 15 d (Fig. 6e-j). 
These constructs contained MSC-ECFC co-cultures in 
the bulk hydrogel and a confluent ECFC monolayer 
in the macrochannel (Fig. 6). The luminal side of the 
channel was prominently covered with endothelial 
cells, with characteristic cobblestone-like morphology 
(Fig. 6d,f). Furthermore, sections showed capillary-
like structures inside the surrounding bulk hydrogel 
of the constructs cultured for 10 d (Fig. 6b) and 15 d 
(Fig. 6e). Sprouting angiogenesis was present from 

the channel surface into the bulk hydrogel as seen in 
a cross-sectional projection of the channel (Fig. 6b). 
Here, αSMA-expressing cells covered the luminal side 
of the channel, which was additionally covered with 
endothelial cells (Fig. 6c, originating from the stack 
shown in Fig. 6b). Early osteogenic differentiation of 
MSCs, as shown by ALP activity, was observed after 
12 d (Fig. 6g). Furthermore, osteonectin was produced 
by the cells after 15 d of culture (Fig. 6h,i).

Discussion

Vascularisation, in combination with tissue specific 
maturation, is one of the main challenges in tissue 
engineering when proceeding towards clinically-
relevant sized tissue constructs (Klotz et al., 2016). An 
often-used strategy is to create vessel-like structures 
in the form of engineered endothelial-seeded 
channels to enable vascular supply throughout the 
construct (Kolesky et al., 2016; Kolesky et al., 2014). 
Furthermore, endothelial cells have the capacity to 
self-assemble into a capillary bed, which extends 

Fig. 5. Characterisation of endothelium, capillaries and pericyte-like cells in 5  % gelMA (50  % DoF) 
hydrogels cultured for 10 d in O-E. (a) Endothelial monolayers on the hydrogel surface show characteristic 
intercellular junctions enabled by VE-cadherin and vWF in the cytoplasm. (b) Capillary-like structures in 
the hydrogel expressed VE-cadherin and vWF. (c) Capillary-like CD31 structures adjoined with stabilising 
αSMA-positive pericyte-like cells. (d) Overview of interface between surface and hydrogel; CD31 in green, 
αSMA in red and nuclei in blue. (e) Endothelial monolayer forming an endothelium on the surface of gelMA 
hydrogel discs (X-Y axis). (f) Transition zone between endothelium and underlying capillary-structures 
and αSMA-expressing stabilising cells. (g) Cross-sections (Z-X and Y-X) showing capillary-like structures 
and stabilising cells inside the gelMA bulk hydrogel.
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the vascular network through connections with the 
engineered channels (Lee et al., 2014). This strategy 
of interconnected macrochannels and capillaries was 
advanced to the next stage by tailoring it specifically 
to bone tissue engineering based on clinically-relevant 
cell sources. In this work, it was demonstrated that 
multiple sub-cultured primary cell types could be 
supported within a single construct by means of 
tailored biomaterial physico-mechanical properties 
and cell-specific soluble cues in the medium. For the 
first time, a complex pre-vascularised bone model 
was realised that allowed for the formation of a 
multiscale vascular-like network within a developing 
bone-like matrix.

Fine-tuning of gelMA hydrogel characteristics
GelMA hydrogels can be adjusted for different 
applications by varying the gelatine source, polymer 
concentration, DoF or conversion of double bonds 
(e.g. through UV exposure time) (Klotz et al., 2016; 
Nichol et al., 2010; Van den Bulcke et al., 2000). 
Even though osteogenesis predominantly occurs in 
stiff matrices with an elastic modulus of 11-30 kPa 
(Huebsch et al., 2010; Tan et al., 2014), the need for 
capillaries infiltrating the developing bone tissue 

requires the design of a soft gelMA matrix, preferably 
with an elastic modulus lower than 4 kPa (Nichol et 
al., 2010). Furthermore, to enable the formation of 
an endothelium, the hydrogel composition has also 
to allow the ECFCs to develop a cobblestone-like 
phenotype on the hydrogel surface (Gimbrone et 
al., 1974).
	 To obtain a hydrogel that was suitable for 
endothelialisation, vascularisation and osteogenesis, 
the physico-chemical and mechanical properties had 
to be precisely tailored and extensively characterised. 
It was possible to form 5 % gelMA hydrogels with a 
DoF as low as 20 %. However, the sol-gel characteristics 
of these hydrogels were not as reproducible as at 
higher DoFs, as shown by high standard deviations 
for sol fraction and mass swelling ratios. Therefore, 
30  % DoF hydrogels with a compressive modulus 
of 1.2  ±  0.5  kPa were selected for further studies. 
While 5 % gelMA hydrogels (30 % DoF) performed 
best in terms of 3D MSC spreading, serving as an 
indicator of whether ECFCs could migrate and form 
capillary-like networks, this hydrogel composition 
is limited by its physico-mechanical characteristics. 
The pronounced swelling behaviour and the related 
structural instability excluded this composition for 

Fig. 6. Multiscale pre-vascularised and osteogenically differentiated gelMA constructs. Constructs 
prepared from 50  % DoF gelMA hydrogels containing ECFC-MSC co-cultures and an ECFC-seeded 
macrochannel were cultured in O-E for (a-d) 10 d or (e-j) 15 d. (a,e) Cross-section (projection) through the 
endothelialised channel, (b) projection of close-up of sprouts connecting with the channel-surface and (c) 
single image of stack in b. (d) Longitudinal section (projection) of endothelialised channel. (f) Projection 
of an endothelialised channel. (g) Slice of construct harvested after culture for 12 d for ALP staining. (h,i) 
Osteonectin staining of gelMA construct, cultured for 15 d and (j) isotype control. Staining in green for 
CD31, in red for αSMA and in blue for nuclei (at day 10 and day 15, each N = 2, n = 1-2).
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the intended fabrication approaches. Furthermore, 
and in contrast to 50 % DoF gelMA hydrogels, 30 % 
DoF gelMA did not allow for reproducible ECFC 
attachment onto the surface of the hydrogel disc. This 
behaviour might be attributed to the considerable 
swelling of this hydrogel composition, leading to a 
reduced actual polymer concentration, which does 
not provide enough cell attachment sites. Pore sizes 
for gelMA hydrogels increase with decreasing DoF 
(Chen et al., 2012) and might lead to a pore size that 
cannot be bridged anymore by residing cells on the 
hydrogel surface. Furthermore, hydrogels degrade 
faster with decreasing DoF (Chen et al., 2012; Koshy 
et al., 2014; Nguyen et al., 2015), favouring, from 
a structural point of view, the higher DoF of 50 % 
over 30 %. In addition, no significant difference in 
compressive modulus was measured when the DoF 
of 5 % gelMA hydrogels was decreased from 50 % to 
30 % (p = 0.0966). Therefore, 5 % gelMA at 50 % DoF 
represented a balance between biological and physico-
mechanical requirements, as confirmed by an earlier 
study using this composition to engineer vascularised 
hydrogels (Chen et al., 2012). These results highlighted 
an optimised fabrication window for soft gelMA 
hydrogels down to 5 % gelMA and 50 % DoF using 
Irgacure® 2959 as photo-initiator. This composition 
fulfilled the needed requirements of being relatively 
form-stable, allowing for endothelialisation on the 
hydrogel surface and enabling cell spreading within 
the hydrogel, which is needed for capillarisation.

Optimisation of culture medium composition for 
pre-vascularised bone
Medium selection is a critical element in culturing 
of complex tissue constructs containing multiple 
cell types. Typically, cell culture media are tailored 
for each individual cell type and vary, for instance, 
in composition of supplements, salts and vitamins 
(Baldwin et al., 2014). While many approaches are 
reported to test the best medium conditions in 
mesenchymal and endothelial co-cultures for pre-
vascularised bone tissue (Baldwin et al., 2014; Bersini 
et al., 2016; Jin et al., 2015; Kolbe et al., 2011; Ma et 
al., 2011; Unger et al., 2015), the effect of the same 
culture medium on endothelialisation of 2D hydrogel 
surfaces has not yet been reported. ODM performs 
best in 3D co-cultures of MSCs and endothelial cells 
for osteogenesis and vasculogenesis/angiogenesis 
(Gawlitta et al., 2012; Ma et al., 2011). However, in 
the present study, ODM did not allow for sufficient 
endothelialisation on gelMA hydrogel surfaces. 
A possible explanation could lie in the spatial 
separation of ECFCs and MSCs. Whereas ECFCs 
inside the hydrogels are stimulated by paracrine 
signalling from the co-embedded MSCs (Gruber et 
al., 2005; Hung et al., 2007), on the hydrogel surface 
(and in the presence of ODM without EGM-specific 
growth factors) ECFCs may have insufficient 
stimulating factors to survive and proliferate. 
Consequently, an alternative culture medium was 
investigated to allow for endothelialisation under 

osteogenic stimulation. Besides ODM, a variety of 
mixtures of ODM and EGM are reported to have 
been tested on co-cultures (Baldwin et al., 2014; Jin 
et al., 2015). Since these mixtures lead to a dilution 
of the osteogenic supplements, in the current study, 
the effects of a combination medium that contained 
double concentrated ODM (for β-glycerophosphate 
and dexamethasone) and standard EGM-2 in a 
1  : 1 ratio (resulting in standard ODM component 
concentrations in the final O-E) were investigated. This 
medium allowed for more robust endothelialisation 
on co-culture-seeded gelMA hydrogel surfaces than 
ODM alone. VE-cadherin staining highlighted the 
formation of intercellular junctions between ECFCs 
and vWF was produced after 10 d. vWF was present 
in the cytoplasm of ECFCs and appeared as punctate 
globules, which is a characteristic of endothelial 
cells (Zheng et al., 2015). These observations 
demonstrated the maintenance of the endothelial 
monolayer phenotype during the 10 d of culture in 
O-E. Furthermore, differentiation of pericyte-like cells 
under these culture conditions was confirmed by the 
presence of stabilising cells of endothelial structures, 
which were positive for αSMA. MSCs in co-culture 
with endothelial cells stabilise capillaries as pericyte-
like cells (Au et al., 2008). While the stabilising nature 
of these cells can be shown using different stainings, 
the identification of these cells as pericytes remains 
controversial, since there is a lack of distinct markers 
(de Souza et al., 2016).
	 Capillary-like structures were present in constructs 
cultured in ODM; however, vasculogenesis was 
enhanced in the combination medium. At the 
same time, early osteogenesis was confirmed in 
constructs cultured in ODM and O-E. Previously, 
1 : 1 diluted combination media have failed to induce 
mineralisation of cell-laden constructs (Gawlitta et 
al., 2012; Ma et al., 2011). Impaired mineralisation 
could be associated with the dilution of osteogenic 
supplements and might be a sign that a certain 
threshold of osteogenic supplements is required (Ma 
et al., 2011). Lee et al. (2013) investigate a medium 
based on full EGM-2 supplemented with standard 
concentrations of osteogenic additives. However, 
this medium fails to induce mineralisation when 
compared to conventional ODM. Consequently, it is 
hypothesised that ingredients such as FGF-2, which 
is present in full EGM-2, might counteract robust 
osteogenic differentiation (Blache et al., 2016). EGM-
2 contains a complex mixture of different growth 
factors to support proliferation and maintenance 
of the endothelial phenotype and might, therefore, 
influence osteogenesis when used undiluted.
	 In light of clinical applications, it will be necessary 
not only to replace the serum, but also to limit the 
use of growth factors (GFs) to a minimum. Standard 
EGM-2 contains a cocktail of GFs and might be 
further fine-tuned and reduced to a few essential 
vasculogenic supplements in a combination medium. 
To do so, high-throughput screening platforms, such 
as presented by Bersini et al. (2016), will prove very 
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valuable. Besides screening for 3D co-culture aspects, 
it will be inevitable to screen the same media as well 
for 2D endothelialised hydrogel surfaces.

Engineering a macrovessel-like structure in 
pre-vascularised, osteogenically differentiated 
hydrogels
To proceed to a multiscale pre-vascularised, 
osteogenically differentiated construct model, an 
ECFC-seeded channel was engineered. It was feasible 
to obtain endothelialised channel surfaces, as well as 
newly sprouted vessel-like structures into these soft, 
complex cellular hydrogel constructs. This result 
differed significantly from previous works where 
endothelialised channels are created either under 
purely vasculogenic conditions, with non-clinically-
relevant fibroblast or pericyte cell lines (Kolesky et 
al., 2016; Lee et al., 2014; Miller et al., 2012), or in stiff 
osteogenesis-supporting matrices that do not allow 
for vasculogenic sprouting in the bulk hydrogel 
(Kolesky et al., 2016).
	 Besides the characteristic endothelium with 
cobblestone morphology, capillary-like structures 
were also observed on the luminal side of the 
channel surface (not shown). These endothelial 
cords were only present in constructs containing 
MSC-ECFC co-cultures and not in ECFC-only 
(on the surface) constructs (not shown). ECFCs 
were seeded after an initial pre-differentiation 
phase, allowing for osteogenic differentiation and 
vasculogenesis to occur throughout the bulk of the 
hydrogel. A delay of 8 d appeared most favourable to 
establish an endothelium in the channel. After a pre-
differentiation phase of 12 d, the channels were locally 
blocked by the cells and required clearing for ECFCs 
to be seeded. When ECFCs were seeded from the 
beginning in the channel of the cell-laden constructs, 
capillary-like monolayers were exclusively detected 
(data not shown), in agreement with previous 
studies (Bertassoni et al., 2014; Byambaa et al., 2017; 
Kazemzadeh-Narbat et al., 2017; Zhu et al., 2017). 
Surprisingly, this rather undesirable phenomenon 
of endothelial cords at the gel surface does not 
attract attention in the literature, while it seems to 
be an important challenge in the field. A simplified 
model disc was used to test whether MSC-derived 
cells would interfere with endothelium formation. 
On these discs, endothelium co-existed next to 
capillary-like structures, which were stabilised by 
αSMA-positive cells. Consequently, cell-cell contact 
with MSC-derived cells did not lead to disturbance 
of this monolayer.
	 The upscaled constructs exhibited an ALP activity 
level after 12 d that was comparable to hydrogel discs 
after 10 d. With a comparable hydrogel composition 
of 5 % gelMA (57 % DoF), the embedded rat MSCs 
show increased ALP activity on day 14 (Celikkin et 
al., 2018). In the long term, this gelMA composition 
outperforms 10 % gelMA hydrogels in terms of the 
extend of calcium deposition and homogeneous 
distribution throughout the scaffold after 21  d 

(Celikkin et al., 2018). In the present study, the 
presence of osteonectin was observed in constructs 
cultured for 15 d, highlighting ongoing osteogenesis 
along with vasculogenesis. The osteonectin staining 
was rather weak, which could be explained by the 
early time point for investigating osteogenesis. 
Matrix mineralisation and elevated osteogenic 
protein levels are normally assessed after culture 
periods of more than 3 weeks (Gotman et al., 
2013). The aim of the current study was to find a 
balance between two complex tissue developmental 
processes, vascularisation and osteogenesis, which 
required a pre-differentiation phase of the channelled 
constructs before ECFC-seeding into the channel. 
While the differentiation phase is relatively short to 
successfully prime in vitro osteogenesis, the optimal 
pre-differentiation period before implantation of such 
constructs remains to be investigated. Interestingly, 
prolonged in vitro cultures of MSCs in osteogenic 
media has a negative effect on the bone regeneration 
capacity in an orthotopic site (Castano-Izquierdo 
et al., 2007). Moreover, long-term culture of these 
pre-vascularised constructs under static condition 
without perfusion is impractical, as the newly formed 
vessels will regress and rupture in the absence of 
a fluid flow (Urbaczek et al., 2017). Hence, future 
studies will focus on a more thorough assessment 
of the differentiated osteogenic phenotype and 
mineralisation, in combination with perfusion, for 
successful clinical translation of the pre-vascularised 
bone model reported here.
	 The combination of multiple human primary cells 
in one tissue-engineered construct resulted in a viable 
approach. To further proceed towards preclinical 
applications, next steps will lie in upscaling and 
also mechanically stabilising these soft constructs. 
For instance, a 3D bioassembly approach can be 
employed to anatomically populate these soft pre-
vascularised gelMA tissue modules into 3D plotted 
thermoplastic constructs (Mekhileri et al., 2018). 
Mechanical reinforcement can also be achieved 
by combining these soft gelMA hydrogels with 
thermoplastic materials (Schuurman et al., 2011; Boere 
et al., 2014; Visser et al., 2015; Mekhileri et al., 2018), to 
withstand the mechanical forces in a bone defect site. 
To further promote the construct’s in vitro maturation 
prior to implantation, flow perfusion might be 
needed to functionally interconnect the lumina of 
capillaries and the central channel into an intricate 
network. Ultimately, the engineered macrovessel-like 
structures need to be anastomosed to the circulation 
of a host animal to aid a fast vascularisation of the 
construct for tissue integration.
	 The rationale of this study was to advance the 
strategy of fabricating multi-scale vascularised 
networks in bone tissue engineering. Subcultured 
primary cell types were employed to mimic the 
biological intricacy of this tissue engineering 
approach, which enabled the investigation of its 
feasibility and highlighted the challenges towards 
clinical translation. This work demonstrated the 
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viability of combining multiple sub-cultured 
primary human cell types in a single relatively soft 
biomaterial, sharing one culture medium. Multi-
cell-differentiation into all relevant lineages was 
successful in gelatine-based hydrogels, cultured in a 
tailored endothelial-osteogenic combination medium. 
Moreover, the presented results were reproducible 
for MSCs and ECFCs isolated from various donors 
and applied in different combinations in the co-
cultures, further underlining the attainability of a 
clinical translation.

Conclusions

A complex human tissue model was created with an 
endothelium-covered central channel, surrounded 
by stabilised capillary-like structures and osteogenic 
cells. The simultaneous differentiation of multiple cell 
types required a tailored medium, which was found 
in a combination of ODM and EGM-2, inducing the 
desired early differentiations for this tissue model. 
Furthermore, combining multiple clinically-relevant 
human primary cells in one tissue-engineered 
construct resulted in a viable approach. Therefore, the 
present work showed the feasibility of engineering 
complex tissue constructs, paving the way for scale-
up approaches with the potential to finally overcome 
the challenge of vascularisation of engineered tissues.
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Discussion with Reviewer

Bara Jennifer: Do the authors know if the formation 
of vessel-like structures was dependent upon cell 
migration and assembly or rather proliferation of 
the ECFCs?
Authors: Angiogenesis is a complex multistep 
process involving both migration and proliferation 
of endothelial cells (DeCicco-Skinner et al., 2014, 
additional reference; Northon and Popel, 2016, 
additional reference). However, the question as to 
whether vessel formation was dependent on cell 
migration or proliferation was not evaluated. As a 
co-culture model comprising MSCs and ECFCs was 
employed, it was difficult to track the migration 
and proliferation of both cells. However, gelMA 
hydrogels of higher DoF resulted in constructs of 
higher compressive modulus, which impeded cellular 
spreading and formation of vessel-like structures.
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