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Abstract
Bone is a highly vascularized tissue, inwhich vascularization andmineralization are concurrent
processes during skeletal development. Indeed, both components should be included in any reliable
and adherent in vitromodel platform for the study of bone physiology and pathogenesis of skeletal
disorders. To this end, we developed an in vitro vascularized bonemodel, using a gelatin-
nanohydroxyapatite (gel-nHA) three-dimensional (3D) bioprinted scaffold. First, we seeded human
mesenchymal stem cells (hMSCs) on the scaffold, which underwent osteogenic differentiation for 2
weeks. Then, we included lentiviral-GFP transfected humanumbilical vein endothelial cells
(HUVECs)within the 3Dbioprinted scaffoldmacropores to form a capillary-like network during 2
moreweeks of culture.We tested three experimental conditions: condition 1, bone constructs with
HUVECs cultured in 1:1 osteogenicmedium (OM): endothelialmedium (EM); condition 2, bone
constructs withoutHUVECs cultured in 1:1OM:EM; condition 3: bone construct withHUVECs
cultured in 1:1 growthmedium:EM. All samples resulted in engineered bonematrix. In conditions 1
and 3,HUVECs formed tubular structures within the bone constructs, with the assembly of a complex
capillary-like network visible byfluorescencemicroscopy in the live tissue and histology. CD31
immunostaining confirmed significant vascular lumen formation. Quantitative real-time PCRwas
used to quantify osteogenic differentiation and endothelial response. Alkaline phosphatase and runt-
related transcription factor 2 upregulation confirmed early osteogenic commitment of hMSCs. Even
whenOMwas removed under condition 3, we observed clear osteogenesis, whichwas notably
accompanied by upregulation of osteopontin, vascular endothelial growth factor, and collagen type I.
Thesefindings indicate that we have successfully realized a bonemodel with robust vascularization in
just 4weeks of culture andwe highlighted how the inclusion of endothelial cellsmore realistically
supports osteogenesis. The approach reported here resulted in a biologically inspired in vitromodel of
bone vascularization, simulating de novomorphogenesis of capillary vessels occurring during tissue
development.
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1. Introduction

In native bone, vasculature is essential for bone
development, remodeling, and for fracture healing,
and is pivotal in maintaining healthy bone tissue.
Angiogenesis is a prerequisite for bone formation; in
fact, both intramembranous and endochondral ossifi-
cation occur in close proximity to vascular ingrowth
[1–3]. During intramembranous ossification, capil-
laries invade the differentiating mesenchymal zone,
whereas in endochondral ossification, hypertrophic
chondrocytes recruit the infiltrating vasculature. Dys-
regulations of the interaction between bone and
vasculature are the basis of different pathologies (e.g.,
avascular necrosis, osteoporosis, and Gorham-Stout
disease) [1–5]. Moreover, a key obstacle to the in vivo
translation of bone tissue engineering is the lack of
vascularization within the engineered constructs
[2, 4, 6]. A vascularized bone implant could be
effectively used to treat large bone defects connecting
the construct to the host vascular network tomaintain
viability and promote integration [1, 3]. Furthermore,
vasculature would also be a key element that needs to
be included to achieve a more realistic setting in
in vitro engineered bone platforms to study bone
biology, disease pathogenesis, and to test newpotential
drugs [7, 8].

In recent years, different attempts have been made
to generate in vitro vascularized bone constructs by
combining osteogenic precursors and vascular pro-
genitors. Co-culture systems have been frequently
adopted to simultaneously promote osteogenesis and
vasculogenesis [3, 4]. Notably, intercellular commu-
nication supports simultaneous osteogenesis and
angiogenesis in bone tissue engineering in a positive
signal feedback loop [9–11]. In fact, human mesench-
ymal stem cells (hMSCs) secrete vasculogenic growth
factors, such as vascular endothelial growth factor
(VEGF) and platelet-derived growth factor, that
enhance angiogenesis, whereas endothelial cells (ECs)
produce bone morphogenic proteins, which promote
osteoblastic differentiation of precursor bone cells [1,
12–15]. However, co-culture approaches are complex
and parameters such as cell types, culture media,
microenvironment, seeding methodology, and scaf-
fold architecture and material will have a significant
effect on thefinal outcome.

In the literature, several experimental approaches
have been reported. Rao et al [16] co-cultured human
umbilical vein endothelial cells (HUVECs) and pre-dif-
ferentiated hMSCs using sequential-induction. First,
they embedded hMSCs in collagen/fibrin/hydro-
xyapatite hydrogel microbeads and pre-differentiated
them toward an osteogenic lineage for 14 d. Then, they
encapsulated themicrobeads into a collagen/fibrin vas-
culogenic phase containing a co-culture of undiffer-
entiated hMSCs and HUVECs. The system was
cultured for another 14 d in 1:1 v/v osteogenic and
endothelial media. The authors demonstrated an

endothelial network formation around the microbeads
of engineered bone in 14 d. Similarly, Tsigkou et al [17]
also used a sequential approach to create a vascularized
bone graft model. First, they seeded hMSCS on a three-
dimensional (3D) porous polylactic-co-glycolic acid
(PLGA) scaffold and cultured them for 1 week in osteo-
genic medium. Then, a collagen-fibronectin gel con-
taining HUVECs and hMSCs was added to the PLGA
scaffolds. The constructs were cultured for an addi-
tional month in endothelial medium only. After 1
month of in vitro static culture a continuous and stable
3D network of HUVEC formed throughout the scaf-
folds which were then implanted subcutaneously in a
mousemodel. Using a different approach, Klotz et al [5]
instead simultaneously co-cultured MSCs and endo-
thelial colony forming cells in a bulk methacrylated
gelatin (gelMA) hydrogel. After co-culture in 1:1 v/v
osteogenic and endothelial medium, they achieved the
formation of a vascular-like network within a develop-
ing bone-likematrix.

These works describe conventional techniques of
fabrication for bone engineering scaffolds, which,
along with others such as gas foaming, salt leaching,
phase separation, freeze dying, etc, allow a fine control
of pore size. However, control of pore inter-
connectivity is not possible and pores are stochasti-
cally distributed in the scaffold [18, 19]. In recent
years, bioprinting has been increasingly used for scaf-
fold fabrication to provide more control over scaffold
design. Bioprinting uses computer-aided transfer pro-
cesses to rapidly manufacture predefined complex
constructs with precise control on the external and
internal structures [19–21]. Thus, differently from
conventional techniques, bioprinting has the cap-
ability to accurately fabricate interconnected porous
structures, controlling key factors in scaffold fabrica-
tion, such as composition, pore geometry, size, and
interconnectivity [4, 21] that are essential to creating
organized constructs with different cell types.

In this work we aim to develop an in vitro engi-
neered vascularized bone model to study crosstalk
between blood vessel morphogenesis and osteogenesis
during construct development. To this end, we first
realized a bone construct based on a gelatin-nanohy-
droxyapatite (gel-nHA) 3Dbioprinted scaffold with an
interconnected pore network seeded with hMSCs sub-
jected to osteogenic differentiation. Then, we included
lentiviral-GFP transfected HUVECs to form a capil-
lary-like network within the 3D bioprinted scaffold
pores.

2.Materials andmethods

2.1.Materials preparation
The biomaterial ink is composed of type A gelatin
from porcine skin (Sigma-Aldrich), nanohydroxyapa-
tite (nHA) (nanoXIMHAp, Fluidinova) and genipin
(Challenge Bioproduct Co.). A 10% w/v solution of
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gelatin in deionized water (milliQ) was prepared by
stirring on a heated plate at 50 °C for 30 min. nHAwas
added to the gelatin solution at a concentration of 50%
w/v and the mixture was sonicated for 3 min with a
VC130 sonication probe (130W, Sonics andMaterials
INC.). Genipin was then added to the gel-nHA
solution at a final concentration of 0.2% w/v and
sonicated for 1 min. The mixture was prepared fresh
before each printing as the workability window after
genipin incorporation was about 40 min [22]. As a
sacrificial support material, Pluronic acid F-127
(Sigma-Aldrich) was used. A solution at 20% w/v in
deionized water was prepared by the previously
described ‘hot technique’ [23].

For the development of the vascularized bone con-
struct, HUVECs were resuspended in a hydrogel made
of gelMA [24] and fibrin gel 1:1 v/v. Lyophilized
gelMA was purchased from Cellink and a 10% w/v
solution was obtained in a 0.15% w/v lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (Sigma-Aldrich)
solution in PBS 1X (Gibco). For the fabrication of
fibrin gel, a Tisseel Fibrin Sealant kit (Baxter)was used.
Fibrin was dissolved in a sealer protein solution at a
concentration of 100 mgml−1. Thrombin was dis-
solved in a 40 mMCaCl2 solution at a concentration of
1 g l−1. Fibrinogen solution and thrombin solution
weremixed 1:1 v/v to produce fibrin gel.

2.2. Scaffold fabrication
Bone scaffolds were fabricated with a piston-driven
extruder 3D bioprinter, developed at the research center
‘Enrico Piaggio’ of the University of Pisa (figure 1(a)).
The gel-nHA biomaterial ink presents low viscosity and
low yield stress, and the crosslinking time of gelatin with
genipin is relatively long (∼48 h). These factors do not
allow for direct printing [25, 26], hence we bioprinted
gel-nHA into a sacrificial support material (bioplotting
technique)of Pluronic acid (figure 1(b)).

A wood-pile scaffold with an interconnected pore
network was designed in Solidworks® exported as a .stl
file and sliced by Slic3r® that automatically generated
the GCode for the 3D bioprinter. To avoid unwanted
material deposition during no-print movements,
external branches were added to the CAD model
(figure 1(c)). The dimensions and printing parameters
are reported in tables 1 and 2, respectively.

After printing, the scaffolds were kept in the support
material for 48 h, until full crosslinking was achieved
(figures 2(a)–(c)). Then, they were placed at 4 °C for 2 h
to liquefy the Pluronic acid [23, 27] and gentlywashed in
deionizedwater to eliminate any leftover support. Exter-
nal branches were then removed with a surgical blade
(figures 2(d), (e)). Finally, 4 mmdiameter cylinderswere
cored from the scaffolds (figure 2(f)) and stored at 4 °C
until use. High resolution images of the cylindrical cores
were taken with an upright stereomicroscope (Olympus
SZX16) (figures 2(g)–(j)).

2.3. Scaffold characterization
2.3.1.Morphological analysis
Cross-sectional images of the cored scaffold were
obtained by microCT (Skyscan11®, Bruker) using a
0.25 mm aluminum filter, 52 kV source voltage, and
800 μA source current. The scaffold was rotated 360°
degree with projection image acquisition every 0.5
degree. Projection images were reconstructed into
cross-sectional images by NRecon® software and a 3D
reconstruction of cored scaffold was then obtained by
ITK-SNAP®.

Porosity, pore interconnectivity, scaffold fiber
width, and size of lateral and axial pores were eval-
uated by a script developed in-house, based on the
image processing toolbox of Matlab® (The Mathworks
Inc.), and compared to the CADmodel to evaluate the
printed scaffold shapefidelity.

Briefly, cross-sectional images were binarized
using the Otsu algorithm. Pixels that represented scaf-
fold fibers were considered as background (pixel value
equal to 0), whereas pixels that represented the scaf-
fold’s pore network were considered as an object of
interest (pixel value equal to 1). The ‘bwconncomp’
function was used to identify connected components,
belonging to the pore network, on the entire image
stack. Then, the connected component with the largest
number of pixels, namely the scaffold’s pore network,
was visualized in a 3D image using the ‘patch’ function.

2.3.2. Swelling test
Five cylindrical scaffold cores were weighted dry, then
placed in 1 ml of PBS at 37 °C.Weighting was repeated
after 15, 30, 60 90, 120, 180, 240, 300, and 1440 min.
Swelling for each time point was calculated as
(equation (1)):

( )=
-

´
w w

w
swelling% 100, 1i 0

0

where wi is the weight at the ith time point while wo is
the dryweight.

2.3.3. Compressive test
The compressive modulus of dry and swollen (1 h in
PBS at 37 °C) scaffold cores was evaluated using a
Zwich Roell Z005 testingmachine (triplicate measure-
ments for each condition, test parameters are shown in
table 3). A Feret diameter was used to estimate the
scaffold’s cross-sectional area. A linear fitting from
0%–5% strain for each sample’s stress–strain curve
was used to obtain the compressive modulus. A
statistically significant difference between dry and
swollen scaffolds was evaluated with a t-test (p
value<0.05).
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2.4.Development of a vascularized in vitro bone
model
2.4.1. Cell culture
2.4.1.1. hMSCs
hMSCs were extracted from femoral heads of patients,
undergoing total joint arthroplasty with Institutional

Review Board approval (University of Washington
and University of Pittsburgh). hMSCs extracted from
nine different donors were cultured in monolayer
culture with growth medium (GM; Gibco™ Fluoro-
Brite™ Dulbecco’s modified Eagle medium, fetal
bovine serum (10% v/v), penicillin/streptomycin/
fungizone (2% v/v), sodium pyruvate (1% v/v), and
glutaMAX® (1% v/v)). The GMwas changed every 3 d
until 80% confluence. Cells were used at passage four.

2.4.1.2. HUVECs
HUVECs were purchased from Angioproteomie and
expanded in monolayer culture with endothelial
medium (EM; endothelial growth basal medium 2
supplemented with an EGM-2 Bullet kit (Lonza)). The
EMwas changed every 3 d until 80% confluence. Cells
were used at passagefive.

2.4.2. Scaffold seeding and culture
Scaffolds were UV sterilized for 1 h and incubated
overnight at 37 °C and 5%CO2 inGM. Three different
pools of hMSCs derived from three donors (nine
donors total) were used to seed the scaffolds, each in
triplicate (50 μl of 2*106 cells ml−1 of hMSCs sus-
pension/scaffold, corresponding to 105 hMSCs/scaf-
folds). Scaffolds were cultured in 12 well plates with
3 ml ofGMrenewed every 3 d.

Figure 1. (a)Piston-driven extruder 3Dbioprinter used to fabricate the scaffolds. (b) Schematic of the bioplotting technique used to
print wood-pile scaffolds with vertical and lateral pores; a sacrificial supportmaterial provides a support to the biomaterial ink during
the printing avoiding the collapse of the scaffold. (c)Wood-pile scaffold CADmodel designed in Solidworks®with lateral branches to
preventmaterial deposition during no-printmovements; scale bar=1 mm.

Table 1.Dimensions of the designedwood-
pile scaffold.

Parameter Dimension/deg.

External dimensions 17× 17× 5.2mm

Fiber width 0.8 mm

Inter-fiber distance 1.8 mm

Fiber height 1.2 mm

Axial pore size 1 mm

Lateral pore size 1.2 mm

Angle between fibers 90°

Table 2.Main printing parameters set in Slicer® to
obtain the desiredGCode.

Parameter Dimension/rate

Layer height 0.4mm

Printmovement speed 8 mm s−1

No-printmovement speed 10 mm s−1

Flow rate 130%

Nozzle diameter 0.7 mm
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After 7 d, GM was substituted with osteogenic
medium (OM=GM supplemented with 0.1 mM of
ascorbic acid, 10 mM of β-glycerophosphate, 0.1 μM
of dexamethasone, and 10 nM of 1,25-dihydroxy vita-
minD3) to initiate osteogenesis.

After two weeks of osteogenic differentiation, the
macropores of the scaffolds were filled with a 1:1 solu-
tion of fibrin gel and gelMA with or without HUVECs
(see below for vascularized constructs fabrication).
Then, constructs were cultured for two additional
weeks in 12 well plates with 3 ml of medium, renewed
every 3 d, under different medium conditions for a
total of three groups as follows: (1) condition 1, bone
constructs with HUVECs (see below) cultured in 1:1
OM:EM; (2) condition 2, bone constructs without
HUVECs cultured in 1:1 OM:EM (control); and (3)

condition 3, bone constructs with HUVECs cultured
in 1:1GM:EM (control) (table 4).

2.4.2.1. Vascularized bone construct fabrication
A 4:1 ratio HUVECs:hMSCs suspension was prepared
at a final concentration of 106 cells ml−1 in a 1:1
solution of fibrin gel and gelMA. The macropores of
each scaffold were filled with 55 μl of HUVECS:
hMSCs-laden gelMA-fibrin gel hydrogel, and cross-
linked in situ by exposure to UV-light (405 nm) for
2 min. A schematic of the fabrication process is shown
infigure 3(a).

Experiment timeline and time points are summar-
ized infigure 3(b).

2.4.3. Live cell assay
Live cell assay was carried out after 24 h, 72 h, 7 d, and
10 d of initial hMSCs seeding. Scaffolds were covered
with calcein AM solution (4 μM) and incubated for
45 min in the dark. At each time point, the top,
bottom, and cross-sectional surfaces of the scaffolds
were imaged with a fluorescence stereomicroscope
(Olympus SZX16) to assess the uniform colonization
of the scaffolds by hMSCs. Since genipin is strongly
fluorescent in the red channel [28], the dead comp-
onent of live/dead assaywas not carried out.

Figure 2.Post processing of the bone scaffolds. (a)–(c) Scaffolds were kept in the supportmaterial for 48 h. Pictures were taken (a) just
after the printing and (b), (c) 48 h later, after crosslinking. The color change is a consequence of the genipin–gelatin reaction and the
deep blue colormarks the end of the crosslinking. (d), (e) Scaffolds after removal of Pluronic acid F-127 and cutting of the lateral
branches with a surgical blade. (f) Scaffold 4 mmdiameter cylindrical cores. (g)–(i)Highmagnification images of the cores in (g), (h)
top and (i) side views showing axial and lateral pores, respectively. (g) and (i), scale bar=1 mm; (h) scale bar=500 μm.

Table 3.Parameters used for the
compressive test.

Parameter Measure

Final compression 30%

Number of cycles 1

Deformation rate 1%of initial height s−1

Load cell 100 N
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2.4.4. DAPI-phalloidin staining
DAPI-phalloidin staining was carried out after 10 d of
initial seeding and culture in GM with Alexa Fluor™
488 phalloidin (ThermoFisher; excitation and emis-
sion wavelengths: 495 and 518 nm) and DAPI Fluor-
oPure™ grade (ThermoFisher, with excitation and
emission wavelengths: 358 and 456 nm). Scaffold
fibers were also visualized in the red channel taking
advantage of the intrinsic red autofluorescence of the
scaffoldmaterial. Images were acquired with a fluores-
cence stereomicroscope (Olympus SZX16) and
mergedwith ImageJ®.

2.4.5. Qualitative analysis of capillary-like network
formation
After 14 d of culture (day 28 of the experiment),
capillary-like networks formation by theHUVECswas
imaged using the green channel of two fluorescence
microscopes (Olympus SZX16, Nikon TE2000). Both
the top and cross-sectional surfaces of scaffolds were
imaged at differentmagnifications.

2.4.6. Histology and immunohistochemistry
At days 14 and 28, constructs were harvested and fixed
in 4%paraformaldehyde in PBS, embedded in paraffin

Table 4.Experimental conditions starting at day 14.

Experimental condition # Cell types Media

1 hMSCdifferentiated to osteoblasts+HUVECs Osteogenicmedium+endothelialmedium1:1 v/v

2 hMSCdifferentiated to osteoblasts Osteogenicmedium+endothelialmedium1:1 v/v

3 hMSCdifferentiated to osteoblasts+HUVECs Growthmedium+endothelialmedium1:1 v/v

Figure 3. (a) Schematic of the process used to addHUVECs to the bone construct, filling thewhole interconnected pore network
within the scaffolds. (b)Experiment timeline for the development of a vascularized bone construct (conditions 1 and 3) and non-
vascularized control (condition 2).
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and sectioned in 5 μm thickness. Hematoxylin/eosin
(H&E; Sigma-Aldrich) staining and CD31 (abcam,
ab28364, 1:100 dilution) immunohistochemistry
(IHC) were performed. For the IHC, endogenous
peroxidase activity was blocked with 3% hydrogen
peroxide inmethanol and heat-induced antigen retrie-
val was carried out in a 0.01 M citrate buffer. Sections
were incubated overnight with a primary antibody at
4 °C, and with a biotinylated horse anti-mouse/rabbit
IgG secondary antibody (VECTASTAIN Universal
Elite ABC Kit, Vector Lab) for 45 min at room
temperature. Finally, the sections were counterstained
with hematoxylin (Vector Lab).

2.4.7. Quantitative real-time PCR
Samples were flash frozen immediately after harvest by
immersion in liquid nitrogen and stored at−80 °C until
use. For total RNA extraction, samples were first
pulverized by hammering in a liquid nitrogen-cooled
biopulverizer (59012MS, BioSpec Products), and the
powder obtained was added to Trizol (Invitrogen). RNA
was thenpurified using theRNeasy Plusmini kit (Qiagen,
Hilden) following the manufacturer’s protocol. Reverse
transcriptionwith the SuperScript III kit (Invitrogen) and
random hexamer primers was used to prepare cDNA.
Quantitative real-time PCR was performed on the
StepOnePlus thermocycler (Applied Biosystems) with
SYBRGreenReactionMix (AppliedBiosystems).

Gene expression levels of alkaline phosphatase
(ALP), runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN), bone sialoprotein II (BSP2), osteo-
pontin (OPN), VEGF, and collagen type I (COL1)

were analyzed. 18S rRNA was used as a housekeeping
gene. Primer sequences are reported in table 5. Gene
expression fold of change was calculated by the com-
parative cycle threshold (CT) method, using expres-
sion levels at day 0 as the reference for the 2−ΔΔCT

calculation. A two-way ANOVA test with Tukey’s post
hoc analysis (multiple comparison) was used to pin-
point statistical differences of gene expression.

Control samples were collected after 7 d of hMSC
expansion in GM (day 0) and after 14 additional days
of differentiation inOM (day 14). Since the addition of
HUVECs in experimental conditions 1 and 3
increased the number cells and might offset gene
expression baselines, in the control samples for exper-
imental conditions 1 and 3, HUVECs were added 12 h
before the harvest of the constructs, as described
before. Accordingly, experimental conditions 1 and 3
share common control samples (day 0 and day 14).

3. Results

3.1. Scaffold characterization
3.1.1. Pore connectivity
To evaluate the scaffold morphology, scaffold cross-
sectional imageswere obtainedbymicroCT.Nocollapse
between layers with different bioprinting orientation is
visible (figures 4(a), (b)). Scaffold 3D reconstruction
made by ITK-SNAP® is shown infigure 4(c).

Cross-sectional images were processed with a
Matlab® script developed in-house, to create a negative
3D reconstruction of the scaffoldmicroCT scan which

Table 5.Primer sequences used for the quantitative real-time PCR.

Gene Forward sequence 5′→3′ Reverse sequence 5′→3′

ALP ATCTTTGGTCTGGCCCCCATG AGTCCACCATGGAGCATTCTCTC

RUNX2 CAACCACAGAACCACAAGTGCG TGTTTGATGCCATAGTCCCTCC

OCN TCACACTCCTCGCCCTATTG GAAGAGGAAAGAAGGGTGCC

BSP2 CGAATACACGGGCGTCAATG GTAGCTGTACTCATCTTCATGGC

OPN TCACCAGTCTGATGAGTCTCACCATTC TAGCATCAGGGTACTGGATGTCAGGT

VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA

COL1 TAAAGGGTCACCGTGGCT CGAACCACATTGCCATCA

18 S CCATCCAATCGGTAGTAGCG GTAACCCGTTGAACCCCATT

Figure 4. (a), (b)MicroCT section scans of cored scaffolds at different heights, the cored scaffold perimeter is highlighted. (c) 3D
reconstruction of the scaffold by ITK-SNAP®. (d) 3D reconstruction of the interconnected pore networkwithin the scaffold obtained
byMatlab®.
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represents the pore network (figure 4(d)). Analysis by
Matlab® revealed that the scaffold pore network is
interconnected with an axial square pore size of
0.92±0.14 mm, a lateral pore size of 0.5±0.15 mm,
and a porosity of approximately 60%.

Table 6 compares the experimental measures with
the CAD model to have an estimation of the shape
fidelity.

3.1.2. Decrease in compressivemodulus with hydration
Swelling tests were carried out in PBS 1X at 37 °C. The
samples absorbed water without losing their original
shape. A weight plateau was reached after 30 min
(figure 5(a)).

Compressive tests were carried out on the scaffold
immediately post processing and after swelling, result-
ing in a compressive modulus of 36.4±9.6 and
5.1±2.3 kPa, respectively (figure 5(b)), with a clear
decrease following rehydration.

3.2. Gel-nHA3Dbioprinted scaffold promotes cell
proliferation.
Scaffolds were seeded with hMSCs (1*105 cells per
scaffold) and live cell assay was carried out after 24 h,
72 h, 7 d, and 10 d. Since genipin is red fluorescent, it
was not possible to carry out the dead component of
the standard live/dead assay. Images of top, cross-
sectional, and bottom scaffold surfaces at each time
point are shown in figure 6. After 24 h, cells non-
homogeneously attached to the scaffolds and several
cell aggregates could be seen. After 7 and 10 d, scaffolds
were completely and homogeneously covered by
hMSCs.

After 10 d, DAPI-phalloidin staining was carried
out. Green, blue, and red channels were used to image
the cell cytoskeleton, cell nuclei, and scaffold fibers,
respectively (figure 7). Cells stretching across the scaf-
fold corners and starting to fill the space within the
macropores were observed.

3.3.HUVECs form a capillary-like network
The organization of the GFP HUVECs was investi-
gated 24 h and 14 d after seeding by fluorescent
microscopy without the need for any additional dye
(figure 8(a)). After 24 h, HUVECs were round and not
connected, as expected, right after seeding in a
hydrogel. By day 14, they formed complex and
interconnected capillary-like networks (figure 8(b));
no qualitative differences between the networks of
experimental conditions 1 and 3were evident.

3.4. Vascularized bone constructmaturation under
different culture conditions
Samples were collected at all time points and analyzed
by H&E histologic staining, CD31 immunochemistry,
and quantitative real-time PCR (figure 3(b)).

H&E staining showed the cell morphology
between hMSCs-derived osteoblasts and vascular-
forming HUVECs (figure 9). Because of the presence
of nHA, the gel-nHA scaffold stained a dark purple.
However, this did not mask the deposition of bone-
like matrix that stained pink and was clearly visible
under all experimental conditions. Furthermore,
HUVECs not only formed a capillary-like network
within the scaffold macropores, but presented clearly
identifiable lumens in experimental conditions 1 and 3
(figure 9). No qualitative differences in terms of num-
ber and size of the lumens were apparent between
these conditions. When HUVECs were not present
(experimental condition 2), osteogenically differ-
entiated hMSCswere the only cells present. These cells
remained close to the scaffold surface, and no lumen
could be seen in the hydrogel filling themacropores.

HUVEC lumen formation in experimental condi-
tions 1 and 3 was further confirmed by CD31 immu-
nohistochemistry (figure 10). Experimental condition
2 acted as a control where no cells were stained, as
expected, since no HUVECs were incorporated in the
hydrogel.

Gene expression analysis via quantitative real-time
PCRwas used to quantify osteogenic differentiation of
hMSCs as well as the effects of crosstalk between
hMSCs-derived osteoblasts and HUVECs. Statistical
analysis was performed by a two-way ANOVA test
with a Tukey’s post hoc analysis (multiple compar-
ison). The results are shown in figure 11. Overall,
expression of the osteogenic genes tested increased
over time. After 14 d in osteogenicmedium, ALP over-
expression was statistically significant for all condi-
tions, and plateaued after 14 d. For all conditions,
RUNX2 was expressed at the highest level at 28 d, with
no statistically significant differences between exper-
imental conditions. Although trending toward an
increase, no statistically significant differences to day 0
was detected for the expression of OCN and BPS2
(data not shown). Notably, only in experimental con-
dition 3 (with HUVECs and without osteogenic med-
ium) was a statistically significant overexpression of
OPN at day 28 observed, which was significantly
higher than experimental conditions 1 and 2, where
osteogenic medium was present. A similar trend was
also observed for VEGF andCOL1 expression.

4.Discussion

In this work we have developed a vascularized in vitro
bone model combining hMSCs-derived osteoblasts
differentiated on a 3D bioprinted gel-nHA scaffold,
with HUVECs and hMSCs in a gelMA:fibrin gel

Table 6.Comparison of scaffold fiberwidth and size of axial and
lateral pores between the bioprinted scaffold and its CADmodel.

Scaffold CADmodel Bioprinted scaffold

Fiberwidth [mm] 0.8 0.52±0.1
Axial pore size [mm] 1 0.92±0.14
Lateral pore size [mm] 1.2 0.5±0.15
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hydrogel, and studied the effects of the osseous-
vascular 3D co-culture. To this end, we implemented
and standardized a purposely optimized bioplotting
fabrication approach to create wood-pile, genipin
crosslinked gelatin-nHA scaffolds. These materials
possess ideal properties for our application for

numerous reasons. First, both gelatin and nHA as well
as their composite are biocompatible [29, 30], with
good cell affinity [31, 32]. In fact, seeding hMSCs in
our gel-nHA scaffold resulted in rapid cell adhesion
and proliferation, and the scaffold surface was homo-
geneously covered after 7 d of culture as evidenced by

Figure 5. (a)Percentage of swelling over time.Weight plateau starting point (30 min) is highlighted by a red line. (b)Comparison
between compressivemoduli of scaffolds tested just after the post processing and scaffolds tested after rehydration (swelling). *** p
value<0.001.

Figure 6. Live assay of scaffolds at different time points for the top (left), cross-sectional (center), and bottom (right) surfaces. After
24 h, cells attached to the scaffolds inhomogeneously and several cell aggregates (red circles)were visible. After 72 h cells were
homogenously distributed, and after 7 and 10 d, scaffolds were completely and homogeneously covered by hMSCs. Scale
bar=2 mm.
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Figure 7.DAPI-phalloidin staining after 10 d of culture inGM. Photoswere acquiredwith an upright stereomicroscope (Olympus
SZX16) at differentmagnifications using all channels andmergedwith ImageJ®. Red channel: scaffold fibers (autofluorescent because
of genipin); blue channel: cell nuclei; green channel: cytoskeleton. Red dotted linesmark the scaffold. Scale bar=500μm.

Figure 8. (a)Comparison of the organization ofHUVECs in the bone constructs 24 h and 14 d after seeding in experimental condition
1. At 24 hHUVECs are few, rounded, and not organized, whereas at day 14 they are organized in capillary-like networks, both inside
themacropores of the scaffolds and across the scaffold fibers. (b)Zoomed-in images of theHUVECnetworks for experimental
conditions 1 and 3 at two differentmagnifications. Capillary-like networks formed in both experimental conditionswith no
qualitative differences between them. (a) Scale bar=2 mm. (b) Scale bar=500μm.
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the live cell viability assay (figure 6) and DAPI-
phalloidin staining (figure 7). Moreover, nHA confers
osteoinductive properties [30, 33], and as we have
previously shown, the inclusion of nHA increases the
scaffold compressive modulus by an order of magni-
tude [34]. Genipin proved to be an ideal crosslinker by
virtue of its biocompatibility and low toxicity [31, 32].

Furthermore, we previously characterized the diffu-
sion and reaction time of genipin into a gelatinmatrix,
identifying a workability window of 40 min for up to
0.5% w/w genipin/gelatin [22], which is well compa-
tible with the workability window of extrusion-based
bioprinting, as we planned to employ in this work.
However, gelatin, like many other natural polymers,

Figure 9.H&E staining of the constructs for all experimental conditions at differentmagnifications. Bone-likematrix is visible in all
experimental conditions (arrows). In experimental condition 2 no tubular structures are present within themacropores, since no
HUVECs have been included in the hydrogel, but only homogeneously distributed differentiated hMSCs. Tubular structures and
lumensmade byHUVECs are clearly visible in the scaffoldmacropores in experimental conditions 1 and 3.

Figure 10.CD31 immunohistochemistry of the constructs for all experimental conditions. Staining ofHUVECswithin the scaffold
macropores in experimental conditions 1 and 3 confirmed the formation of lumens by theHUVECs. In experimental condition 2 no
staining occurred as noHUVECswere added.
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belongs to a class of materials challenging to 3D
bioprinting [25]. Their low viscosity, low yield stress,
and relatively long crosslinking time during or after
fabrication, lead to poor shape retention properties.
This is a major obstacle in creating 3D high reliability
structures with an interconnected pore network,
which can be overcome by bioplotting into a sacrificial
material [20, 26]. In this approach, the biomaterial ink
is extruded directly into soft, easily removable, shear
thinning materials with high yield stress that act as a
support matrix during the printing process, until
crosslinking of the biomaterial ink is complete
(figure 1(b)). Hinton et al used a slurry of gelatin
microparticles as a sacrificial support material to
successfully 3D bioprint complex structures of biolo-
gically relevant hydrogels such as alginate, fibrin, and
Matrigel® [26]. To further improve biocompatibility
for cell bioprinting, Highley et al developed a self-
healing supramolecular hyaluronic acid-based mat-
erial as a support to 3D bioprint a photocrosslinkable
hyaluronic acid bioink containing hMSCs [35]. In our
work, a gelatin slurry or a hyaluronic acid-based
hydrogel were not viable options as genipin would
react with their ammine groups, crosslinking the
support and the gelatin biomaterial ink. Thus, we used
Pluronic acid as the sacrificial support material which
is deprived of an ammine group, has high yield stress,
is inert to gelatin, biocompatible, stable at 37 °C, and

easily removable [23, 27, 36]. To the best of our
knowledge, this is the first time that Pluronic acid has
been used as a sacrificial hydrogel support bath
material for bioprinting.

By design, we aimed at producing a scaffold with
interconnected macropores for a veritable in vitro vas-
cularization. After fabrication, we characterized the
scaffold morphology via microCT combined with an
in-house developed Matlab® image analysis script
(figure 4(d)). The scaffold fiber width decreased com-
pared to its CAD model. This shrinking can be attrib-
uted to all the processes scaffold underwent after
printing (i.e. crosslinking reaction, support removal,
microCT analysis routine), which led to an important
reduction of water content. Scaffold axial pores main-
tained the designed dimension, whereas lateral pores
decreased by about 58% (table 6). The collapse of lat-
eral pores due to gravity wasminimized by bioprinting
inside a sacrificial support material that sustained the
extruded filament, preventing structural downfall. A
partial decrease of lateral pore size was still an expected
phenomenon. This decrease is due to the extrusion
process itself. In fact, during biomaterial ink extru-
sion, the new outgoing filament pushes on the already
deposited ones, leading to a reduction of lateral pore
size. However, notably, image analysis by Matlab®

revealed that the scaffold kept a continuous and inter-
connected pore network. This is a crucial feature for

Figure 11.Gene expression analysis for vascularized bone construct via quantitative real-time PCR. All time points and experimental
conditions are reported. *=p value<0.05, ***=p value<0.01.
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uniform cell seeding, facilitating nutrients transport
and waste removal, and allowing scaffold vasculariza-
tion [3, 6, 18, 37].

Native mineralized bone and vasculature are char-
acterized by very different morphological and struc-
tural properties. Thus, to mimic these in vivo
characteristics [4, 5], we employed distinct biomater-
ials with specific mechanical and chemical properties
for concurrent engineering of the osseous and vascular
components. As discussed above, the former is con-
stituted by hMSCs undergoing osteogenic differentia-
tion on the osteoinductive gel-nHA scaffold with an
appropriate compressive modulus [4, 5]. The latter is
generated from HUVECs embedded in a 1:1 v/v
gelMA:fibrin gel hydrogel supporting ECs self-assem-
bly. Fibrin gel is pro-angiogenic and easily remodeled
by the HUVECs; however, it does not retain its shape,
and has been described as having poormechanical sta-
bility and suboptimal durability [38]. On the other
hand, gelMA has good shape retention and tunable
mechanical properties based on its concentration and
degree of methacrylation [24, 39], and at low con-
centration it has been used has a support for in vitro
vascular endothelial network formation [4, 5, 40].
Hence, we decided to use a fibrin gel:gelMA mix, to
ensure high angiogenicity (fibrin gel) and good shape
retention (gelMA). To the best of our knowledge, this
is the first time this composite hydrogel has been used
and we have achieved excellent results in terms of
lumen formation (figures 9–10). Overall, we tuned
gelatin to a stiff, osteoinductive material when com-
bined with nHA, and to a soft, pro-angiogenic hydro-
gel when combined with fibrin gel, thus developing an
integrated, novel approach that yielded remarkable
osseous and vascular formation.

With respect to the development of bone tissue, we
observed an intense pink matrix, stained by hematox-
ylin, in all samples (figure 9, arrows). We considered
these structures to be newly formed osseous matrix, as
they compare well with the histology of bone forma-
tion in engineered constructs implanted in vivo descri-
bed by other groups [41–43]. Although the neo-bone
we observe is limited in size compared to the in vivo
studies, it is remarkable that it is even able to form to
this extent in vitro.

According to literature, the formation, matura-
tion, and in vitro long-term stability of capillary-like
networks by ECs is contingent on ECs being co-cul-
turedwithMSCs [2, 4, 16]. In this context,MSCs act as
pericytes in the neovascularization process, stabilizing
and sustaining the developing vasculature [5, 38].
Consequently, a 4:1 ratio of HUVECs and hMSCs was
introduced within the scaffold macropores of our
model as it was well established to induce stable capil-
lary-like network formation [5].

To develop a vascularized in vitro bone model in a
single culture space, selecting effective timing and cul-
ture medium is pivotal. For instance, Rao et al [16]
used sequential-induction, first culturing hMSCs

embedded in a collagen/fibrin/hydroxyapatite
microbeads in osteogenic medium for 14 d; then, they
added undifferentiated hMSCs and HUVECs in col-
lagen/fibrin microbeads and cultured the constructs
in a 1:1 v/v ratio of OM:EM. At the end of the experi-
ment, the authors observed interconnectedness
between HUVECs across beads, but they did not
report the presence of any lumen. Differently, Correia
et al [2] used decellularized bone and fibrin gel as a
scaffold and compared the effects of different sequen-
ces of OM and EM. They observed that osteogenesis
for 4 weeks followed by 2 weeks of OM:EM culture
cocktail does not result in any lumen, whereas, cultur-
ing for 2 weeks in EM followed by 4 weeks in OM:EM
produced visible lumens and a satisfactory level of
osteogenesis. The authors deduced that culturing
HUVECs in OM:EM is detrimental for lumen forma-
tion and that it is necessary to first allow HUVECs to
organize in a network prior to any osteogenic differ-
entiation in order to achieve both vasculature and
mineralized bone matrix in the same culture space. In
our work, we first seeded hMSCs in a gel-nHA 3D bio-
printed scaffold and cultured it in OM for 14 d. Subse-
quently, we poured HUVECs-hMSCs suspended in a
gelMA:fibrin gel hydrogel within the scaffold macro-
pores, and cultured the constructs for 14 d under dif-
ferent medium conditions (table 4). In our hands, the
sequential OM followed by OM:EM culturing results
not only in the interconnectedness of HUVECs as
reported by Rao et al [16], but also in robust, large
lumen formation and tubular structures, confirmed
by H&E and CD31 staining (figures 9 and 10, respec-
tively). This apparently contradicts the finding of Cor-
reia et al [2], although our initial osteogenic
differentiation lasted only 2 weeks and not 4 weeks
whichmight account for the difference in outcomes.

Furthermore, we observe the histology formation
of new bone matrix even after the relatively short 4
weeks in culture (figure 9). In our work, while the first
2 weeks are the same for all conditions, OM:EMor EM
are used for the remaining weeks. However, bone for-
mation appears to be similar under all conditions, and
HUVECs form robust lumens when cultured in either
OM:EM or in EM only. Overall, in the sequential
2+2 week time course, OM does not appear to be
detrimental to vasculogenesis and EM does not seem
to negatively affect osteogenesis.

Over the years, several 3D bioprinting techniques
(e.g., the extrusion-based system, inkjet printing sys-
tem, and laser-based technique) have been used to
precisely pattern ECs in 3D constructs formono or co-
culture systems. The ability to control the spatial dis-
tribution of ECs, especially in relation to their neigh-
bors such as pre-differentiated hMSCs and smooth
muscle cells (SMCs), is important to investigate cell–
cell signaling pathways and to control cellular micro-
environments [27, 44]. Wu et al [45] used biological
laser printing (BioLP®) to create precise and defined
HUVECs and SMC branches. This technique [46]
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allowed controlling the formation and orientation of
HUVEC networks as well as the size and shape of their
lumens. Differently, Cui et al [47] fabricated a micro-
vasculature structure using a thermal inkjet printer.
The authors deposited an EC-laden thrombin solution
on a fibrinogen substrate by inkjet printing thus realiz-
ing a 3D tubular microvasculature structure that
showed robust integrity and stability after 21 d of
culture.

In this work, we aimed to study the crosstalk
between HUVECs and hMSC-derived osteoblasts,
focusing on hMSCs’ osteogenesis, HUVECs’ self-
organization, and a capillary-like network formation.
Thus, we did not use a computer-controlled deposi-
tion system but randomly seededHUVECs in the scaf-
folds’ pores to let them self-organize, and we used a
sequential-induction approach discussed in detail
above.

Finally, Tsigkou et al [17] used an even shorter
osteogenesis phase. They developed a vascularized
bone graft model by first seeding hMSCs in a 3D por-
ous PLGA scaffold fabricated by sucrose leaching.
After 1 week of culture in OM, an hMSC-EC mix in a
collagen-fibronectin hydrogel was added to the PLGA
scaffolds. These constructs were cultured in vitro just
in EM and resulted in the formation of a stable endo-
thelial network, which supports our findings. How-
ever, it should be noted that, differently from our
work, Tsigkuo et al did not observe lumen formation
in this first part of their work. In their study, the
authors subcutaneously implanted the constructs,
after 21 d of in vitro culture, in a mouse model used as
an in vivo bioreactor. Already at 11 d post-implant-
ation, the construct was vascularized and connected to
the host blood vessels. Furthermore, 8 weeks post-
implantation, grafts with EC and hMSC-derived
osteoblast showed significantly more mineralization
compared with grafts with hMSC-derived osteoblast
only. Taken together with our observations, these
findings reinforce the concept of close crosstalk
between vascular and osseous components that sup-
port bone formation, as also observed in ourwork.

We have further explored phenotype commitment
by testing gene expression for all conditions. Since we
used biological triplicates for all conditions, a rela-
tively high data variability in real-time PCR results was
expected. In fact, scaffolds were seeded with three dif-
ferent sets of cells, i.e., three pools of cells each
obtained by pooling three different human donors (for
a total of nine different donors). Data obtained from
each of the three pools were averaged to assess changes
in gene expression due to each experimental condi-
tion. Notably, since biological replicates were used, the
statistically significant differences we reported
strongly suggest that our in vitromodel is broadly valid
irrespective of the specific cell source (donor) selected.

Overall, the upregulation of ALP and RUNX2
strongly suggests osteogenic commitment of the scaf-
fold seeded hMSCs, as also supported by histology.

ALP is an early marker of osteogenesis and it is con-
sistently highly expressed by day 14, after which it pla-
teaus consistently as in other reports in the literature
[48]. RUNX2 is a master regulatory gene of bone
development [49–51], and for all tested conditions it is
significantly highly expressed at day 28. Notably, even
when HUVECs and the differentiating hMSCS are co-
cultured without osteogenic medium (experimental
condition 3), between days 14 and 28, the upregula-
tion of RUNX2 is only slightly decreased, but not sta-
tistically different from culture with the OM:EM
media mix (experimental conditions 1 and 2). This
suggests that, once osteogenesis is initiated in the first
14 d of the experiment, the co-culture of HUVECs and
hMSCs alone is sufficient to support further osteo-
genic commitment. Previous work by Bidarra et al [13]
also showed that the co-culture of HUVECs and
hMSCs leads to an overexpression of RUNX2 even in
the absence ofOM, confirming our observation.How-
ever, although remarkable bone-like matrix was pro-
duced, the lack of significant upregulation ofOCNand
BSP2 (data not shown) suggests that the differentiated
osteoblasts were not fully mature. In particular, no
upregulation of OCN is present, neither between time
points nor between experimental conditions. This is
not surprising since OCN is a late osteogenic marker,
expressed by fully differentiated osteoblasts and acti-
vated by RUNX2 [52], which in the constructs is only
upregulated by day 28. Likely, a longer culture time
would be required for elevated OCN expression.
Nonetheless, we had already observed a trend of
increase for OCN expression increase in experimental
condition 2 where HUVECs were not part of the con-
structs. This is consistent with the work of Bidarra et al
[13] who showed that OCN is more expressed in
mono-cultures of hMSCs than in hMSC and HUVEC
co-cultures. Moreover, we observed that the absence
of osteogenic medium during vascular maturation in
the last 14 d of differentiation (experimental condition
3) resulted in the markedly elevated expression of
OPN,VEGF, andCOL1.

Considering the existing literature on the interac-
tion of OPN and VEGF in other models [9, 10], our
findings suggest a potential positive feedback regula-
tion between these genes that, to the best of our knowl-
edge, has never been observed in a co-culture model.
In fact, Chakraborty et al [9], studying breast cancer
vascularization, described a positive feedback loop
betweenOPN andVEGF. The authors showed that the
administration of OPN to tumor cells in 2D triggers
the increase of VEGF expression, and importantly,
that VEGF in turn induces the overexpression of OPN
in the same cells. Dai and co-workers [10] investigated
the effect of OPN on the proliferation and organiza-
tion of HUVECs. When OPN was administered in an
in vitro culture, VEGF expression increased as well as
HUVECs’ proliferation, migration, and capillary tube
formation in Matrigel®. The authors suggested that
OPN directly activates the PI3K/AKT and ERK1/2
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pathways inducing angiogenesis. Furthermore, the
authors showed that theOPN-inducedVEGF activates
the same pathways of OPN, acting as a positive feed-
back signal. In our study, the overexpression of OPN
and VEGF arises only when OM is not present (exper-
imental condition 3), suggesting an inhibitory role of
OM on VEGF expression. This agrees well with the
findings of Freeman and colleagues [53], who reported
increased production of VEGF when aggregates of
chondrocytes, HUVECs, and hMSCs are cultured in
GMcompared to culture inOM.

5. Conclusion

In this study, we showed that a sequential-induction
approach enabled vascular-osteogenic outcomes within
the same culture space. First, we promoted osteogenesis
of hMSCs seeded in a 3D bioprinted gel-nHA scaffold.
Then, we induced the formation of a stable vascular
network in the HUVEC-laden hydrogel filling the
macropores of the scaffolds. This approach resulted in a
biologically inspired in vitro model of bone vasculariza-
tion, simulating de novo morphogenesis of capillary
vessels occurring during tissue development. The bio-
printed in vitro vascularized bone model may then be
used to interrogate bone biology in healthy and patholo-
gical conditions and to test potential therapeutics. The
approach reported here represents a major step towards
the creation of progressively more realistic models that
may include additional cell types, such as osteoclasts or
osteocytes. Moreover, a natural development of our
vascularized osseous construct is its combination with a
chondral phase to create a veritable osteochondralmodel
to explore the complex crosstalk occurring in the joint
between cartilage, bone, andvasculature [4, 54].
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