
Acta Biomaterialia 123 (2021) 263–274 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

Dual 3D printing for vascularized bone tissue regeneration 

Sung Yun Hann 

a , Haitao Cui a , Timothy Esworthy 

a , Xuan Zhou 

a , Se-jun Lee 

a , 
Michael W. Plesniak 

a , c , Lijie Grace Zhang 

a , b , c , d , ∗

a Department of Mechanical and Aerospace Engineering, The George Washington University, Washington, DC 20052, USA 
b Department of Electrical and Computer Engineering, The George Washington University, Washington, DC 20052, USA 
c Department of Biomedical Engineering, The George Washington University, Washington, DC 20052, USA 
d Department of Medicine, The George Washington University, Washington, DC 20052, USA 

a r t i c l e i n f o 

Article history: 

Received 1 October 2020 

Revised 21 December 2020 

Accepted 10 January 2021 

Available online 14 January 2021 

Keywords: 

3D printing 

Biofabrication 

Vascular network 

Osteogenesis 

Tissue regeneration 

a b s t r a c t 

The development of sufficient vascular networks is crucial for the successful fabrication of tissue con- 

structs for regenerative medicine, as vascularization is essential to perform the metabolic functions of 

tissues, such as nutrient transportation and waste removal. In recent years, effort s to 3D print vascu- 

larized bone have gained substantial attention, as bone disorders and defects have a marked impact 

on the older generations of society. However, conventional and previous 3D printed bone studies have 

been plagued by the difficulty in obtaining the nanoscale geometrical precision necessary to recapitu- 

late the distinct characteristics of natural bone. Additionally, the process of developing truly biomimetic 

vascularized bone tissue has been historically complex. In this study, a biomimetic nano-bone tissue con- 

struct with a perfusable, endothelialized vessel channel was developed using a combination of simple 

stereolithography (SLA) and fused deposition modeling (FDM) 3D printing systems. The perfusable vessel 

channel was created within the SLA printed bone scaffold using an FDM printed polyvinyl alcohol (PVA) 

sacrificial template. Within the fabricated constructs, bone tissue was formed through the osteogenic dif- 

ferentiation of human bone marrow mesenchymal stem cells (hMSCs), and distinct capillaries sprouted 

through the angiogenesis of the endothelialized vessel channel after human umbilical vein endothelial 

cells (HUVECs) had been perfused throughout. Furthermore, the fabricated constructs were evaluated in 

physiologically relevant culture conditions to predict tissue development after implantation in the hu- 

man body. The experimental results revealed that the custom-designed bioreactor with an hMSC-HUVEC 

co-culture system enhanced the formation of vascular networks and the osteogenic maturation of the 

constructs for up to 20 days of observation. 

Statement of significance 

As an emerging technique to fabricate novel tissue construct, 3D printing has been extensively 
investigated to generate vascularized tissues due to its outstanding controllability, repeatabil- 
ity, and reproducibility. Unlike previously reported studies which have relied on traditional 
3D fabrication techniques and conventional bioplastics, this work presents the fabrication and 

characterization of vascularized bone scaffolds using a combination of multiple novel 3D print- 
ing systems with biocompatible materials for the synthesis of bioinks to enhance the growth 

of vascular networks as well as to ensure matrix bioactivity. We also demonstrate that osteoge- 
nesis and angiogenesis alike can be promoted with the use of an in vivo -like fluid environment 
and the co-culturing of stem cells and endothelial cells. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

T

S

(

Z

l

h

1

∗ Corresponding author. Department of Mechanical and Aerospace Engineering, 

he George Washington University, Science and Engineering Hall 3590, 800 22nd 

treet NW, Washington DC 20052 

E-mail addresses: shann008@gwmail.gwu.edu (S.Y. Hann), htcui@email.gwu.edu 

H. Cui), tesworthy@email.gwu.edu (T. Esworthy), xzhou@email.gwu.edu (X. 

hou), sjlee@gwmail.gwu.edu (S.-j. Lee), plesniak@gwu.edu (M.W. Plesniak), 

gzhang@email.gwu.edu (L.G. Zhang). 

1

t

c

d

ttps://doi.org/10.1016/j.actbio.2021.01.012 

742-7061/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
. Introduction 

In the past few years, there have been remarkable advances in 

issue engineering approaches to develop fully functional and bio- 

ompatible tissues and organs in order to promote regeneration of 

efective tissues in the human body [1-4] . These advances in tis- 
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Fig. 1. A schematic illustration of the fabrication of the 3D printed scaffolds and design of the fabricated constructs. 
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ue engineering have suggested a variety of potential therapeutic 

pproaches to restore bone tissue function by developing biocom- 

atible and sustainable tissue constructs. Among the significant ef- 

orts to fabricate biomimetic and fully functional tissues, three- 

imensional (3D) printing has attracted researchers, and has been 

tilized worldwide due to its outstanding controllability, repro- 

ucibility, and unlimited repeatability in fabricating layered con- 

tructs [1 , 4] . Since 3D printing was developed, it has become one 

f the most promising techniques to design and fabricate organs 

nd tissues [2 , 4-6] , and largely focuses on using such approaches 

s fused deposition modeling (FDM), stereolithography (SLA), bio- 

lotting, and inkjet printing [4] . 

Among these 3D printing techniques, FDM-based printing is 

onsidered to be one of the most effective techniques to fabricate 

onstructs for bone implantation, as the spatial resolution for FDM 

rinting can yield decent microscale features. However, many of 

he thermoplastic materials used in FDM printing still lack the nec- 

ssary bioactive components to improve cell adhesion and prolifer- 

tion, or to induce cellular differentiation, and as such, the further 

cceptance of FDM implants has been limited [7] . Furthermore, hu- 

an bone is a nanostructured and hierarchically vascularized tis- 

ue, which allows for efficient oxygen and nutrient transportation, 

s well as the removal of waste products. Bone tissue is so well- 

ascularized that the interaction between a single cell and capillar- 

es to exchange nutrients and waste occurs within 300 μm to the 

losest bone tissue [1 , 3 , 4 , 8] . As such, the lack of vascularization in

abricated bone tissues constructs often results in severe functional 

nd physical failures when they are implanted within skeletal tis- 

ues due to osteogenic cell necrosis [3 , 9] . Therefore, much effort 

as been dedicated in the field of tissue engineering towards the 

abrication of bone tissue grafts with sufficient incorporated vas- 

ular networks. Additionally, there is a strong desire to develop an 

ntegrated vascularized bone scaffold to employ biomimetic struc- 

ural characteristics and functionality to optimally promote osteo- 

enesis and angiogenesis. With regards to different vascularization 

trategies, the use of self-formed layers of seeded cells has been 

ound to be an ideal approach due to their versatility in creating 

ascular tissues of various pre-designed shapes and sizes [10] . By 
264 
roviding a fixed blood vessel configuration and platform, a fea- 

ible vascular network can be effectively produced through the 

prouting of capillaries without limiting the diffusion of oxygen 

nd nutrient transportation [11 , 12] . 

There are a number of previous studies that have attempted to 

abricate biomimetic vascularized bone tissue scaffolds using the 

D printing approach and achieved many promising results [13- 

6] . However, it is still challenging to incorporate the bioactive 

omponents and generate elastic vascular structures, when print- 

ng conventional bioplastics or ceramic materials, to improve in- 

egration with neighboring vascularized bone tissues [17-19] . The 

atural biomaterial-based hydrogels are better able to mimic the 

xtracellular matrix (ECM) of bone tissue to provide bioactive en- 

ironments for endogenous cell growth. They are absorbable and 

romote excellent integration with surrounding tissues, and there- 

ore reduce the possibility of an inflammatory response [18] . Addi- 

ionally, elastic hydrogel materials largely support or promote the 

rowth of dense vascular networks, due to the material charac- 

eristics of the resultant printed constructs [1 , 6 , 20] . In a previous

tudy, a bone tissue construct containing a perfusable vascular lu- 

en was fabricated with a gelatin methacryloyl (GelMA) bioink us- 

ng an extrusion-based bioprinting strategy [21] . To form the per- 

usable blood vessel, a central cylinder with GelMA hydrogel was 

rinted at low methacryloyl substitution inside the bioprinted con- 

truct to achieve a rapid degradation. This study proposed a mul- 

iple ink strategy to create the perfusable vessel structure, which 

lso inspired us to develop a manufacturing method to fabricate 

he perfusable vessel for vascularized bone regeneration. 

The objective of this study is to explore a facile approach for 

abricating bone tissue constructs with perfusable vascular net- 

orks to promote bone tissue regeneration and to resolve the is- 

ue of poor scaffold vascularization. This approach utilizes a com- 

ination of multiple 3D printing platforms, including FDM and SLA 

rinting, with the selection of biocompatible frame materials to 

nsure matrix bioactivity and optimal cell development. In order 

o ultimately achieve these goals, the effects of the incorporation 

f osteoconductive nanocrystalline hydroxyapatite (nHA) on the 

rintability of the GelMA-based bioinks, and the biophysical prop- 
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Fig. 2. (a), (b) A schematic illustration and a photo image of the employed dynamic culture system in the cell culture incubator with a custom designed bioreactor. Cell 

culture medium was stored in a conical flask, and the flow was generated by the rotor turn of the peristaltic pump at a certain constant rate. In order to implement an 

in vivo -like environment, which include stimulatory effects such as fluid shear stress, the cell-seeded scaffolds were exposed to the flowing medium by being placed at 

the fixed position inside the custom fitted polydimethylsiloxane (PDMS) mold. The used medium was recollected into the flask via connected tubes. The entire flask was 

completely replaced with fresh medium every three days. 

Fig. 3. SEM images of the 3D printed bone scaffolds with various nHA concentrations at the fixed ratio of GelMA: PEGDA (1:3). (a) Top view (100 × magnification) of the 

3D printed bone scaffolds. From the left, 0% (w/w), 50% (w/w), and 70% (w/w) nHA concentration. Scale bars = 1 mm. (b) Top view (350 × magnification) of the 3D printed 

bone scaffolds. From the left, 0%, 50%, and 70% nHA concentration. Scale bars = 300 μm. (c) Cross-sectional view (500 × magnification) of the 3D printed bone scaffolds. 

From the left, 0%, 50%, and 70% nHA concentration. Scale bars = 200 μm. 
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rties of the resultant bone constructs were first investigated. Sub- 

equently, human bone marrow mesenchymal stem cells (hMSCs) 

nd human umbilical vein endothelial cells (HUVECs) were individ- 

ally or simultaneously cultured to respectively promote osteogen- 

sis and angiogenesis of construct within a physiologically relevant 

uid environment and to further predict the printed construct’s ca- 

acity for in vivo vascular bone tissue regeneration. 
265 
. Materials and methods 

All solvents and reagents were purchased from Sigma-Aldrich 

St. Louis, MO), unless otherwise specified. 
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Fig. 4. The results of mechanical property and biocompatibility tests of the 3D printed bone scaffolds. (a) Compressive modulus and (b) mass swelling ratio of the bone 

scaffolds with various GelMA: PEGDA ratio and contents of nHA. ∗p < 0.05 and ∗∗p < 0.01 when compared to each of 1:3 GelMA: PEGDA groups. (c) Cell proliferation data of 

hMSCs and (d) HUVECs on the fabricated bone scaffolds after 1, 3, and 5 days. ∗p < 0.05 and ∗∗p < 0.01 when compared to 1:2 GelMA: PEGDA ratio with 0% nHA concentration 

groups. All data are the mean ± SD, n = 9. (e) Confocal microscopic images of co-cultured hMSCs (red) and HUVECs (green) on the 3D printed bone scaffolds with an 

optimized GelMA: PEGDA ratio (1:3) and various nHA concentrations after 5 days. Scale bars = 100 μm. (f) Confocal microscopic images of mono-cultured hMSCs on the 

fabricated bone scaffolds with the same set up as (e). Scale bars = 100 μm. 

266 
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.1. Preparation of 3D printing bioink 

GelMA was used as the basic component for the 3D SLA 

rinting bioink to fabricate both the bone and blood vessel con- 

tructs. The UV photocrosslinkable GelMA bioink was synthesized 

sing the same procedure outlined in our previous work [20] . 

riefly, droplets of 1% (v/v) methacrylic anhydride were added to 

 10% (w/w) gelatin (Gelatin Type A, sigma) solution in phosphate 

uffered saline (PBS) with continuous stirring. The complete solu- 

ion was then allowed to react for 3 h at 50 °C on a hot plate. Af-

erwards, the GelMA solution was dialyzed against deionized water 

or 7 d at 50 °C, with the water being changed daily. Upon the com-

letion of dialysis, the GelMA solution was lyophilized and stored 

t room temperature. An experimental GelMA polymer solution 

as prepared by dissolving the lyophilized GelMA along with 1% 

w/v) of the photoinitiator Irgacure 2959 in 0.01M PBS. 

After the photocrosslinkable GelMA bioink was formulated, op- 

imized amounts of nHA powder ( < 200 nm) and poly(ethylene 

lycol) diacrylate (PEGDA) (Mn = 700) were further added to pro- 

uce the bone scaffold component bioinks. A series of bioink solu- 

ions which contained GelMA and PEGDA with concentration ratios 

anging from 1:3 to 3:1 (which also had incorporated nHA in the 

mounts of 0%, 50%, and 70% (w/w), where each represents control, 

ow mineral concentration, and close to natural mineral concentra- 

ion of human groups, respectively), were printed to optimize their 

omposition. Additionally, a series of solutions with varied concen- 

rations of GelMA from < 5% (w/v) to > 10% (w/v) were optimized 

nd used to produce the blood vessel scaffolds. The vessel chan- 

els of the blood vessel scaffolds were fabricated by embedding an 

DM printed PVA sacrificial template within in the bulk GelMA- 

ased vessel scaffolds, which were then placed in deionized water 

vernight to dissolve the PVA. The resultant GelMA-based vessel 

caffold had a hollow, “Y” shaped channel system with an inner 

iameter of 800 μm (which is within the size range of blood ves- 

els found in human bone tissue [22] ), and a length of 7 mm. 

.2. Fabrication of bone construct with embedded vessel 

The 3D printed hydrogel bone scaffolds were fabricated us- 

ng a customized table-top SLA printer. Specific details of the 

LA printer can be found in our previous work [7 , 23] . A square

atrix-patterned 3D model was created with computer-aided de- 

ign (CAD) software. The square matrix had pores of 400 μm in 

ize and an overall thickness of 500 μm (consisting of two 250 

m single layers). The Slic3r software was utilized to calculate the 

elevant pre-print geometrical parameters of the scaffolds, such as 

ore size, porosity, wall thickness, and scaffold diameter ( Supple- 

entary Fig. 1 ). The 3D model used to make the sacrificial vessel 

emplate was created in a similar manner to the SLA printed bone 

onstructs. In our study, a Y-shaped 3D model was also designed 

ia the same CAD software. In order to create a sacrificial tem- 

late, polyvinyl alcohol (PVA) filament (Formfutura BV, The Nether- 

ands) was selected due to its intrinsic solubility in water, and 

as printed using an FDM printer (MakerBot, Brooklyn, NY). The 

rinted scaffolds were then cut into 8-mm-diameter 3D discs us- 

ng a biopsy punch, and HUVECs were introduced to the lumen of 

he Y-shaped vessel after the PVA based sacrificial template within 

he SLA printed GelMA scaffold was dissolved in deionized water. 

rior to injecting the HUVECs, the fabricated vessel channels were 

ashed with PBS five times using a pipette to completely remove 

ny PVA residues. The overall fabrication process is shown in Fig. 1 . 

.3. Characterization 

The morphology and surface topography of the 3D printed bone 

caffolds with various pore sizes and surface roughness were char- 
267 
cterized by an FEI Teneo LV Scanning electron microscope (SEM) 

Thermo Fisher Scientific, Waltham, MA). The samples without 

ells were coated with a 3 nm thick layer of argon and were ex- 

osed to a 5 kV applied potential difference with a 0.2 nA 13 pA 

lectron beam for imaging. The mechanical properties of the fabri- 

ated scaffolds were tested using an MTS Criterion universal test- 

ng system (MTS Systems Corp, Eden Prairie, MN). The system was 

quipped with a 100 N load cell. The 3D printed scaffolds were 

ompressed at a strain rate of 1 mm/min to a maximum strain 

f 20% with a preload of 0.01 N to ensure contact between the 

amples and the loading plate. The compressive modulus of each 

caffold was acquired from the slope of the linear elastic region 

t 0-10% of the stress-strain curve. The swelling behavior of the 

LA printed bone scaffolds with different bioink formulas was also 

tudied. The scaffolds were rinsed for a week in deionized ultra- 

ure water to remove unsolidified polymer and ceramic residues. 

hen, the hydrogel discs were dried in a vacuum chamber for a 

eek and were weighed to acquire their initial dry mass. The dried 

caffolds were left in deionized water at 37 °C for 48 hours to reach 

welling equilibrium. The equilibrium water content of each of the 

rinted scaffolds was calculated from the measured dry and hy- 

rated weights according to the following equation: 

C = 

W h − W d 

W d 

here W h and W d are the hydrated and dry scaffold weights, re- 

pectively. 

In addition to studying their swelling behavior, the optimized 

D bone and blood vessel scaffolds were incubated at 37 °C for 

0 days in the corresponding cell culture medium in order to test 

heir in vitro biodegradation properties. After 1, 5, 10, and 20 days, 

he samples were rinsed in deionized water, and were dried in 

n oven at 50 °C overnight. The weight retention percentage of the 

caffold after each time point was expressed as: 

etention wt % = 100 −
{(

W i − W f 

W i 

)
× 100 

}
( % ) 

here W i and W f indicate the initial dry weight and the final dry 

eight of the scaffold after its corresponding time point. 

.4. Cell culture 

hMSCs and HUVECs were obtained from Texas A&M Health Sci- 

nce Center (Institute for Regenerative) and Life Technologies, re- 

pectively. hMSCs were cultured in mesenchymal stem cell growth 

edium which contained 78% (v/v) alpha minimum essential me- 

ia, 20% (v/v) fetal bovine serum (FBS), 1% (v/v) ʟ-glutamine, 

nd 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific, 

altham, MA). HUVECs were cultured in endothelial growth media 

EGM) (Thermo Fisher Scientific, Waltham, MA). All experiments 

ere performed with hMSCs of passage number 6 and HUVECs of 

assage number 8. [24 , 25] . In the case of co-culture of different

ell types, a 1:1 volume ratio of blended media was used. 

.4.1. Cell proliferation and morphology 

For hMSC proliferation studies, the cells were seeded at a den- 

ity of 500 cells/mm 

2 and were cultured in 48-well plates (VWR, 

andor, PA) under standard cell culture conditions (37 °C with 5% 

O 2 concentration) for 1, 3, and 5 days, respectively. Cell culture 

edia was changed every other day, and the cell viability was 

uantified at each time point using a cell counting kit (CCK-8, Do- 

indo Molecular Technologies, Japan). Specifically, 400 μL of the cell 

ounting solution, composed of 10% (v/v) CCK-8 reagent and 90% 

v/v) hMSC culture media, was added into each well of the well 

lates, and the cells were incubated at 37 °C for 3 h before the 

uantification. Afterwards, 200 μL of supernatant from each well 
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ere transferred into a 96-well plate, and the absorbance of the 

olution was measured at 450 nm using a Thermo Scientific Multi- 

kan GO Spectrophotometer. Likewise, HUVEC proliferation studies 

ere performed in a similar manner with a cell density of 1,0 0 0 

ells/mm 

2 . 

Furthermore, the growth and spreading morphology of hMSC, 

UVEC, and co-culture with the same ratio of the two cells were 

haracterized for 1, 3, and 5 days using F-actin staining, and were 

bserved with a Zeiss LSM 710 confocal microscope (Carl Zeiss 

G, Oberkochen, Germany). Briefly, each scaffold was washed three 

imes with PBS in a 48-well plate, and the cells were fixed and per-

eabilized for 15 mins using 10% formalin and 0.1% Triton X-100, 

espectively. After the scaffolds were rinsed with PBS three times, 

he adhered cells were stained with Texas red 

TM -X phalloidin fluo- 

escent dye (cytoskeleton staining) for 1 hour and 4, 6-diamidino- 

-phenylindole dihydrochloride (DAPI) (nuclei staining) (Invitrogen, 

arlsbad, CA) for 15 mins. 

.4.2. Cell seeding and perfusion in 3D printed vascularized bone 

onstruct scaffolds 

hMSCs were seeded on the surface of the SLA printed bone por- 

ions of the scaffolds, while HUVECs were perfused directly into 

he scaffold vessel channels. 40,0 0 0 hMSCs were seeded directly 

nto the top layer of the fabricated 8 mm diameter scaffold discs 

bone portion) and were allowed to attach for 4 h. Afterwards, 

he scaffolds were flipped and the same number of hMSCs were 

eeded onto the other side of the constructs, and were incubated 

or an additional 4 h. Finally, HUVECs at a concentration of 4,0 0 0 

ells/μL were injected into the inlet of the blood vessel portion 

f the construct, and each specimen was flipped every two hours 

o promote an even distribution of endothelial cells over the ves- 

el lumen surface. Likewise, the growth and spreading morphology 

f HUVECs were observed with a confocal microscope after 1, 3, 

nd 7 days of cell injection. Constructs consisting of hMSC seeded 

one scaffolds with incorporated acellular blood vessel core scaf- 

olds served as a control group. 

.4.3. Dynamic cell culture condition 

To predict cell viability after implantation, a customized biore- 

ctor system was developed to provide culturing conditions simi- 

ar to the in vivo vascularized bone environment ( Fig. 2 ). The blood

ow rate in the human body with a corresponding vascular chan- 

el diameter within the range 800 μm to 1.8 mm is known to be

3.0 mL/min for arteries, and 1.2 – 4.8 mL/min for veins [26] . In 

rder to provide the same culture condition for the control (hMSCs 

nly) and non-control (hMSCs and HUVECs) experimental groups, 

:1 blended osteoinductive media (OM) /EGM cell culture media 

as equally supplied by a fluid reservoir to allow for indefinite 

umber of circulations. The cell culture media was perfused by 

 digital peristaltic pump (Cole-Parmer, Vernon Hills, IL) to flow 

hrough the vascular channels of the scaffolds at a flow rate of 5 

l/min continuously through the entire time culturing period to 

est mimic blood flow through the native vascularized bone tissue 

nvironment. The entire system was placed in a cell culture incu- 

ator at 37 °C and 5% CO 2 concentration. For comparison, a static 

ulture study was performed simultaneously in another incubator 

ith the same conditions including time points and composition 

or both the experimental and control groups in 48-well plates. 

.4.4. Osteogenic and angiogenic differentiation 

In order to assess the osteogenic potential of the vascularized 

one scaffolds, hMSCs were cultured in OM containing 500 mL al- 

ha minimum essential media, 50 mL 20% FBS, 10 nM dexametha- 

one, 50 μg/mL ʟ-ascorbate acid, and 10 mM β-glycerophosphate. 

or the purposes of co-culturing hMSCs and HUVECs, solutions of 

M and EGM were blended at a 1:1 volumetric ratio to provide 
268 
n optimal nutritional condition for both cell types. Cell culture 

edia was changed every other day for the static studies. After 

he initiation of osteogenic differentiation, the activity of alkaline 

hosphatase (ALP), which is an early indicator of hMSC osteoge- 

esis, was determined for the seeded scaffolds at 7 and 14 days 

sing a Quantichrom 

TM Alkaline Phosphatase Assay Kit (DALP-250) 

BioAssay Systems, Hayward, CA) according to the manufacturer’s 

nstructions (spectrophotometrically measured at 405 nm). Briefly, 

he ALP activity of the cultured cells was assayed by the release 

f p -nitrophenyl from p -nitrophenyl phosphate [27] . The total cal- 

ium content of the seeded scaffolds, which is the most significant 

ndicator of osteogenic differentiation of hMSCs, was quantified at 

0 and 20 days of culturing using a calcium reagent kit (Pointe 

cientific Inc, Canton, MI). The calcium reagent was prepared ac- 

ording to the manufacturer’s instructions and the scaffolds were 

mmersed in a 0.6 N hydrogen chloride (HCl) solution at 37 °C for 

4 hrs. After which, 50 μL of lysate and 200 μL of calcium reagent 

ere combined in a 96-well plate, and the absorbance was read at 

70 nm. In addition, the calcium amount resulted from nHA in the 

caffolds was substracted in order to obtain the net calcium pro- 

uction from differentiated hMSCs. Along with the total calcium 

ontent, the total collagen content of the seeded scaffolds was also 

easured to appraise the osteogenic differentiation of the hMSCs 

fter 10 and 20 days of culture. Each scaffold was immersed in 

00 μL of a 1% (w/v) papain solution at 60 °C for 18 h to facili-

ate for enzymatic digestion. 100 μL of digested aliquots were re- 

oved from each well and were transferred into a 96-well plate to 

e dried for 24 h. The specimens were then washed with pure wa- 

er three times. Afterwards, 150 μL of 0.1(%) (w/v) picro-sirus red 

olution (Direct Red 80 in Picric acid), was added to each well and 

he well plate was incubated at 37 °C for 1 hr. The solutions were 

aken out, and each well was gently rinsed with 5% (v/v) % acidi- 

ed water (Glacial acetic acid in deionized water). After which, 150 

L of 0.1 M NaOH solution was added into each well and incubated 

t room temperature for 30 min. A new 96-well plate was pre- 

ared, and the supernatants were transferred into it so they could 

e analyzed spectrophotometrically at 550 nm. 

In order to conduct immunofluorescence staining of the vas- 

ularized bone, the adhered hMSCs were fixed and permeabilized 

or 15 mins each with 10% formalin and 0.1% Triton X-100, re- 

pectively. Then, 1% (w/v) bovine serum albumin (BSA) blocking 

uffer was added to the scaffolds and they were incubated for 1 

 at 37 °C to block non-specific antibody binding. After which, the 

locking solution was removed, the scaffolds were washed with 

BS, and were then incubated overnight at 4 °C with the primary 

nti-osteocalcin (OCN) antibody (Santa Cruz Biotechnology, Dallas, 

X). The following day, the scaffolds were thoroughly rinsed and 

ere incubated for 1 h at room temperature with a secondary don- 

ey anti-rabbit IgG (H + L) alexa flour 594 (Thermo Fisher Scientific) 

ntibody. The cell nuclei were then stained with DAPI for 15 mins. 

imilarly, immunofluorescence staining of vascular networks was 

lso performed. Anti-CD31 antibody (CD31) (ab28364) was used as 

he primary antibody, and goat anti-rabbit IgG H&L (abcam) was 

sed as the secondary antibody. All other procedures for the stain- 

ng of the vascular channels of the constructs were the same as the 

mmunofluorescence staining process for the bone portions. All of 

he immunofluorescence-stained scaffolds were imaged and ana- 

yzed using a confocal microscope. 

.5. Statistical analysis 

The quantitative experiments were performed three times with 

riplicate samples for each group. All quantitative data are pre- 

ented as the mean ± standard deviation (n = 9). Data were an- 

lyzed by one-way analysis of variance (ANOVA) with Student’s t- 

est to verify statistically significant differences among the exper- 
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Fig. 5. (a) An SEM cross-sectional image of the inlet of the 3D printed blood vessel scaffold with 5% (w/v) GelMA after leaching out the PVA sacrificial template. Scale 

bar = 1 mm. (b) Top view of an optical microscopic image of the 3D printed blood vessel scaffold after the injection of HUVECs. Scale bar = 500 μm. F-actin staining 

confocal cross-sectional images of HUVECs at the inlet (c1) and 1.7 mm away (injection location) from the inlet (c2) after 3 days and 7 days (d1, d2) of cell injection in the 

3D printed blood vessel scaffold. The degree of vascular lumen wall formation can be visualized over time. 
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mental groups. A p-value < 0.05 was taken to be statistically sig- 

ificant. 

. Results 

.1. Scaffold imaging and material characterization 

A series of GelMA and PEGDA bioinks were formulated with 

he ratios of 1:3 to 3:1 and concentrations of 0%, 50%, and 70% 

w/v) nHA were optimized. It was found that inks with concentra- 

ions of nHA higher than 70% (w/v) were not printable with our 

LA printer. The morphology of 3D printed square pore scaffolds 

ith various concentration of nHA was characterized by SEM. The 
269 
oncentration of nHA affected the surface roughness of the SLA 

rinted bone constructs, as is shown in the SEM images of Fig. 3 .

abricated scaffolds with higher concentration of nHA with the 

xed ratio of GelMA to PEGDA resulted in a rough surface while 

caffold with lower mass contents of nHA exhibited a smooth sur- 

ace. The same trend could be found from the fabricated scaffolds 

ith a different ratio of GelMA to PEGDA ( Supplementary Fig 2-5 ). 

.2. Mechanical properties and cell biocompatibility 

In order to further investigate the mechanical properties of 

he bone scaffolds, the scaffold compressive modulus and mass 

welling ratios were determined. Similar to the changes observed 
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Fig. 6. A photo image of the fabricated 3D construct from the top view (left). The vessel layer was sandwiched between the bone constructs with micro-pores to form a 

mesh-like layer. Scale bar = 1 mm. A photo image of the top view of the fabricated vessel layer (right). In order to clearly visualize the Y-shaped main channel, a red color 

ink was injected after leaching out the PVA sacrificial template. Scale bar = 1 mm. 
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n the microscale surface features of the scaffolds with increas- 

ng nHA concentration, it was found that the mechanical strength 

f the bone scaffolds was proportional to the concentrations of 

EGDA and nHA, while the mass swelling ratio of the scaffolds de- 

reased with increasing concentrations of PEGDA and nHA ( Fig. 4 a, 

). Additionally, the proliferation profiles of hMSCs and HUVECs 

ultured on the printed scaffolds fabricated from the different 

ioink formulations were investigated, as is shown in Fig. 4 c, d. 

n comparison with the 1:2 ratio of GelMA: PEGDA group, the 1:3 

atio group exhibited enhanced cell proliferation of both hMSCs 

nd HUVECs across all concentrations of nHA. Interestingly, within 

he 1:3 GelMA:PEGDA ratio group, the concentration of nHA had 

 marked effected on cell proliferation ( Fig. 4 e, f). Mono-cultured 

MSCs and co-cultured hMSCs (red) with HUVECs (green) showed 

he highest viability on the surface of the 1:3 (GelMA: PEGDA) and 

0% (w/v) nHA concentration bone scaffolds after five days. Simi- 

arly, the enhanced cell proliferation on the bone scaffolds with the 

o-cultured hMSCs and HUVECs was sustained for 20 days ( Sup- 

lementary Fig 6 ). On the other hand, the in vitro biodegradation 

est result of the optimized 3D scaffolds did not exhibit a notice- 

ble trend until 20 days ( Supplementary Fig 7 ). In our previous re-

ort, a similar bioink composition demonstrated a dramatic change 

n vivo [28] . 

The bioink formulations and the material properties of the 

rinted vascular channels of the vascularized bone scaffolds were 

haracterized and evaluated in a similar manner to the bone por- 

ions of the scaffolds. Previous studies have found that the relevant 

apillary formative activity (angiogenesis) of HUVECs cultured on 

caffolds printed from bioink solutions with higher concentrations 

f GelMA ( > 10 w/v %) was lower than that of HUVECs cultured 

n scaffolds printed using 5% (w/v) GelMA [29 , 30] . This observa- 

ion was likely a result of the higher mechanical stiffness of the 

caffolds fabricated from the 10% (w/v) GelMA compared to the 

% (w/v) GelMA. On the other hand, maintaining a tubular vessel 

hape within the printed GelMA scaffold was found to be difficult 

hen the concentration of GelMA in the bioink was lower than 5% 

w/v). Therefore, we optimized the GelMA bioink that would be 

sed to fabricate the blood vessel scaffolds to have a concentra- 

ion of 5% (w/v), in order to simultaneously obtain favorable me- 

hanical robustness and provide a favorable environment to trigger 

he angiogenic processes of the seeded HUVECs [29 , 30] . The cells 

ere injected into the 3D printed vessel channels using an auto- 

laved syringe and a blunt-tip needle that was attached to lumen 
w

270 
urface of the channel. As is shown in Fig. 5 a, b, the main chan-

el was fabricated after leaching out the FDM printed sacrificial 

emplate, and the cross-sectional image of the inlet of a Y-shaped 

essel was characterized under SEM. The staining of HUVECs in the 

% (w/v) GelMA scaffolds after 3 and 7 days of culture at the in- 

et and the injection point, which were ~1.7 mm apart from one 

nother, demonstrate that the extent of the HUVEC cell layers, and 

he creation of the vascular lumen wall were significantly influ- 

nced by the physiochemical properties of the GelMA component 

f the bioink ( Fig 5 c, d ). 

Combining the 3D printed bone and blood vessel components 

f the constructs allowed for optimal structural and biological in- 

egration ( Fig. 6 ). In order to gain further insight into the extent 

f vascularization in the final constructs through the vasculogenic 

nd angiogenic processes of HUVECs, cells were stained and visual- 

zed using a cell tracker kit (Invitrogen, Carlsbad, CA). As is seen in 

he confocal microscope images from days 1 to 7 of culturing, the 

igration of HUVECs (red) from the blood vessel portion of the 

onstructs into the bone portions, which were seeded with hMSCs 

green), indicates potential vascularization in the bone part ( Fig. 7 ). 

he development and thickening of the endothelial cells’ layers of 

he vascular lumen wall could also be observed over the course of 

 days of culture. 

.3. Differentiation and dynamic culture effects 

The osteogenic differentiation of hMSCs is one of the most sig- 

ificant phases in bone tissue regeneration, and is regulated by a 

umber of various metabolic, genetic, and stimulatory factors [31] . 

steogenic differentiation was induced in hMSCs seeded on the 3D 

rinted bone scaffolds portions of the constructs over the course 

f 20 days of continuous culturing, while HUVECs seeded in the 

lood vessel channels began to form capillary networks through 

he process of angiogenesis. Constructs that were seeded with hM- 

Cs on the bone scaffold portions, but did not have their vascu- 

ar channels seeded with HUVECs served as the control groups. At 

ach designated time point, the ALP activity, calcium deposition, 

nd total collagen levels of the seeded hMSCs were evaluated. The 

ctivity of ALP, which is an early-stage marker of osteogenic dif- 

erentiation, was evaluated after 7 and 14 days ( Fig. 8 a) of culture, 

hile the deposition of calcium and collagen were quantified af- 

er 10 and 20 days ( Fig. 8 b, c). As mentioned above, all the tests

ere performed in both dynamic and static culturing conditions in 
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Fig. 7. Confocal microscopic fluorescence images of HUVECs in the blood vessel (red) (left column, cross-section) and hMSCs bone (green) (right column, top view) after 1 

(a), 3 (b), and 7 days (c). Scale bars = 200 μm. The vascular lumen formation was significantly enhanced over time. Also, the presence of HUVECs became visible on the 

surface of bone scaffold from day 3. In other words, endothelial cells were able to penetrate the GelMA based scaffolds to reach the bone layer and ultimately formed the 

vascular lumen wall. 

271 
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Fig. 8. Quantification of osteogenic differentiation including (a) ALP activities, (b) calcium deposition, and (c) the amount of total collagen. The acquired data showed that 

the presence of HUVECs and dynamic culture condition promoted the osteogenic differentiation. ∗p < 0.05 and ∗∗p < 0.01 when compared to hMSCs monoculture in static 

culture condition groups. Data are the mean ± SD, n = 9. 

Fig. 9. Confocal microscope immunofluorescence images of 3D printed scaffolds with (a) hMSCs (bone scaffolds, right columns) and HUVECs (blood vessel scaffolds, left 

columns) co-cultured, where the white dash lines indicate blood vessel channels, and (b) hMSCs monocultured systems in the static and dynamic culture conditions after 

10 and 20 days. In order to perform immunostaining, anti-OCN (red) and anti-CD31 (green) primary antibodies with DAPI (blue) were used to identify hMSCs and HUVECs, 

respectively. Scale bars = 100 μm. 
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eparate incubators under the same environmental conditions, in- 

luding a constant temperature of 37 °C with 5% CO 2 concentration. 

he customized bioreactor system that was used to implement the 

ynamic culture condition is shown in ( Fig. 2 ). 

The ALP activity of both the dynamic and static culture groups 

apidly increased over time after 2 weeks of culture. The ALP ac- 

ivities of hMSCs markedly increased during osteogenic induction. 

he ALP activity of the scaffolds that were cultured in the dynamic 

ystem was greater than those cultured in the static condition af- 

er 1 and 2 weeks. Additionally, it was found that the presence of 

UVECs in the printed constructs significantly enhanced the ALP 

ctivity of the co-cultured hMSCs, compared to the control con- 

tructs which lacked HUVECs. From week 1 to 2, the ALP activity 

f both groups increased by 3.27 Xs in the static hMSC-HUVEC co- 

ulture, by 1.22 Xs in the static hMSC control, by 1.71 Xs in the 

ynamic hMSC-HUVEC co-culture, and by 1.69 Xs in the dynamic 

MSC control. 

The deposition of calcium, which is a significant indicator of os- 

eogenic differentiation, was also quantified across all groups after 

0 and 20 days of osteogenic induction. The experimental results 

ndicated that the deposition of calcium increased over time across 

ll experimental groups. Similar to the observed ALP activity of the 

caffolds, the co-cultured hMSC system showed enhanced calcium 

eposition compared to the monoculture group in both culture 

onditions. However, the amount of calcium deposition varied dis- 

inctively between the different culture conditions. From days 10 
272 
o 20 of culturing, the calcium deposition in both groups increased. 

pecifically, the calcium deposition of the static hMSC-HUVEC co- 

ulture increased by 12.1%, the static hMSC control by 11.4%, the 

ynamic hMSC-HUVEC co-culture by 11.4%, and the dynamic hMSC 

ontrol by 32.6%. Along with calcium deposition, the total accumu- 

ation of collagen, which is the main component of the ECM of hu- 

an bone, was quantified 10 and 20 days after the initiation of os- 

eogenic differentiation. After 20 days of culture, the amount of to- 

al collagen in all experimental groups increased. Furthermore, the 

MSC-HUVEC co-cultured system yielded a higher total collagen 

ontent compared to the control groups in both static and dynamic 

ulture conditions. Specifically, within the first 10 days of cultur- 

ng the total collagen contents in both groups increased by 6.1% 

n the static hMSC-HUVEC co-culture, by 3.9% in the static hMSC 

ontrol, by 2.8% in the dynamic hMSC-HUVEC co-culture, and by 

.0% in the dynamic hMSC control. The results of these three dif- 

erent markers indicated that the presence HUVECs, which have 

een previously shown to promote osteogenesis in vitro in previ- 

usly reported studies [32-37] , significantly promoted osteogenic 

ifferentiation com pared to the control groups. 

The development of a mature vascularized bone tissue on the 

D printed scaffolds was further evaluated using the aforemen- 

ioned immunofluorescence staining markers for osteogenic differ- 

ntiation and angiogenesis over the course of 20 days. Specifically, 

he scaffolds incubated in the dynamic culture condition showed 

he highest degree of osteogenic differentiation, as can be seen by 
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he robust staining of OCN (red), as shown in Fig. 9 . Furthermore, 

he blood vessel layer of the constructs in the dynamic culture 

ondition also exhibited distinctive angiogenesis, as evidenced by 

he extensive staining of CD31 (green) ( Fig. 9 ). This investigation 

s meaningful, as the results visually depict the distinct presence 

f angiogenesis, in addition to the quantitative data of the pre- 

iously reported study using a hMSC-HUVEC co-culture [38] . The 

esults shown in Fig. 9 a further demonstrate that the dynamic cul- 

ure condition supports the formation of more extensive vascular 

aturation than the static condition. 

. Discussion 

In this work, we designed, fabricated, and optimized an osteo- 

onductive bone construct with perfusable vessel channels using a 

ual 3D printing platform. The design of the bone portions of each 

caffold included a printed lattice network of square pores with a 

ayer thickness of 250 μm, which were cut into 8 mm diameter cir- 

ular discs. This design permitted the hMSCs to effectively spread 

ver and through the entirety of the construct in order to replicate 

he structure of natural bone tissue through the process of osteo- 

enesis. 

As mentioned above, it was clear that the higher concentra- 

ion of nHA (up to 70 wt %) yielded a rougher surface, which was

dvantageous for providing a larger surface area for cell attach- 

ent. Additionally, the porous design was affected by the amount 

f GelMA and nHA in the bioink since (1) the higher GelMA con- 

ents conferred a greater swelling behavior of the scaffold, which 

esulted in larger pore sizes when the scaffolds were dried for 

EM imaging, and (2) nHA interferes with the penetration of the 

aser light into the bioink ( Supplementary Fig 2-5 ). Additionally, 

here are two major reasons why the 1:3 (GelMA: PEGDA) with 

0% (w/v) nHA yielded more favorable cell growth over the other 

caffold groups in the analysis of the cell proliferation profiles of 

MSCs and HUVECs. The first reason being that PEGDA promoted 

nterchain reactions for polymerization to increase the crosslink 

ensity of the bioink, which resulted in an increase in the mod- 

lus of the hydrogels [39 , 40 ]. Secondly, the presence of nHA ce-

amic powder modified the physical surface features of the photo- 

rosslinkable hydrogel composite, which in turn provided a larger 

urface area for the interfacial adhesion and proliferation of the 

ells. Since natural human bone contains approximately 70% (w/w) 

HA [ 41 , 42 ], it makes sense that scaffolds fabricated from bioinks 

hat included this concentration of nHA conferred the highest de- 

ree of hMSC growth. Along with the porous structure of bone tis- 

ue, most of the blood vessel channels in the human body con- 

ist of multiple junctions to divide or merge the flow of blood. 

e translated this physiological aspect of native vasculature into a 

imple “Y”-shaped channel within our construct, in order to eval- 

ate its efficiency in oxygen and waste transportation under dy- 

amic culture conditions. This simple “Y” tube structure has a 

arger exposed surface area to the bone layers of the construct and 

o the air, as compared to a single straight tube. After optimiza- 

ion, the resultant scaffolds with combined bone and blood ves- 

el portions, demonstrated that the perfusion of HUVECs into the 

ubular shaped GelMA scaffold induced the creation of endothelial 

umen sheets and potential vascularization. Also, our previously re- 

orted and currently performed biodegradation tests show that the 

egradation of gelatin can be enhanced in the presence of in vivo 

nzyme (e.g., collagenase and gelatinase) compared to the hydrol- 

sis in vitro . As is known, the slow degradation could be beneficial 

or the structural stability of the scaffolds over the long-term pro- 

ess of bone regeneration. Also, we did not observe any evident tis- 

ue necrosis, edema, hyperemia, hemorrhaging, and muscle dam- 

ge observed over the 16 weeks of implantation [28] . Histological 

nalysis showed the tissue reaction in vivo of the GelMA hydrogel 
273 
as consistent with a typical foreign body reaction with no severe 

hronic inflammation, demonstrating its good biocompatibility for 

issue engineering applications [28] . 

In addition, maturing vascularized bone tissue was developed 

n the hMSC-HUVEC co-culture system through the formation of 

ufficient vascular networks and the osteogenic differentiation of 

MSCs. This experimental result supports our hypothesis since the 

resence of HUVECs in the 3D printed scaffold induced angiogen- 

sis and the formation of observable capillary networks. Our re- 

ults also demonstrate that microvascular networks in the fabri- 

ated scaffolds contributed to the notable osteogenic differentia- 

ion of hMSCs. Furthermore, our custom-designed, in vivo -like dy- 

amic culture system had a notable and beneficial effect on the 

steogenic induction of hMSCs over the static culture condition. 

ompared to other studies [ 43 , 44 ], the innovation of our study 

an be highlighted with the implementation of a dynamic culture 

ystem to mimic the native environment and the incorporation of 

erfusable vessel, which is not limited to a simple co-culture sys- 

em to create micro vessels. By incorporating the two approaches, 

e could also potentially further improve upon the previous work 

ur research group [ 45 , 46 ]. Moreover, the experimental data of this 

tudy demonstrates that the use of a dual 3D printing technique 

ith an optimally blended bioink enhanced the formation of vas- 

ularized bone tissue. 

To conclude, we have designed and characterized dual 3D 

rinted bone tissue constructs with perfusable vessels and 

prouted capillaries. In particular, the use of hydrogel bioinks, such 

s GelMA and PEGDA incorporated materials, was demonstrated to 

e beneficial for the formation of vascular networks in our study. 

s the experimental results of our study demonstrated, we were 

ble to effectively engineer a feasible, expedient, and customizable 

ascularized bone scaffold with desired mechanical properties and 

iological functionality. Due to its biomedical potential and tech- 

ical flexibility, our dual 3D printing approach can be used not 

nly for the development of implantable vascularized bone con- 

tructs, but also to study and model osteogenic diseases. Our ap- 

roach contributed to the improvement and enhancement of hMSC 

rowth, osteogenic differentiation, vasculogenesis, and angiogene- 

is. Therefore, this study provides a promising platform for future 

esearch in the field of regenerative medicine and biomedical ap- 

lications. 
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