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a b s t r a c t 

For 3D bioprinted tissues to be scaled-up to clinically relevant sizes, effective prevascularisation strate- 

gies are required to provide the necessary nutrients for normal metabolism and to remove associated 

waste by-products. The aim of this study was to develop a bioprinting strategy to engineer prevascu- 

larised tissues in vitro and to investigate the capacity of such constructs to enhance the vascularisa- 

tion and regeneration of large bone defects in vivo . From a screen of different bioinks, a fibrin-based 

hydrogel was found to best support human umbilical vein endothelial cell (HUVEC) sprouting and the 

establishment of a microvessel network. When this bioink was combined with HUVECs and support- 

ing human bone marrow stem/stromal cells (hBMSCs), these microvessel networks persisted in vitro . 

Furthermore, only bioprinted tissues containing both HUVECs and hBMSCs, that were first allowed to 

mature in vitro , supported robust blood vessel development in vivo . To assess the therapeutic utility of 

this bioprinting strategy, these bioinks were used to prevascularise 3D printed polycaprolactone (PCL) 

scaffolds, which were subsequently implanted into critically-sized femoral bone defects in rats. Micro- 

computed tomography (μCT) angiography revealed increased levels of vascularisation in vivo , which cor- 

related with higher levels of new bone formation. Such prevascularised constructs could be used to en- 

hance the vascularisation of a range of large tissue defects, forming the basis of multiple new bioprinted 

therapeutics. 

Statement of significance 

This paper demonstrates a versatile 3D bioprinting technique to improve the vascularisation of tissue 

engineered constructs and further demonstrates how this method can be incorporated into a bone tissue 

engineering strategy to improve vascularisation in a rat femoral defect model. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

f

m

G

h

1

Abbreviations: VEGF, Vascular endothelial growth factor; FGF, Fibroblast growth 

actor; HUVECs, Human umbilical vein endothelial cells; hBMSCs, Human bone 

arrow-derived mesenchymal stem cells; nHA, Nano-hydroxyapatite; GelMA, 

elatin Methacryloyl. 
∗ Corresponding author. 
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. Introduction 

Tissue engineering is a multidisciplinary field which combines 

he principles of cell biology, materials science, and engineering 

o promote the regeneration of functional living tissues and or- 

ans. Although significant progress has been made in the field, 

or tissue engineering to become a clinically viable treatment op- 

ion for the regeneration of tissues and organs in humans, vas- 
ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ularised scaled-up constructs are required. 3D bioprinting has 

merged in recent years as a powerful tool that may enable the 

iofabrication of large, anatomically accurate tissues for regener- 

tive medicine applications. 3D bioprinting is an additive manu- 

acturing technique which involves the sequential, typically layer- 

y-layer, deposition of biocompatible materials and cells to create 

 3D construct [1] . When a printable biomaterial contains a bio- 

ogic (a cell, nucleic acid or biomolecule) it is commonly referred 

o as a bioink [2] . Although 3D bioprinting theoretically enables 

he creation of cell-laden constructs of any size and shape, main- 

aining the viability and function of embedded cells both in vitro 

during maturation of the engineered tissue) and in vivo (following 

ts implantation into the body) remains a central challenge in the 

eld. 

Large, complex tissues require a circulatory system to provide 

ll the nutrients and metabolites necessary for healthy metabolism 

nd to remove any waste by-products. There are two processes 

y which a vascular network develops in vivo : vasculogenesis and 

ngiogenesis. Vasculogenesis is the de novo development of blood 

essels from early endothelial cells known as pre-angioblasts. Once 

asculogenesis establishes basic vessels, angiogenesis can take 

lace forming new blood vessels from pre-existing vasculature via 

prouting and intussusception. Vascularisation is a slow process, 

he average growth rate of a newly developing capillary is only 

5 μm/h [3] . This has led tissue engineers to explore different 

ethods to accelerate the process of vascularisation within im- 

lanted constructs. Growth factors such as vascular endothelial 

rowth factor (VEGF) and basic fibroblast growth factor (FGF-2), 

r other biological cues, are commonly incorporated into implants 

o encourage the ingrowth of vessels from surrounding tissue 

4–7] . Other approaches involve the incorporation of hollow chan- 

els within the construct to act as conduits to accelerate the in- 

rowth of host vasculature into the construct in vivo [8–10] . Al- 

hough these methods show promise and can reduce vascular- 

sation times, both processes rely on the growth of host ves- 

els from the periphery into the constructs. This ingrowth of 

ost vessels may be too slow for larger implants, leading to cell 

eath and/or loss of function in the central region of engineered 

issues. 

An alternative approach to address this challenge is to prevas- 

ularise a scaffold or engineered tissue with a capillary-like net- 

ork prior to implantation [11] . It has been shown that such en- 

ineered vascular networks can anastomose with the host vascu- 

ature upon implantation into the body [12–14] , enabling rapid 

erfusion of the engineered tissue in vivo . Early studies into the 

ssembly of microvascular networks in vitro focused on utilising 

uch engineered tissues as model systems for studying angiogene- 

is, whereby capillary-like vessels are generated within soft 3D hy- 

rogels such as fibrin [15–17] , collagen [18 , 19] and fibronectin [20] .

his opens up the possibility of using such hydrogels as bioinks 

o 3D bioprint prevascularised constructs, assuming they can be 

ppropriately modified to be made compatible with modern bio- 

abrication technologies used in the field of tissue engineering 

oday. 

The aim of this study was two-fold. We first sought to de- 

elop a 3D bioprinting strategy to generate prevascularised tis- 

ues of predefined size and shape in vitro , and to demonstrate 

he capacity of these constructs to support vascularisation in vivo 

 Fig. 1 A). We then sought to assess the capacity of these 3D bio-

rinted, prevascularised tissues to elicit a therapeutic benefit fol- 

owing their implantation into a large bone defect ( Fig. 1 B). To 

his end, we first screened a range of different bioinks (gelatin 

ethacrylamide, fibrin and alginate) for their print fidelity and 

apacity to support endothelial sprouting using human umbili- 

al vein endothelial cells (HUVECs) . We then explored specific 

ell combinations (co-cultures of HUVECs and hBMSCs) and in 
155 
itro culturing regimes, to enable the 3D bioprinting of prevas- 

ularised constructs. Finally, this versatile 3D bioprinting strategy 

as used to prevascularise nano-hydroxyapatite (nHA) function- 

lised PCL scaffolds, which were subsequently implanted into large 

one defects in rats to assess their capacity to accelerate vascular- 

sation and bone formation. 

. Materials and methods 

.1. Bioink Fabrication 

Fibrin Bioink: To enable the use of fibrin as a printable bioink, 

 gelatin carrier method was adapted from Kang et al. [21] . Briefly, 

yaluronic acid (Sigma) was added to Dulbecco’s Modified Ea- 

le Medium (DMEM; Gibco, Biosciences) at a concentration of 

 mg/mL and stirred overnight at 37 °C. 10% (v/v) glycerol (Sigma) 

as then added and the solution was stirred for 1 h at room tem- 

erature. Gelatin type A (175 g bloom; Sigma) was added at a con- 

entration of 40 mg/mL and stirred for 2 h at 37 °C until fully 

issolved. Before use fibrinogen (Sigma) was added to this carrier 

el at a concentration of 30 mg/mL and stirred for 2 h at 37 °C.

o enhance the angiogenicity of the gel, D–erythro-sphingosine-1- 

hosphate (Avanti Polar lipids, AL, USA) was added at a concentra- 

ion of 125 μM/mL for all cell studies. 

γ -irradiated RGD-modified Alginate Bioink: Briefly, low molec- 

lar weight sodium alginate ( γ alginate, 58 0 0 0 g/mol) was 

repared by irradiating sodium alginate (MVG, 259 0 0 0 g/mol, 

ronova Biopolymers, Oslo, Norway) at a gamma dose of 5 Mrad, 

s previously described [22] . RGD-modified alginates were pre- 

ared by coupling the GGGGRGDSP to the alginate using standard 

arbodiimide chemistry. Briefly, 10 g alginate was dissolved at 1% 

w/v) in 2-(N-morpholino)ethanesulfonic acid (MES) Buffer (0.1 M 

ES, 0.3 M NaCl, and pH 6.5). 274 mg N-hydroxysulfosuccinimide 

Pierce, Rockford, IL), 484 mg ethylene dichloride (EDC; Sigma), 

nd 100 mg GGGGRGDSP peptide (AIBioTech, Richmond, VA) were 

hen added to the alginate solution. The reaction was stopped and 

he solution was purified and lyophilised as previously described 

23] . This lyophilised solution was prepared for use by combining 

ith a gelatin carrier gel similar to that employed with the fib- 

inogen, described previously, with the substitution of gelatin type 

 (75 g bloom, Sigma). To enhance the angiogenicity of the gel, D–

rythro-sphingosine-1-phosphate (Avanti Polar lipids) was added 

t a concentration of 125 μM/mL during all cell studies. 

Gelatin Methacrylate (GelMA) Bioink: GelMA was synthesised by 

eaction of porcine type A gelatin (Sigma; gel strength ~175 g 

loom) with methacrylic anhydride (Sigma Aldrich) at 50 °C for 

 h. Methacrylic anhydride was added to a 10% solution of gelatin 

n PBS under constant stirring. To achieve a high degree of func- 

ionalisation, 0.6 g of methacrylic anhydride was added per gram 

f gelatin. The functionalised polymer was dialyzed against dis- 

illed water for 7 days at 40 °C to remove methacrylic acid and 

nhydride, lyophilised and stored at −20 °C until use. This proto- 

ol has been shown to support a degree of methacrylation of ap- 

roximately 75% [24 , 25] although no confirmation of the degree 

f methacrylation was undertaken. To enhance the angiogenicity 

f the gel, D–erythro-sphingosine-1-phosphate (Avanti Polar lipids) 

as added at a concentration of 125 μM/mL during all cell studies. 

.2. 3D Bioprinting system 

Bioink scaffolds were produced using the 3D Discovery multi- 

ead bioprinting system (Regen Hu, Switzerland). The bioinks were 

rinted using a pneumatic driven syringe with a 25 Gauge nee- 

le under pressures of between 0.05 MPa and 0.2 MPa. Prior 

o printing the γ - RGD alginate bioink was pre-crosslinked thor- 
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Fig. 1. Schematic depicting the design and experimental protocol used fabricate prevascularised constructs in (A) a mouse subcutaneous model and (B) a rat femoral defect. 
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ughly with 60 mM CaCl 2 . A luer lock dual syringe system was 

sed to thoroughly mix the alginate and calcium solutions in a 

:3 ratio as previously described [26] . To ensure homogeneity, the 

uspension was mixed between syringes 25 times. The solution 

2.45 wt% RGD- γ alginate final) was then combined with HUVECs. 

ext the pre-crosslinked cell-laden alginate solution was loaded 

nto the pressure driven piston system for printing. Post-printing, 

he constructs were immersed in a 100 mM CaCl 2 solution for 

5 min to fully crosslink the alginate bioink. Before printing, 10% 

w/v). GelMA solution was mixed with Irgacure photoinitiator 2959 

2-Hydroxy-4 ′ -(2-hydroxyethoxy) −2-methylpropiophenone; 0.05%, 

igma) prior to loading with HUVECs, enabling post crosslinking 

fter printing through the application of UV light (Uvitec, Cam- 

ridge UK) for 30 min (365 × 10 −9 m, 180 mW/cm 

2 ). Cells were 

dded to this GelMA in a 1:1 ratio resulting in a final polymer con- 

entration of 5% GelMA. No further modifications were made to 

he fibrin bioink prior to printing other than the addition of HU- 

ECs. After printing, the construct was immersed in a thrombin 

Sigma) bath (20 U/mL 1 ) for 15 min at room temperature to al- 
156 
ow the thrombin-catalysed polymerization of fibrinogen to fibrin. 

he 3D Discovery bioprinter was encased in a laminar flow hood 

o ensure sterility throughout the biofabrication process. All three 

ioinks were loaded with HUVECs between P4 - P6 (10 million 

ells /mL 1 and 3 million cells/mL for cell viability and sprouting 

tudies respectively). In addition, fibrin bioinks were loaded with 

 co-culture of HUVECs and hBMSCs in a 1:1 ratio (3 million HU- 

ECs/mL and 3 million hBMSCs/mL) and a 2:1 ratio (3 million HU- 

ECs cells/mL and 1.5 million hBMSCs/mL) for stabilisation studies. 

For constructs implanted subcutaneously into nude mice (fur- 

her details below), bioinks were deposited into a cylindrical 3D 

rinted polycaprolactone (PCL; CAPA Ingevity, SC, USA) sheath 

wall thickness = 0.25 mm; diameter = 4 mm; height = 4 mm). 

or constructs implanted into large bone defects in rats (further 

etails below), bioinks were deposited into 3D printed PCL scaf- 

olds (5 mm height, 4 mm diameter; see Fig. 4 A). PCL was printed

t 80 °C at 0.5 MPa using a 27 G needle. For these rat studies the

CL scaffolds were additionally coated with nano hydroxyapatite 

nHA; further details of the coating procedure are provided below) 
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nd sterilised using ethylene oxide (EtO) gas prior to the addition 

f cell-laden bioinks. 

.3. Cell Culture 

Human Umbilical Vein Endothelial cells (HUVECs; Lonza, Walk- 

rsville, MD) were used in this study. HUVECs are a primary cell 

ine and were routinely used between passage 4 and passage 8. 

UVECs were cultured in Endothelial Growth Medium (EGM-2) 

hich had been supplemented with EGM-2 BulletKit® (Lonza). 

UVECs were typically grown in T-175 flasks (Fisher) with 20 mL 

f media per flask and incubated at 37 °C in a humidified atmo- 

phere with 5% pCO 2 . The media was changed every two days 

ntil cells were approximately 85% confluent. Trypsin Ethylenedi- 

minetetraacetic acid (EDTA) was used to remove adhered cells at 

7 °C for (3 - 5) min. The harvested cells were centrifuged at 350 x

 for 4 min. For the sprouting studies, HUVECs were used between 

4 - P6 (3 million cells/mL 1 ) and grown in EGM-2 supplemented 

ith VEGF (50 ng/mL). 

Human BMSCs (hBMSCs) were isolated from unprocessed hu- 

an bone marrow (Lonza) on the basis of plastic adherence. 

riefly, unprocessed bone marrow was plated at 2.5 × 10 5 

ells/cm 

2 (estimated approx. 40 0 0 - 50 0 0 hBMSCs/cm 

2 ) in high

lucose Dulbecco’s modified eagle’s medium (hgDMEM) GlutaMAX 

upplemented with 10% v/v FBS, 100 U/mL penicillin, 100 μg/mL 

treptomycin (all Gibco, Biosciences, Dublin, Ireland) and 5 ng/mL 

GF-2 (Prospect Bio) and expanded under hypoxic conditions 

37 °C in a humidified atmosphere with 5% pCO 2 and 5% pO 2 ) 

or improved chondrogenic differentiation. Following colony forma- 

ion, hBMSCs were trypsinised using 0.25% (w/v) Trypsin Ethylene- 

iaminetetraacetic acid (EDTA) and tripotentiality was confirmed 

s previously described [27] . hBMSCs used were seeded at 50 0 0 

ells/cm 

2 expanded in DMEM supplemented with 10% v/v FBS, 

00 U/mL penicillin, 100 μg/mL streptomycin (all Gibco, Bio- 

ciences, Dublin, Ireland) and 5 ng/mL FGF-2 (Prospect Bio) and 

xpanded under normoxic conditions (37 °C in a humidified atmo- 

phere with 5% pCO 2 and 20% pO 2 ) and used at P4. 

.4. Live/dead cell assay 

Cell viability was established using a live/dead assay. Printed 

ell-laden constructs were incubated in EGM-2 media for 30 min 

rior to the assay. All constructs were rinsed in PBS and incubated 

or 1 h in a solution containing 2 μM calcein and 4 μM of ethid-

um homodimer-1 (Cambridge Biosciences). After incubation, the 

onstructs were rinsed again, cut in half and imaged with Olympus 

V-10 0 0 Point-Scanning Confocal Microscope (488 nm and 543 nm 

hannels). Cell viability was quantified using Image-J software. 

.5. Confirmation of gelatin elimination 

To investigate whether or not the additional gelatin had been 

emoved following incubation at 37 °C, a hydroxyproline biochemi- 

al analysis was carried out for both the fibrin- and alginate-based 

ioinks as previously described [28] . Gelatin was then quantified 

y its hydroxyproline content, after hydrolysis (110 °C; 18 h) in HCl 

38%), and assayed using chloramine-T assay assuming 13% hydrox- 

proline per gelatin molecule [29] . 

.6. Scanning electron microscopy (SEM) 

Samples were prepared for SEM by dehydrating samples in 

ecreasing ethanol series and immersed in hexamethyldisilazane 

HMDS; 2 × 30 min). Samples were allowed to air dry for 2 h 

efore being mounted on SEM stubs and left overnight to ensure 

omplete removal of solvent. Fibrin samples and PCL scaffolds were 
157 
hen coated with gold/palladium for 120 s and 60 s respectively at 

 current of 40 mA using a Cressington 208HR sputter coater. SEM 

maging was conducted at 5 kV in a Zeiss ULTRA plus. 

.7. In vitro microvessel assessment 

For assessing microvessel establishment, all GelMA and fibrin- 

ased samples were fixed in 4% paraformaldehyde overnight. Al- 

inate samples were fixed in 4% PFA supplemented with barium 

hloride overnight to permanently crosslink the gels. Samples were 

hen washed in PBS, permeabilised in 0.5% Triton-X (Sigma) and 

ncubated with Rhodamine Phalloidin (5 U/mL; 165 nM; Thermo 

isher) for 40 min at 37 °C followed by DAPI (4 ′ ,6-diamidino-2- 

henylindole; 1ug/mL; Sigma) incubation for 20 min at room tem- 

erature. After incubation, the constructs were rinsed again, cut in 

alf and imaged with Olympus FV-10 0 0 Point-Scanning Confocal 

icroscope at 565 nm and 461 nm channels. Vessel lengths were 

alculated on projected stacks using either ImageJ or Angiotool 

30] which is a program capable of detecting, marking and scor- 

ng the average vessel length. 

.8. Subcutaneous implantation 

All animal experiments were performed in accordance with EU 

irective 2010/63/EU on the protection of animals used for scien- 

ific purposes. Four groups were bioprinted: HUVECs alone (3 mil- 

ion cells/mL), hBMSCs alone (1.5 million cells/mL), a 2:1 ratio of 

UVECs: hBMSCs (3 million:1.5 million/mL) and a cell-free con- 

rol. These 4 groups were exposed to one of two conditions; ei- 

her grown in EGM-2 (Lonza) supplemented with 50 ng of recom- 

inant human VEGF (Gibco) at 37 °C in a humidified atmosphere 

or 7 days or implanted into the mice without any further cul- 

uring or exposure to VEGF. Constructs were implanted subcuta- 

eously into the back of BALB/cOlaHsd-Foxn1 nu female nude mice 

Envigo). Briefly, two subcutaneous pockets were made along the 

entral line of the spine, one at the shoulders and the other at 

he hips. Three constructs were inserted into each pocket (ran- 

omised between top and bottom pockets). Nine constructs were 

mplanted per group and constructs were harvested 7 days and 

4 days post-implantation. Mice were anaesthetised using an in- 

raperitoneal injection of xylazine hydrochloride and ketamine hy- 

rochloride. Carprofen was added to water for 48 h post-surgery, 

nd mice were sacrificed by CO 2 inhalation. This protocol and 

tudy were approved by the animal welfare committee of Trinity 

ollege Dublin and the Health Products Regulatory Agency (HPRA, 

pproval number AE19136/P069). 

.9. Nano hydroxyapatite (nHA) coating of PCL scaffolds 

PCL scaffolds were coated according to a protocol previously 

ublished and extensively characterised [31] . To coat PCL scaffolds 

ith nano hydroxyapatite (nHA) needles with a mean length of 

00 nm and mean diameter of 37 nm, scaffolds were washed in 

0% ethanol for 15 min under vacuum. Scaffolds were then im- 

ersed in 2 M NaOH at 37 °C for 45 min. Scaffolds were then 

ashed in milliQ water before being immersed in 0.05 M calcium 

olution (Sigma). Equal parts 0.03 M phosphate solution was added 

ropwise, and scaffolds were incubated for 30 min at 37 °C. This 

rocess was repeated two more times resulting in a total of three 

oatings. Scaffolds were then immersed in 0.5 M NaOH and incu- 

ated for 30 min before being washed in milliQ water and left to 

ry. 

.10. Rat femoral defect surgical procedure 

Male Wistar Han rats were bred in the Comparative Medicine 

nit of the Trinity Biomedical Sciences Institute (TBSI). For the 
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at segmental surgery, 27 12-week old rats were anesthetised us- 

ng 2% - 4% (v/v) isoflurane in balanced oxygen and administered 

re-operative analgesia of buprenorphine (0.5 mg/kg). Surgical ac- 

ess to the femur was achieved via an anterolateral longitudinal 

kin incision and separation of the hind limb muscles, the vastus 

ateralis and biceps femoris. The femoral diaphysis was exposed 

y circumferential elevation of attached muscles and the perios- 

eum removed. Before the creation of the defect, a weight-bearing 

olyether ether ketone (PEEK) internal fixation plate was secured 

o the anterolateral femur. Holes were created in the femur with a 

urgical drill using the plate as a template. Screws were then in- 

erted into the drill holes in the femur to maintain the fixation 

late in position. A 5 mm mid-diaphyseal defect was created using 

n oscillating surgical saw under constant irrigation with sterile 

aline solution. Scaffolds were press-fit into the defect. Soft tissue 

as accurately readapted with absorbable suture material. Closure 

f the skin wound was achieved using suture material and tissue 

lue. Animals received daily systemic administration of immuno- 

uppressive drugs FK506 (3.33 mg/mL) and SEW2871 (1.66 mg/mL) 

or 3 weeks post-operation as previously described [32 , 33] . This 

nimal procedure and study was approved by the ethics commit- 

ee in Trinity College Dublin and the Health Products Regulatory 

uthority (HPRA) in Ireland (Approval - AE19136/P087). One de- 

ect was created per animal, n = 9 for both groups at both time- 

oints. 18 rats received a prevascularised nHA coated PCL scaffold 

PV scaffold) and 18 rats received a nHA coated PCL control scaf- 

old (Scaffold only). Two weeks post-operation, μCT angiography 

as performed (see below). Live μCT analysis was performed on 

emaining rats at 6- and 12-weeks post-operation (see below). At 

2 weeks rats were sacrificed by CO 2 asphyxiation and the affected 

emur, with the PEEK plate fixator intact, was excised for further 

nalysis. One rat from the Scaffold only group had to be excluded 

rom analysis due to complications post-surgery. 

.11. Vascular μCT analysis 

Using Scanco Medical vivaCT 80 system (Scanco Medical, 

assersdorf, Switzerland), contrast enhanced angiography was per- 

ormed at week 2 post-operative to assess vascularisation within 

he bone defects. First, the rat was sacrificed using CO 2 asphyxia- 

ion. Next, the vasculature was immediately perfused through the 

scending aorta with sequential solutions of heparin (25 U/ml), 

10%) formalin, PBS (All Sigma), and a radiopaque contrast agent 

icrofil (Flow Tech, Carver, MA, USA). Microfil was prepared 

reshly prior to each procedure using 28%(v/v) pigmented com- 

ound 69%(v/v) diluent 3%(v/v) curing agent. All solutions were 

horoughly mixed before perfusion and maintained at 37 °C for the 

uration of the perfusion procedure. A straight 20 G intravenous 

atheter was used to deliver the perfusion solutions into the rat’s 

eft ventricle. The right atrium was cut, and a peristatic pump was 

sed to deliver the heparin, formalin, and PBS solutions at a rate of 

 ml/min. The contrast agent was delivered at a rate of 3 ml/min. 

fter perfusion, animals were left overnight at 4 °C to allow the 

icrofil to cure. The limbs were excised and scanned using μCT 

ith both bone and contrast agent present. To facilitate visualisa- 

ion and quantification of the vascular volume alone, the excised 

imbs were next decalcified in EDTA (15 w/v%, pH 7.4) for 2 weeks 

o remove the bone mineral content. μCT scans were performed 

fter decalcification. By comparing the two scans (pre- and post- 

ecalcification) it was possible to define the defect VOI by using 

he relative position of the fixation screws present in both scans. 

ext, 3D evaluations were carried out on the segmented images to 

etermine vascular volume and to reconstruct a 3D image. The vas- 

ular volume in the defect was quantified by measuring the total 

uantity of mineral in the centre of the defect. The vessel thick- 

ess, degree of anisotropy, and connectivity were analysed using 
158 
rabecular thickness analysis scripts provided by SCANCO. n = 6 

as selected from each group for quantification. 

.12. Micro-computed tomography (μCT) 

Micro-computed tomography (μCT) scans for vessel analysis 

ere performed using a Scanco Medical 40 μCT system (Scanco 

edical, Bassersdorf, Switzerland). Samples were scanned at a 

oxel resolution of 10 μm, a voltage of 70 kVp, and a current of 

13 μA. Reconstructed 3D images were generated using a Gaus- 

ian filter (sigma = 3, support = 5) was used to suppress noise site 

nd a global threshold of 363. 

In vivo μCT scans were performed on constructs using a Scanco 

edical vivaCT 80 system (Scanco Medical, Bassersdorf, Switzer- 

and). Rats ( n = 9) were scanned at 2 weeks before angiography 

as performed. All other rats ( n = 9) received scans at 6- and 

-weeks post-surgery to assess bone formation within the defect. 

nimals were anesthetised using 2–4% (v/v) isoflurane in balanced 

xygen throughout the scan. Next, a radiographic scan of the whole 

nimal was used to isolate the rat femur. The animal’s femur was 

ligned parallel to the scanning field-of-view to simplify the bone 

olume assessments. Scans were performed using a voltage of 70 

Vp, and a current of 114 μA. A Gaussian filter (sigma = 0.8, sup- 

ort = 1) was used to suppress noise and a global threshold of 

10, corresponding to a density of 399.5 mg hydroxyapatite/cm 

3 

as applied. A voxel resolution of 35 μm was used throughout. 3D 

valuation was carried out on the segmented images to determine 

one volume and density and to reconstruct a 3D image. Bone vol- 

me and bone density in the defects was quantified by measuring 

he total quantity of mineral in the central 5 mm of the defect. 

.13. Colony-forming unit (CFU) analysis of individual rat bone 

arrow 

To assess differences in the number of colony-forming units 

CFUs) present in the bone marrow of individual rats, the con- 

ralateral femurs were excised. Under sterile conditions, the bone 

nds were cut and the bone marrow was flushed out using an 18 

auge needle and hgDMEM GlutaMAX supplemented with 10% v/v 

BS, 100 U/mL penicillin, 100 μg/mL streptomycin (all Gibco, Bio- 

ciences, Dublin, Ireland) into a 50 mL falcon tube. The volume was 

ade up to 20 mL with media and triturated to remove any mar- 

ow clumps. Samples were then centrifuged at 650 x g for 5 min. 

he supernatant was discarded, and the pellet was transferred to a 

resh falcon tube. More media was added, the pellet was triturated, 

nd the sample centrifuged again at 650 x g for 5 min. Once again, 

he supernatant was discarded. The pellet was resuspended and 

assed through a 40 μm nylon mesh. A cell count was performed 

sing 3% (v/v) acetic acid (to lyse red blood cells) and trypan blue 

xclusion. Cells were seeded at a density of 133,333 cells/cm 

2 and 

ultured under normoxic conditions (37 °C in a humidified atmo- 

phere with 5% pCO 2 and 20% pO 2 ). After 10 days of culture, me- 

ia was removed and flasks were washed twice with 10 ml of PBS. 

ells were then fixed with 2% (w/v) PFA for 15 min at RT. The cells

ere washed again in PBS and incubated with 1% (w/v) crystal vi- 

let (Sigma) for 2 min at RT. Crystal violet was removed and flasks 

ere washed under running tap water for 10 min. Flasks were left 

o fully dry overnight before imaging. Stained colonies were then 

ounted using ImageJ software. 

.14. Histological analysis 

The samples were fixed in 10% formalin overnight and decalci- 

ed using ‘Decalcifying Solution-Lite’ (Sigma) for approximately 1 

eek. Samples were frequently X-rayed to determine if any min- 

ral content remined. When no mineral was visible, the sam- 
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Table 1 

3D Bioprinting processing parameters for each bioink. 

FibGel GelMA Alginate only AlgGel 

Printing Temperature 30 °C 28 °C 22 °C 30 °C 
Polymer Concentration Fibrinogen 30 mg/mL, 

gelatin 30 mg/mL, HA 3 

mg/mL, 10% glycerol 

5% (w/v) GelMA, 0.05% 

Irgacure 

2.45% (w/v) RGD- γ

alginate and 18 mM CaCl 2 

2.45% (w/v) RGD- γ alginate in gelatin 

21 mg/mL, HA 2.1 mg/mL, 7% glycerol 

and 18 mM CaCl 2 
Post-crosslinking 

Mechanism 

Thrombin bath 20 U/mL 

(30 min) 

UV light (15 min) Calcium chloride 100 mM 

bath (30 min) 

Calcium chloride 100 mM bath (30 

min) 

Extrusion Pressure 0.05 MPa 0.1 MPa 0.2 MPa 0.1 MPA 
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le was considered decalcified. Samples were then dehydrated in 

raded series of ethanol solutions (70% - 100%), cleared in xy- 

ene, and embedded in paraffin wax (all Sigma-Aldrich). Sections 

5 μm) were rehydrated in graded series of ethanol concentrations 

nd stained with haematoxylin and eosin, 1% (w/v) alcian blue 

GX in 0.1 M HCl to assess sulphated glycosaminoglycan (sGAG) 

ontent with a counter stain of 0.1% (w/v) nuclear fast red to as- 

ess cellular distribution, 0.1% (w/v) picrosirius red to assess col- 

agen distribution, 0.2% (w/v) Safranin O to assess sGAG content 

ost-implantation and Goldner’s trichrome (Groat’s iron haema- 

oxylin, Fuchsine, Orange G, Fast Green) for visualising bone (all 

rom Sigma). Slides were then imaged using an Aperio ScanScope 

lide scanner and evaluated for vessel infiltration by counting ves- 

els visible across an entire section using Aperio ImageScope and 

mageJ software. Bone formation was assessed using ImageJ soft- 

are. It should be noted that PCL is cleared during the tissue 

rocessing and leaves empty spaces in constructs as a result. Im- 

unostaining for human CD31 (abcam) was carried out by the 

iver Histopathology Laboratory in King’s College Hospital, London. 

.15. Statistical analysis 

Statistical analyses were performed using GraphPad Prism (ver- 

ion 6) software. To analyse variance between groups, two-way 

NOVA was used with Tukey post-hoc test. Numerical and graphi- 

al results are displayed as mean ± standard deviation unless oth- 

rwise stated. Significance was accepted at a level of p < 0.05. 

. Results 

.1. Comparison of bioink printability and cell viability post-printing 

We first sought to compare the printability of three candidate 

ioinks, namely a fibrin-based bioink, a γ -irradiated-RGD alginate- 

ased bioink, and a GelMA-based bioink ( Fig. 2 ). To evaluate their 

rintability, spreading ratios were compared for each formulation 

s previously described [26 , 34] . The filament spreading ratio is de- 

ned as the width of the printed filament divided by the needle di- 

meter. Lower spreading ratios, approaching the ideal ratio of 1, are 

esirable to allow the fabrication of cell-laden hydrogel structures 

ith high accuracy. A detailed description of the hydrogel print- 

ng properties can be found in Table 1 , including the printing pa- 

ameters adopted for each hydrogel formulation. Unless fibrinogen 

the precursor to fibrin) was first combined with a temporary sup- 

orting gel it was found to be unprintable. Mixing fibrinogen with 

 temporary gelatin-based carrier gel enabled its printing and re- 

ulted in the fibrin-based bioink (herein termed FibGel ) having the 

owest spreading ratio (1.76 ± 0.09; Fig. 2 A&B). Without the use 

f a temporary gelatin-based carrier gel, the γ -irradiated-RGD al- 

inate had a very high spreading ratio (6.9 ± 1.12), with inclusion 

f the gelatin-based support (herein termed AlgGel ) reducing this 

y 64.8% (2.40 ± 0.21). GelMA had the second lowest spreading 

atio (2.28 ± 0.19) and extruded more consistently (as evident by 

he lowest standard deviation) than all other hydrogels ( Fig. 2 A&B). 
159 
he elimination of the gelatin from the AlgGel and FibGel follow- 

ng crosslinking was confirmed using a hydroxyproline assay after 

4 h in vitro (Supplementary Figure 1). 

Cell viability during and after 3D bioprinting is dependent 

n the shear stress experienced during extrusion, which in turn 

s dependent on the viscosity of the solution, the applied pres- 

ure and the needle diameter [35] . In addition, the post-printing 

ioink crosslinking mechanisms can further influence cell viability. 

ince the solution viscosity, applied pressure and post-crosslinking 

echanism varied across the three hydrogels, cell viability was 

valuated post-printing for each bioink. All bioinks supported high 

evels of cell viability ( > 70%; Fig. 2 C). This indicates that 3D struc-

ures containing viable endothelial cells could be 3D bioprinted 

sing each bioink. The levels of cell viability presented here 

re in agreement with the literature for similar printing systems 

26 , 36–38] . 

.2. Comparison of endothelial sprouting in gelma, alginate and 

brin based bioinks 

To evaluate the potential of each bioink to facilitate endothe- 

ial sprouting, they were loaded with HUVECs and simple cylin- 

rical constructs were 3D bioprinted (4 mm height, 4 mm diam- 

ter). These were then cultured for up to 7 days in the presence 

f VEGF (50 ng/mL) and then evaluated for microvessel forma- 

ion using confocal microscopy. By day 3, no endothelial sprout- 

ng was seen in either the AlgGel or GelMA bioink. In the FibGel 

ioink, however, the endothelial cells had migrated towards each 

ther and began to elongate and align by day 3. By day 5, these 

UVECs had formed microvessels which began to sprout forming 

ultidirectional networks. By day 7, a microvessel network was 

bserved throughout these constructs ( Fig. 2 D). In the GelMA con- 

tructs, no evidence of endothelial sprouting was seen until day 7, 

t which point there was evidence of rapid proliferation and incon- 

istent vessel formation. These rapidly proliferating cells appeared 

t times to form a monolayer architecture across the newly formed 

paces in the degrading bioink as opposed to elongated microves- 

els. Over the course of 7 days, there was no endothelial prolifer- 

tion or sprouting observed in the AlgGel bioink, presumably due 

o the inability of HUVECs to degrade the surrounding alginate gel, 

hich is vital for vasculogenesis to take place. The average vessel 

ength within all three bioinks was quantified using ImageJ, which 

evealed that the fibrin-based bioink had significantly higher av- 

rage vessel lengths and the most consistent growth of microves- 

els over time ( Fig. 2 E). The percentage area endothelialised was 

alculated for each bioink by dividing the sum of the cell area by 

he total area ( Fig. 2 F). Overall a more controlled, consistent estab- 

ishment of a microvessel network was observed within the FibGel 

ioink. Between day 3 and day 5, the area of endothelialisation 

id not increase, whilst the vessel length did, suggesting plexus 

emodelling during this time. Given the consistency and the supe- 

iority of the fibrin-based bioink to produce a premature vascular 

etwork in vitro , it was chosen as the preferred bioink for all future 

tudies. 
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Fig. 2. Evaluation of bioink printability and cell compatibility. (A) Spreading ratio for bioinks ( p > 0.0 0 01) one-way ANOVA (mean + /- SD, n = 8). (B) 2D printing of bio- 

printed i AlgGel, ii FibGel, iii GelMA, iv Alginate alone; Scale bar 20 mm. (C) Live/dead staining of i AlgGel, ii FibGel, iii GelMA; Scale bar 200 μm. iv Quantification of 

cell viability (mean + /- SD, n = 6). (D) Comparison of bioink potential for facilitating endothelial sprouting. Representative confocal images of microvessel establishment 

over time, phalloidin labelled F-actin (red) and DAPI nuclear staining (blue); Scale bar 100 μm. (E) Average Vessel length, ‘ a ’ denotes significance to GelMA at corresponding 

timepoint, ‘ b ’ denotes significance comparing to AlgGel at corresponding timepoint ( P < 0.001). (F) Percentage area endothelialised, ‘ a ’ denotes significance to GelMA at cor- 

responding timepoint, ‘ b ’ denotes significance comparing to AlgGel at corresponding timepoint ( P < 0.001), ‘ ̂ ’ denotes significance compared to day 7 GelMA, ‘ ∗ ’ denotes sig- 

nificance compared to day 0 AlgGel, ( p < 0.05). (G) Representative confocal images of microvessel regression and stabilisation over time; HUVEC only at i day 7 and ii day 10; 

iii hBMSC stabilisation; phalloidin labelled F-actin (red) and DAPI nuclear staining (blue), GFP labelled HUVECs (Green); scale bar 100 μm. ( H) Average vessel length. (I) 

Vessel density (Values are the mean ± SD, n = 3). 

160 
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Between day 7 and 10 of in vitro culture, the engineered mi- 

rovessel networks began to regress as evidenced by phalloidin 

taining ( Fig. 2 G). This is a phenomenon seen during innate ves- 

el formation where pericytes are vital to vessel function. Pericytes 

ot only serve as scaffolding to support the vascular network ar- 

hitecture, but also communicate with endothelial cells by direct 

hysical contact and paracrine signalling pathways [39] . In vitro , 

he importance of a supporting cell type has been shown in mul- 

iple studies to be necessary for the successful formation of a per- 

usable network. Multiple cell types have been shown to stabilise 

ndothelial networks, including fibroblasts [40] , 10T1/2 mesenchy- 

al precursor cells [41] , and tri-cultures of myoblasts and embry- 

nic fibroblasts [42] . The inclusion of these supporting cells en- 

ures vessel integrity. In this study, the decision to include hBM- 

Cs as the supporting cell type was inspired by the emerging ar- 

ument that all MSCs are pericytes [43] and have been shown in 

iterature to be able to mediate vascularisation by secreting angio- 

enic factors such as vascular endothelial growth factor (VEGF), fi- 

roblast growth factor-2 (FGF-2), angiopoietin 1 (Ang-1), and epi- 

ermal growth factors (EGF) [44] . The inclusion of hBMSCs into the 

brin-based bioink system enabled extended microvessel stability 

or up to 2 weeks for 2 different ratios of HUVECs to hBMSCs, 1:1

nd 2:1, which both resulted in the stabilisation of the microves- 

el network beyond 10 days in culture. Using confocal imaging in 

onjunction with software for quantitative analysis of angiogenesis 

Angiotool [30] ), the vessel density and average vessel length was 

alculated for both co-culture ratios ( Fig. 2 H&I). When comparing 

oth co-cultures, there was a trend toward both higher vessel den- 

ity and average vessel length in the 2:1 HUVEC:hBMSC co-culture, 

lthough these differences were not statistically significant. Based 

n this observation, the 2:1 HUVEC:hBMSC co-culture was chosen 

or subsequent in vivo studies. 

.3. In vivo assessment of prevascularised 3D bioprinted constructs 

To determine whether the in vitro establishment of a microves- 

el network within a bioprinted construct prior to its implanta- 

ion would result in more rapid vascularisation in vivo, bioprinted 

ibGel constructs were next implanted subcutaneously into nude 

ice. A solid, PCL sheath was designed to provide mechanical sup- 

ort for the bioink, with the two ends of this cylindrical sheath 

eft open to encourage unidirectional in-growth of host vessels 

nd anastomosis with the engineered vasculature. One of follow- 

ng four cell populations was bioprinted into this sheath using the 

ibGel bioink: (1) HUVECs alone, (2) hBMSCs alone, (3) a 2:1 co- 

ulture of HUVECs and hBMSCs and (4) a cell free control. These 4 

roups were exposed to one of two conditions; the first involved 

n additional week of culturing in endothelial growth media sup- 

lemented with VEGF to establish a microvascular network prior to 

mplantation (these groups are herein termed Prevascularised im- 

lants); the second involved the immediate implantation of the 

ell-laden constructs (these groups are herein termed Cellularised 

mplants) into the mice without any in vitro culture ( Fig. 3 A). 

he implants were resected at either 1 week or 2 weeks post- 

mplantation. Macroscopically, the prevascularised implants which 

ad been cultured for 7 days prior to implantation appeared to 

e more vascularised compared to all other groups (Supplemen- 

ary Figure 2). Microscopically, however, these apparent differences 

n vascular invasion did not always translate to the presence of 

lood vessels inside the body of the printed implants. Frequently 

here was evidence of red blood cells without the presence of a 

essel wall. For all vessel analysis, a vessel was defined by the 

resence of red blood cells surrounded by dense nuclei. At day 

, the only group which contained any vessels was the prevascu- 

arised construct produced using a co-culture of HUVECs and hBM- 

Cs ( Fig. 3 F). By day 14, some constructs in the cultured HUVEC 
161 
nly group and the cell free group had become vascularised, but 

he prevascularised constructs persisted as the group supporting 

he highest level of vascularisation in vivo ( Fig. 3 G). This prevas- 

ularised co-culture regime was therefore selected as the strategy 

o prevascularise implants for the treatment of large bone defects. 

.4. 3D Bioprinting of prevascularised constructs for large bone defect 

ealing 

To determine if prevascularising a bioprinted construct en- 

ances its therapeutic potential, the FibGel bioink (containing HU- 

ECs and hBMSCs) was deposited into 3D printed nHA coated PCL 

caffolds and maintained in culture for 7 days prior to its implan- 

ation into critically-sized (5 mm long) defects in the femur of im- 

unosuppressed rats ( Fig. 4 ). Porous PCL scaffolds were fabricated 

sing fused deposition modelling (FDM; Fig. 4 A). Scaffold dimen- 

ions were selected to ensure an accurate press-fit into the bone 

efect during surgical implantation. The PCL scaffolds were sur- 

ace coated with nano hydroxyapatite (nHA) prior to bioprinting 

he prevascular network to further promote osteogenesis. Scanning 

lectron microscopy (SEM) imaging confirmed the presence of the 

HA coating, revealing a rod-like/needle architecture. Each nano- 

eedle was approximately 100 nm in length and 37 nm in diam- 

ter ( Fig. 4 B). To bioprint the prevascularised (PV) scaffolds, the 

ibGel bioink containing HUVECs and hBMSCs (3 × 10 6 cells/mL 

nd 1.5 × 10 6 cells/mL respectively) was deposited into the nHA 

oated PCL scaffolds using a ‘Z-printing’ technique [10] . These scaf- 

olds were cultured for 7 days in the presence of VEGF (50 ng/mL) 

o allow for the formation of a microvascular network within the 

caffold ( Fig. 4 B iv). These constructs were then implanted into 

ritical-sized (5 mm) defects created in the femurs of Wistar Han 

ats ( Fig. 4 C&D). To enable the implantation of human cells, rats 

ere administered daily subcutaneous injections of an immuno- 

uppressing drug cocktail containing FK506 and SEW2871 for 3 

eeks after implantation, as previously described [32 , 33] . 

2 weeks post-implantation, μCT angiography was used to quan- 

ify and visualise vascular network formation in the bone de- 

ects. The PV scaffolds supported significantly higher total vascu- 

ar volume and vessel connectivity compared to the scaffold alone 

 Fig. 5 Aii & iii). 3D reconstructions of μCT angiography scans re- 

ealed extensive vascular networks had formed following implan- 

ation of the PV scaffolds, with large vessels diameters of up to 

.35 mm detected within the defects ( Fig. 5 Ai). Additionally, the 

ascular network which formed in the PV scaffold group tended to 

o so in dense bunches at the periphery of the defect site. This 

ay indicate inosculation of host vasculature with the implanted 

asculature. 

μCT analysis of animals at 2 weeks post-implantation was car- 

ied out to assess early bone formation ( Fig. 5 B). The PV scaffold

upported significantly higher levels of new bone formation com- 

ared to the Scaffold only group at this early timepoint ( Fig. 5 Bii)

nd significantly higher bone volume fraction ( Fig. 5 C). H&E stain- 

ng revealed high cell infiltration in both groups. Positive Safranin 

 staining indicated that neoosseous tissue was, at least in part, 

eing formed through endochondral ossification ( Fig. 5 Ci). Quan- 

ification of positive Safranin O staining revealed a non-significant 

rend toward larger cartilage area in the PV group ( Fig. 5 Cii). Gold-

er’s trichrome staining indicated new bone formation predomi- 

antly at the periphery of the defect area in both groups ( Fig. 5 Ci).

uantification of positive Goldner’s trichrome staining revealed no 

ignificant difference in the percentage of newly forming bone be- 

ween the two groups at this timepoint ( Fig. 5 Ciii), despite the sig- 

ificant difference in mineralised bone tissue detected by μCT. 

μCT analysis was performed on animals 6- and 12-weeks post- 

mplantation to visualise and quantify bone formation within the 

efects ( Fig. 6 A). There were no significant differences in total bone 
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Fig. 3. (A) Schematic diagram of the experimental design and steps for the mouse subcutaneous implantation study. (B) H aematoxylin and eosin (H&E) staining of HUVEC 

only, (C) hBMSC only (D) HUVEC and hBMSC co-culture and (E) Cell Free constructs. Perfused blood vessels donated by black arrows, Scale bar 100 μm and 1 mm for images 

and inset images, respectively. (F) Vessels per construct at day 7 and (G) day 14, ( n = 9 mean ± SEM). 
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olume or percentage bone fraction between the two groups at ei- 

her timepoint, although there was a trend toward higher levels 

f bone volume in the PV scaffold group compared to the Scaf- 

old only group (mean 11.45 mm 

3 , SEM 2.65 mm 

3 versus mean 

4.94 mm 

3 , SEM 5.97 mm 

3 ) ( Fig. 6 B&C). There was no differences

n bone mineral density between groups at either timepoint (6 

eeks: 888.46 mgHA/cm 

3 versus 863.2 mgHA/cm 

3 and 12 weeks: 

21.9 mgHA/cm 

3 versus 935.79 mgHA/cm 

3 ; data not shown). A fea- 

ure of bone healing in the rat model was the significant animal- 

o-animal variability in the levels of new bone formation in each 

roup. To explore this further, we performed a colony forming 

nit (CFU) assay on bone marrow harvested from the contralat- 

ral femur of animals, which revealed that those animals display- 

ng superior healing had higher numbers of CFUs than their poorer 

ealing counterparts (Supplementary Figure 3). Despite this find- 

ng, there was no significant correlation between bone volume and 

FU number, with a number of animals with very high numbers of 

FUs displaying low levels of bone regeneration. 
162 
Histological evaluation of the defect sites was carried out af- 

erwards to evaluate the neotissue which had formed within the 

mplanted scaffolds after 12 weeks ( Fig. 6 F). H&E staining after 

2 weeks revealed bone formation within all groups. Interestingly, 

ositive Safranin O staining was found at the centre of multiple 

efects in the PV scaffold group, indicating bone formation was 

till ongoing in these defects and was proceeding through an en- 

ochondral ossification pathway. However, this was highly variable, 

nd quantification did not reveal a significant difference in carti- 

age tissue formation between the two groups ( Fig. 6 D). At this 

ater time point, there were no significant differences in vessel 

ensity ( Fig. 6 E), with CD31 positive vascular structures observed 

hrough the defects (Supplementary Figure 4). Goldner’s trichome 

taining indicated a sharp interface between the defect and sur- 

ounding bone tissue in the Scaffold only group. In the PV scaffold 

roup, there was substantial new bone formation and evidence of 

ntegration between the host bone and the neotissue that formed 

ithin the scaffold, with no apparent interface between the two. 
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Fig. 4. Femoral Defect Study Schematic. (A) Porous PCL scaffold design. 2 PCL scaffolds were bioprinted; both were 4 mm in diameter and 5 mm high and coated with nHA. 

One scaffold was left empty whilst the other was filled with PV bioink. (B) SEM images depicting nHA coating and confocal image of microvessels within scaffolds. Scale 

bar in images i, ii, iii and iv 100 μm, 2 μm, 200 nm and 50 μm, respectively. (C) Images highlighting rat femoral defect location and X-ray and μCT images showing defect 

dimensions. (D) Schematic outlining surgical procedure. 
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his may further indicate that bone formation was still in progress 

n the PV scaffold group, whereas regeneration had halted in the 

caffold only group resulting in the capping of bone ends ( Fig. 6 F).

. Discussion 

This study describes the development of a 3D bioprinting strat- 

gy to fabricate prevascularised tissues with the capacity to accel- 

rate the vascularisation of large tissue defects. A screen of sev- 

ral bioinks revealed that a fibrin-based bioink best supported 

he establishment of a microvessel network within bioprinted con- 

tructs in vitro . Bioprinted constructs containing microvessel net- 

orks generated using HUVECs and hBMSCs in vitro supported 

essel formation in vivo following their subcutaneous implanta- 

ion into mice. The incorporation of this prevascularising bioink 

ithin 3D printed scaffolds was also shown to enhance the vas- 

ularisation of critically-sized bone defects, which correlated with 

ncreased early bone formation. 

There are multiple studies in the literature demonstrating the 

apacity of hydrogels to facilitate angiogenesis [15 , 45 , 46] . However, 

any of these hydrogels are not directly compatible with bioprint- 

ng technologies. In this study, we first demonstrated that three 

ydrogels (alginate, fibrin and GelMA) commonly used in tissue 

ngineering can be successfully bioprinted, but that this often ne- 

essitated the inclusion of a temporary agent (gelatin) to increase 

he viscosity of the ink. Endothelial cells remained viable within 

hese constructs post-printing. However further analysis revealed 

hat only the fibrin-based bioinks were capable of facilitating the 

ontrolled establishment of a microvessel network in vitro over 7 

ays of culture. A microvascular network was rapidly established 

n the GelMA bioink between day 5 and 7 of culture, which cor- 

elated with a more inconsistent vascular architecture. No obvious 
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icrovessel network was established in the alginate based bioink. 

lthough alginate is widely used for tissue engineering applica- 

ions, the finding that the HUVECs were unable to establish a mi- 

rovessel network within the alginate bioink was not unexpected. 

t has been shown that the production of proteolytic enzymes, 

nown as Matrix Metalloproteinases (MMPs), is a vital step in an- 

iogenesis that facilitates the local remodelling of the extracellu- 

ar matrix (ECM) and endothelial cell invasion [47] . Alginate is the 

ain structural component of marine brown algae and, although 

ighly biocompatible, is impervious to cleavage by mammalian en- 

ymes. Modifications have been made to the alginate used in this 

tudy [22] , involving gamma irradiation, which reduces its molec- 

lar weight and accelerates passive degradation of the hydrogel, as 

ell as the immobilisation of the cell adhesion peptide sequence 

rginine–glycine–aspartate (RGD). However, the encapsulated cells 

ere unable to actively degrade their surrounding environment. 

his resulted in the lack of cell sprouting observed in response to 

he VEGF mediated endothelial activation. For alginate to be suit- 

ble for such prevascularisation strategies, further alginate modi- 

cations must be undertaken, such as the inclusion of the MMP- 

ensitive domains ( e.g. the peptide Pro-Val-Gly-Leu-Iso-Gly [48] ). 

rom the results of this study, GelMA bioinks show some promise 

or the inclusion in angiogenic tissue engineered constructs. Dur- 

ng pilot studies, polymer concentrations were varied to investigate 

ptimum sprouting conditions. A higher percentage of GelMA (10%) 

as found to inhibit endothelial sprouting, whereas lower percent- 

ges of 3% were too low to form stable hydrogels (data not shown). 

t should also be noted that the protocol undertaken in this study 

as been shown to support a degree of methacrylation of approx- 

mately 75% [24 , 25] , although there was no further investigation 

nto the optimal degree of methacrylation for supporting the es- 

ablishment of microvascular networks. It has been shown that the 
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Fig. 5. 2-week analysis of vascularisation and bone formation. (A) μCT angiography analysis. (i) Representative 3D morphometric reconstructions of vessel diameters within 

the defects. (ii) Quantification of total vessel volume and (iii) degree of vessel connectivity for both groups. “∗” denotes significance one-way ANOVA with Tukey post-hoc test, 

p < 0.05 ( n = 6, Mean ± SD). (B) μCT analysis at 2 weeks post-implantation. (i) Reconstructed in vivo μCT analysis of bone formation in the defects at post-operative week 2. 

Scale bar 1 mm. (ii) Quantification of bone volume (mm 

3 ) and ( iii ) bone volume fraction (BV/TV%) of Scaffold only and PV scaffold group at 2 weeks. “∗” denotes significance 

one-way ANOVA with Tukey post-hoc test, p < 0.05 ( n = 9, Mean ± SD). (C) Histological analysis at 2 weeks post-implantation. (i) Haematoxylin and eosin staining (H&E), 

Safranin O staining and Goldner’s Trichome staining at 2-week post-implantation Scale bar 1 mm for low resolution image; scale bar 200 μm for high resolution images. (ii) 

Cartilage area fraction and (iii) New bone area fraction ( n = 9, Mean ± SD). 
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egree of functionalisation of GelMA can have a profound effect 

n cell spreading, with higher functionalisation resulting in a less 

pread cell phenotype [49] . Considering this, future studies should 

xplore whether lowering the degree of methacrylation would im- 

rove vessel formation within GelMA based bioinks. Another im- 

ortant factor that we did not consider in this study was potential 

ifferences in the mechanical properties of the different hydrogel 

ioinks. Previous studies have shown that matrix stiffness regu- 
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ates endothelial cell sprouting and the vascular phenotype [50–

2] . Our focus was on designing a prevascularisation technique 

hich would be compatible with bioprinting, so the printability 

f the inks was a key determining factor when determining the 

omposition of the different hydrogels. Although the authors ac- 

nowledge that alterations to the polymer density could have im- 

roved the sprouting potential of these bioinks, it would also have 

ffected their printability. Emer ging bioprinting strategies such as 
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Fig. 6. 6- and 12-weeks analysis. (A) Reconstructed in vivo μCT analysis of bone formation in the defects at post-operative week 6 and 12. Scale bar 1 mm. (B ) Quantification 

of bone volume (mm 

3 ) and (C) bone volume fraction (BV/TV%) in Scaffold only and PV scaffold group at 6 and 12 weeks. “∗” denotes significance two-way ANOVA with 

Tukey post-hoc test, p < 0.05 ( n = 9, Mean ± SD). (D) Cartilage area fraction ( n = 9, Mean ± SD). (E) No. of vessels/cm 

2 ( n = 9, Mean ± SD). (F) Histological analysis at 12 

weeks post-implantation. Haematoxylin and eosin staining (H&E), Safranin O staining and Goldner’s Trichome staining at 2-week post-implantation. Scale bar 1 mm for low 

resolution image; scale bar 100 μm for high resolution images . 
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he freeform reversible embedding of suspended hydrogels (FRESH) 

echnique [53 , 54] could potentially address such concerns. 

Bioprinted constructs containing a 2:1 ratio of HUVECs and 

BMSCs were found to support the development of a persistent 

icrovascular network in vitro and robust blood vessel develop- 

ent in vivo . Native microvessels are surrounded by sparsely dis- 

ributed perivascular cells which support the vessel physically (like 

 type of scaffolding) whilst simultaneously communicating with 

ndothelial cells by direct contact and through paracrine signalling 
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athways [55] . It has also been suggested that during injury, per- 

cytes can detach and differentiate into what is now sometimes 

efined as an MSC [56] . This MSC can then sense the microenvi- 

onment and respond through producing and secreting numerous 

ioactive molecules. This adaptability of MSCs has made them an 

ttractive cell type for a multitude of applications such as tissue 

egeneration [57 , 58] , immunomodulation [59 , 60] and cancer treat- 

ent [61 , 62] . They have also been used to help maintain the pat-

ern of endothelial cell networks generated by laser-assisted bio- 
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rinting [63] and to support the development of vascular net- 

orks with defined architecture in bioprinted constructs [64] . It 

lso makes them an attractive cell type for this study due to their 

bility to support vessel formation in vitro and by potentially con- 

ributing to bone tissue regeneration, although demonstrating the 

atter requires further study. Similar to the findings of other stud- 

es exploring co-cultures of different endothelial cells and support 

ells [65–69] , the inclusion of hBMSCs into the fibrin-based gels 

nabled extended microvessel stability for up to 2 weeks in vitro 

or both a 1:1 and a 2:1 ratio of HUVECs:hBMSCs. The 2:1 co- 

ulture was selected for further in vivo analysis as it had shown 

 trend towards supporting the development of a denser vascular 

etwork in vitro . Further in vivo analysis revealed that the prevas- 

ularisation of bioprinted constructs, through the establishment of 

icrovessels in vitro , led to a higher number of perfused vessels 

ithin the core of the construct following subcutaneous implan- 

ation into nude mice. Bioprinting the same cell population, and 

hen implanting the construct immediately without a 7-day culture 

eriod to ensure prevascularisation, did not facilitate vessel forma- 

ion in vivo . This demonstrates that the formation of bloods vessels 

ithin bioprinted constructs in vivo is dependent on the precul- 

uring of HUVECs and hBMSCs in the presence of the angiogenic 

rowth factor VEGF to establish a stable microvascular network in 

itro prior to implantation. 

The premise of prevascularisation is that inosculation between 

he implanted microvascular network and the host microvascula- 

ure occurs more rapidly than vessel ingrowth could occur, there- 

ore reducing the time the implanted tissue takes to be perfused 

ith a blood supply. The fate of graft endothelial cells during the 

rocess of inoculation is disputed. It has been shown through in 

itu hybridization studies that host vessels invaded full-thickness 

kin grafts along pre-existing channels which were formed through 

he regression of the graft vasculature [70] . Conversely, studies 

ave shown direct inosculation of implanted microvasculature to 

ost blood vessels. In one such study, scaffolds which had previ- 

usly undergone in situ prevascularisation in GFP-transgenic mice 

ere implanted into dorsal skinfold chambers of wildtype mice. 

ntravital fluorescence microscopy was then used to show inoscu- 

ation of the intrinsic scaffold microvasculature to the host blood 

essels [71] . These contradictory findings show that further studies 

re needed to understand the contribution that preformed vessels 

ake to the vascularisation process in implanted constructs both 

n the study presented in this paper and others. In this study, hu- 

an endothelial cell derived microvasculature was implanted into 

mmune compromised murine models to prevent immune system 

ecognition of foreign antigens. How such immune factors regulate 

he process of inosculation is unclear and further studies exploring 

ifferent autologous and allogenic cell populations are required to 

ranslate such prevascularization strategies into the clinic. 

Bioprinting of a microvascular network into nHA coated PCL 

caffolds led to significantly higher levels of vascularisation within 

ritical-sized femoral bone defects compared to the Scaffold only 

ontrols. μCT scans of the radiopaque 3D cast of the vasculature 

ithin the defect site revealed that the vessel architecture in the 

V Scaffold treated animals was denser than in animals treated 

ith the Scaffold only. This was particularly obvious at the inter- 

ace between host bone and scaffold. This result may indicate in- 

sculation between the implanted microvasculature and host ves- 

els, whereby host vessels begin to fuse with the implanted mi- 

rovasculature. However, this dense vasculature did not continue 

hroughout the length of the scaffold. This may be due to a num- 

er of reasons. Firstly, it is possible the microvessel network was 

artially damaged during implantation, and/or parts of the net- 

ork that were established in vitro regressed upon in vivo implan- 

ation. Another possible explanation for this finding relates to the 

imitations of the μCT angiography technique. In this study, few 
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essels below a diameter of 170 μm were detected using μCT anal- 

sis. The average diameter of the implanted microvessels is below 

0 μm, which although perfusable may be below the resolution 

f the X-ray contrast agent selected. As such, further optimisation 

ay be needed to modify the Microfil perfusion mass in order to 

ncrease its working time and/or decrease its viscosity by altering 

he ratio of curing agent included in order to fully image the com- 

lete vessel network architecture in vivo . 

The increase in vascularisation observed within femoral de- 

ects treated with the PV constructs correlated with significant in- 

reases in early bone formation compared to the Scaffold only con- 

rols. While no significant difference in bone formation was de- 

ected at later timepoints using μCT, histological analysis of the 

efect site at 12 weeks post-implantation demonstrated an on- 

oing regenerative response in defects treated with the PV scaf- 

olds, with a trend towards higher levels of bone formation fol- 

owing implantation of the prevascularised constructs. These find- 

ngs demonstrate how bioprinting can be used to enhance vascu- 

arisation of a target defect site, and the therapeutic potential of 

uch tissue engineering strategies for accelerating the regenera- 

ion of critical-sized bone defects. In recent years there has been 

onsiderable interest in prevascularising tissue engineering con- 

tructs using endothelial cells. Typically, these studies focus on in 

itro microvessel formation [16 , 72 , 73] and the do novo formation 

f vessels in vivo [41 , 74–77] . Investigation into the in vivo function 

f engineered capillary networks has been primarily undertaken 

n subcutaneous implantation models. These have shown that in 

itro prevascularisation can lead to a more rapid vascularisation in 

ivo [78 , 79] . It has been proposed that this may be advantageous

hen combined with established bone tissue engineering strate- 

ies such as osteoinductive scaffolds [80] . However, limited studies 

ave been carried out to investigate the effects of prevascularisa- 

ion on in vivo bone formation. One study implanted preformed 

ascular networks into critical-sized calvarial defects in nude rats 

nd found that such prevascularisation did not lead to significant 

ifferences in bone formation by 4 weeks [81] . In this study, the 

ffect of prevascularisation on bone regeneration was studied over 

2 weeks in a critical-sized femoral defect model in immunosup- 

ressed rats. Although vascularisation of the defect site is a key 

omponent of tissue regeneration and was significantly improved 

y the implantation of a prevascularised scaffold, successful bone 

ealing relies on a number of factors, including the delivery of os- 

eoinductive cues. Although the presence of nHA on the PCL scaf- 

olds has been shown to enhance osteogenesis [82] , perhaps the 

rolonged benefits of prevascularisation would be more evident 

hen included in a more potent osteogenic tissue engineered scaf- 

old. While full defect bridging was not seen in either group af- 

er 12 weeks, the presence of cartilage in a subset of the PV scaf- 

old group at 12 weeks may indicate that the healing process was 

ontinuing for those animals. Future studies should therefore ex- 

lore the use of extended timepoints to evaluate the long-term ef- 

ect of implanting prevascularised scaffolds into critical-sized bone 

efects. 

Bioprinting technologies are constantly evolving and improving 

o meet the need for more controlled organisation in larger-scaled 

issue analogues and to overcome limitations in conventional tis- 

ue engineering approaches. Lack of sufficient vascularisation is a 

ajor limitation in the field to date and numerous approaches us- 

ng various bioprinting strategies are currently being explored in 

n attempt to overcome this hurdle. Early work in the field aimed 

o prevascularise tissue engineered constructs by creating hollow 

essel-like channels within tissue engineered constructs [83–86] . 

espite the many successes of these methods, most have been 

imited by the resolution attainable from extrusion-based fabrica- 

ion technology. This restricts the vessel diameter size and fails to 

ecapitulate the microvascular size and structure of native capil- 
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ary beds. Advances in laser-assisted techniques has impacted the 

eld, from the micropatterning of endothelial cells [87 , 88] , to the 

ngineering of constructs with microchannels as low as 10 μm 

n diameter [89–91] . Photoablation can be used to directly pro- 

uce microchannels within soft hydrogels. This method uses fo- 

alised pulsed lasers with sufficient energy to break down covalent 

onds allowing for channels to be formed in any location within 

he gel and at any time. This method is compatible with a va- 

iety of hydrogels including collagen [89 , 92] , PEGDA [93] , PEGy- 

ated fibrinogen and silk protein hydrogel [94] . However, the cyto- 

ompatibility of some of these methods is impacted by the very 

igh-energy light required. In a recent study, laser-assisted bio- 

rinting was utilised to print HUVECs in situ into critical-sized cal- 

aria bone defects and enhance vascularisation [95] . Although el- 

gant, there may be challenges when translating such approaches 

o larger, load-bearing bone defects due to the low viscosity and 

tiffness of the collagen gel used. These studies demonstrate the 

eed for numerous prevascularisation strategies in order to adapt 

o the problem at hand. For tissue engineering to achieve the goal 

f replacing human organs and tissues, we must have multiple, 

daptable strategies in the biofabrication toolbox. The benefit of 

he bioprinting concept presented in this study is that it can be 

dapted to integrate with other bioprinting strategies. Furthermore, 

he thermo-reversible characteristics of this bioink enables the vis- 

osity to be easily tailored. One limitation of our study was that we 

nly had to bioprint relatively small constructs to treat segmen- 

al bone defects in our rodent model. Larger scale implants and in 

urn larger animal models are necessary to truly test the benefits 

f any prevascularisation technique. 

. Conclusion 

The results from this study demonstrate that a fibrin-based 

ioink can facilitate the development of a stable primitive vascular 

etwork in vitro . Establishing microvessels within bioprinted tis- 

ues in vitro prior to their implantation led to enhanced vasculari- 

ation once implanted in vivo . This study further demonstrates, for 

he first time, that 3D bioprinting can be used to produce prevas- 

ularised scaffolds that enhance vascularisation of critically-sized 

one defects. While applied here for bone regeneration, this tech- 

ique could easily be adapted to prevascularise scaffolds used in 

he regeneration of any vascularised tissue or organ. It may be es- 

ecially useful for the delivery of cells that are particularly sensi- 

ive to diminished oxygen or nutrient availability, such as pancre- 

tic islet cells, or for the regeneration of ischemic tissues. 
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