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Current in vitro systems mimicking bone tissues fail to fully 

integrate the three-dimensional (3D) microvasculature and bone 

tissue microenvironments, decreasing similarity to in vivo 

conditions. Here, we propose 3D microvascular networks in 

hydroxyapatite (HA)-incorporated extracellular matrix (ECM) for 

designing and manipulating a vascularized bone tissue model in a 

microfluidic device. Incorporation of HAs of various 

concentrations resulted in ECM with varying mechanical 

properties. Sprouting angiogenesis was affected by mechanically 

modulated HA-extracellular matrix interactions generating a 

model of vascularized bone microenvironment. Using this 

platform, we observed that hydroxyapatite enhanced angiogenic 

processes such as sprout length, sprouting speed, sprout number, 

and lumen diameter. This new platform integrates fibrin ECM with 

the synthetic bone mineral HA to provide in vivo like 

microenvironments for bone vessel sprouting. 

Recently, microfluidic devices have been engineered to mimic 

tissues and organs to model physiological cellular 

microenvironment.  Further development of these microfluidic 

models have begun to generate in vitro disease (i.e. cancer) states 

for drug screening and understanding of biological mechanism. 

Organs on chip show great potential as alternatives for replacing 

animal testing for biomedical, pharmaceutical, and toxicological 

applications
1
. Consequently, microvascular systems have been 

proposed as efficient three-dimensional (3D) in vitro models for 

studying complex biological phenomena in living systems
1,2

.  

Specifically for vascularized bone tissue models, microfluidic 

devices have been developed to investigate breast cancer 

metastasis to the bone and cancer extravasation using an osteo-cell 

condition microenvironment
2
. The in vitro platforms of vascularized 

bone models have also been engineered to evaluate angiogenic 

potential
3
 and for coupling with osteogenesis

4
. For breast cancer 

bone metastasis, in vitro mineralized tumors were developed solely 

with cancer cells and were able to induce secondary tumor 

formation
5
. Bone angiogenesis has important roles in endochondral 

bone formation and repair
6
.
 
However, these in vitro methods, either 

conventional or microfluidic platforms, were not able to mimic the 

in vivo bone angiogenesis that is involved in vessel sprouting within 

the mineralized bone matrix. Note that an ideal platform for 

engineering bone tissue should have suitable 3D structures with 

interconnected pores to facilitate cellular activities while 

maintaining sufficient mechanical strength to support cell adhesion, 

proliferation, and differentiation
7-12

.  

Here we report a new platforms incorporating hydroxyapatite 

(HA) into the microfluidic chip as mineralized bone tissue models 

for mimicking real bone angiogenesis. To this end, fibrin, as a model 

extracellular matrix (ECM), was combined with HA nanocrystals in 

order to mimic a real bone tissue matrix with highly porous and 

interconnected structures of HA-fibrin scaffolds to induce vessel 

sprouting (Fig. 1). Using this platform, we observed that 

hydroxyapatite enhanced angiogenic processes such as sprout 

length, sprouting speed, sprout number, and lumen size.  

The microfluidic device consists of four parallel channels 

separated by 100 µm gaps using microposts, and this also facilitated 

paracrine communication between endothelial cells (ECs) and 

stromal cells during vessel formation, as shown in Fig. 1(a-c). Note 

that we designed channels with 100 μm micropost gap to prevent 

leakage and capture the hydrogels in the microfluidic device
8
. Lung 

fibroblasts (LFs) were selected as stromal cells due to their 

capability to secrete pro-angiogenic growth factors and ECM 

proteins that enhance human umbilical vein endothelial cell 

(HUVEC) morphogenesis
8
. The microfluidics also enable separate 

and simultaneous tuning of biomechanical and biochemical 

simulation, resulting in discrete changes in matrix density, growth 

factor concentration, growth factor gradient steepness, which are 

Page 1 of 6 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

mailto:njeon@snu.ac.kr
mailto:rain2000@jnu.ac.kr


COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

important during the stages of early sprout initiation, sprout 

elongation, sprout navigation, and lumen formation
13

. 

Containing HA nanoparticles in the fibrin ECM, these platforms 

more closely resemble in vivo bone tissue, which is mainly 

composed of stiff ECM and calcium phosphate minerals that 

contribute to the hardness and rigidity of bone. Fig. 1(d) shows 

various structures consisting of pure fibrin (0% HA) and fibrin with 

0.05% HA, 0.10% HA, 0.30% HA, 0.4% HA and 0.50% HA. The images 

show that the HA particles distributed homogenously within the 

fibrin hydrogel and the HA particles can be readily seen with 

increasing HA concentrations in the microfluidic chip (Fig. 1, S1, S2, 

and Table S1). We have confirmed that the fibrin and HA 

polymerization was limited up to 0.4% HA. With 0.5% HA and above, 

the mixture of fibrin and HA could not polymerize in the 

microfluidic channel to form hydrogel-like structures, as shown in 

Fig. 1(d). In addition, to confirm the distribution of HA within the 

fibrin in the microfluidic channel, we treated the fibrin-HA hydrogel 

with the hydrophilic dye Trypan Blue
14,15

 (Fig. 1(e)). Moreover, 

Trypan Blue that selectively stained the ceramics was used as a 

nonspecific indicator of adsorption potential of HA
15

. As shown in 

Fig. 1(e), Trypan Blue does not adsorb into fibrin hydrogel, but 

incorporation of HA induces greater dye adsorption to the hydrogel. 

Thus, incorporation of HA alters protein adsorption
15

.  

To confirm the effects of HA on blood vessel formation, we 

conducted angiogenesis experiments using various HA 

concentrations. Fig. 2(a) shows examples of bright field images, 

while Fig 2(d) shows confocal images of angiogenic vascular 

networks that were established with 0.0% HA and 0.2% HA. 

Immunostaining indicates the expression of the EC marker CD31 

was concentrated at junctions between adjacent cells. Fig. 2(b) 

shows the quantification of angiogenic sprout growth for various 

HA concentrations.  

With the addition of HA into the fibrin hydrogel, the average 

sprout length increased from 593 µm to 694 µm for 0.0% and 0.2% 

HA, respectively. On the other hand, 0.3% and 0.4% HA slightly 

decreased sprout length, which were 635 µm and 585 µm, 

respectively. Thus, these results suggest that the sprout length for 

0.0% and 0.4% HA were comparable. Fig. 2(b) shows the average 

speed of vessel sprouting from day 3 to day 4. Vessel sprouting for 

0.2% HA exhibited the fastest speed at 6 µm/h, followed by 0.4% 

HA and 0.1% HA with 3 µm/h for both conditions. For 0.0% HA and 

0.30% HA, the sprouting speed was 2 µm/h and 1 µm/h, 

respectively. We have learned that the fibrin gels started to induce 

fiber aggregation when HA concentration was increased (i.e., > 0.4% 

HA), resulting in non-uniform hydrogel formation. Therefore, the 

endothelial cells might penetrate deep into the coarse structures of 

hydrogel, which might enhance the angiogenesis speed in the 0.4% 

HA-fibrin gels than 0.3% HA-fibrin gels in the microfluidic devices. 

Incubation of ECs with crystallized HA favored cell adhesion, 

spreading, and proliferation, inducing an activation of cytoskeletal 

architecture without any cytotoxic effect. HA nanocrystals exhibit 

high biocompatibility for microvascular endothelium, maintaining 

biochemical markers of healthy endothelium and expressing 

markers of functional endothelium that might contribute to 

angiogenesis.  

We also determined the effect HA on lumen formation for 0.0% 

HA and 0.2% HA, as shown in Fig. 2(d) and Fig. 2(e). The average 

lumen area for 0.2% HA (5963 µm
2
) was greater than 0.0 % HA 

(4044 µm
2
). Fig. 2(e) shows that the number of sprouts at day 4 

were 19 and 26 for 0.0 % HA and 0.2% HA, respectively. This result 

suggests that the number of sprouts was increased by the addition 

of HA into the fibrin. Besides chemical cues such as growth factors, 

mechanical cues (matrix stiffening) can also effect blood vessel 

formation, especially during angiogenesis
16

. Hydrogels containing 

higher HA concentrations were significantly stiffer than pure 

hydrogel
11

. Thus, in this work, the fibrin stiffness was tuned by 

incorporating HA in the hydrogel. ECM stiffness can modulate 

capillary formation as well as barrier integrity by altering 

endothelial response to chemical factors
16

. The difference values in 

Fig. 2(e) indicate that lumen formation is more favorable in an HA 

environment, which is stiffer than pure fibrin. These results are 

supported by the previous findings that more stable and larger 

lumens are formed with increasing gel stiffness observed in 3D rigid 

gels
13,17

. Matrix stiffness also influences EC elongation and 

sprouting in 3D environments, resulting in enhanced sprouting and 

outgrowth
18

. In addition, thicker and deeper vessel networks were 

formed with the increasing stiffnesss
17

. Thus, the HA-fibrin stiffness 

affects the number of sprouting vessels. 

Fig. 3 shows a schematic depiction of a proposed model for the 

effects of HA particles on bone angiogenesis that might be 

occurring in this study. One of the important factors in developing 

bone-mimicking scaffolding material is the ability to favor ECs, 

which typically occurs via growth factors such as vascular 

endothelial growth factors (VEGFs) that have been reported as 

critical chemotactic factors for vasculogenesis and angiogenesis. 

VEGFs are also involved in osteoblast and osteoclast differentiation 

and appear to enhance bone growth and repair in vivo
19

. VEGFs are 

able to adsorb into HA nanocrystal surfaces and are able to 

accelerate angiogenesis
19,20

. There is a strong electrostatic 

attraction between VEGFs and HAs during the adsorption of VEGFs 

onto micro- or nanosacle HA surfaces
20

. Therefore, HA has been 

widely used as a VEGF delivery system. Compared to high 

concentrations of VEGF release, sustained release of VEGF 

increased the efficacy of VEGF delivery with prolonged 

bioavailability of low concentrations of VEGF, which is more 

beneficial for bone regeneration
21

. Continuous delivery of low 

concentrations of VEGFs from calcium phosphate ceramics might 

increase the efficacy of the administration of VEGFs
21

. Moreover, 

mesoporous HA (MHA), with various pore sizes, which were infused 

with VEGFs can gradually release VEGF and enhance 

revascularization
20

. Gradual release and accumulation of VEGF 

could promote the proliferation of HUVECs and lead to rapid 

vascularization after implantation
20

. On the other hand, increasing 

HA concentration will increase growth factor adsorption and will 

enhance spout formation only up to a certain level. After this 

optimum level, sprout formation will be reduced with excess HA. 

High local concentrations of VEGF result in the formation of 

malformed and non-functional vessels due to changes in angioblast 

behavior in normally avascular areas
22

. High local concentrations of 

VEGF also cause the loss of individual vessel identity due to 

alterations in vessel lumen formation and vessel patterning, 

resulting from the unregulated and excessive fusion of vessels
22

. 

Furthermore, matrix metalloproteinases (MMPs) expression 

increases with increasing stiffness, resulting in decreasing vessel 
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density
23

. MMPs regulate the vascular structure by degrading 

elastic fibers and inhibiting angiogenesis by generating angiostatin, 

which results in the reduction of microvascular density. Taken 

together, HA particles might play an important role in 3D bone 

angiogenesis during the bone development process. 

 

Conclusions 
Bone is a highly vascularized tissue but lack a good in vitro 

model that reflect complex chemical (i.e. growth factor trapping) 

and mechanical (i.e. stiffness) microenvironment. We have 

successfully constructed bone angiogenesis model in a microfluidic 

device to overcome the limitations of current in vitro models. This 

new platform integrates fibrin ECM with the synthetic bone mineral 

HA to provide in vivo like microenvironments for bone vessel 

sprouting. Formation of angiogenic networks was observed as 

function of various HA concentrations. This bone angiogenesis 

platform is relevant for various applications, including drug 

screening and as a bone disease (i.e. metastasis to bone) model. We 

conclude that our HA-incorporated 3D microvascular networks offer 

a new approach for the investigation of complex biological 

phenomena as well as for analysis of drug responses and toxicities 

in bone tissues. 
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Fig. 1 Rational design and fabrication of microfluidic vascularized bone tissue model with hydroxyapatite-incorporated extracellular matrix 

(ECM). (a) Angiogenesis during bone development. (b) HA nanocrystals and fibrin ECM encapsulating the blood vessel. (c) Schematic of the 

microfluidic chip. (d) Cell seeding configuration for angiogenesis with images of fibrin incorporated with 0.00%, 0.05%, 0.10%, 0.30, 0.40, 

and 0.50%. With 0.5% HA and above, the mixture of fibrin and HA could not polymerize in the microfluidic channel to form hydrogel-like 

structures. Scale bar: 50 μm. (e) Fibrin and HA polymerization (0.0%, 0.1% and 0.3% HA) after treatment with Trypan Blue. Scale bar: 25 

µm. 

Page 4 of 6Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

 
 

 

Fig 2 Enhanced angiogenic processes in microfluidic devices with hydroxyapatite-incorporated extracellular matrix. (a) Bright field images 

of angiogenic vascular networks established. (b) Quantification of angiogenic sprout growth (n=20, P < 0.01) and average speed of vessel 

sprouting (n=20, P < 0.05). (c) Confocal images of vascular networks established by angiogenesis that were stained for CD31 (green) and for 

nuclei (blue). (d) Cross-sectional images of hollow lumens enclosed by HUVECs. (e) Quantification of sprout number at day 4 (n=20, P < 

0.001) and area of lumens at day 4 (n=20, P < 0.05). Scale bar: 200 µm. Error bars represent SEM. 
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Fig. 3 Schematic depiction of a proposed model for the effects of HA particles on bone angiogenesis. The HA particles might 

adsorb growth factors (e.g., VEGFs), which might accelerate angiogenesis
19,20

. On the other hand, excessive HA particles might 

not allow enough space for enhancing angiogenesis
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