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Abstract

Objectives—Calcium phosphate cement (CPC) is promising for dental and craniofacial repairs. 

Vascularization in bone tissue engineering constructs is currently a major challenge. The 

objectives of this study were to investigate the prevascularization of macroporous CPC via 

coculturing human umbilical vein endothelial cells (HUVEC) and human osteoblasts (HOB), and 

determine the effect of RGD in CPC on microcapillary formation for the first time.

Methods—Macroporous CPC scaffold was prepared using CPC powder, chitosan liquid and gas-

foaming porogen. Chitosan was grafted with Arg-Gly-Asp (RGD) to biofunctionalize the CPC. 

HUVEC and HOB were cocultured on macroporous CPC-RGD and CPC control without RGD for 

up to 42 d. The osteogenic and angiogenic differentiation, bone matrix mineral synthesis, and 

formation of microcapillary-like structures were measured.

Results—RGD-grafting in CPC increased the genes expressions of osteogenic and angiogenic 

differentiation markers than those of CPC control without RGD. Cell-synthesized bone mineral 

content also increased on CPC-RGD, compared to CPC control (p < 0.05). Immunostaining with 

endothelial marker showed that the amount of microcapillary-like structures on CPC scaffolds 
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increased with time. At 42 d, the cumulative vessel length for CPC-RGD scaffold was 1.69-fold 

that of CPC control. SEM examination confirmed the morphology of self-assembled 

microcapillary-like structures on CPC scaffolds.

Significance—HUVEC+HOB coculture on macroporous CPC scaffold successfully achieved 

prevascularization. RGD incorporation in CPC enhanced osteogenic differentiation, bone mineral 

synthesis, and microcapillary-like structure formation. The novel prevascularized CPC-RGD 

constructs are promising for dental, craniofacial and orthopedic applications.

Keywords

Macroporous calcium phosphate cement; prevascularization; RGD biofunctionalization; bone 
regeneration; endothelial cells; osteoblasts

1. Introduction

The need for bone repair in dental, craniofacial and orthopedic applications has increased as 

the world population ages [1-3]. Tissue engineering approaches are being developed with 

promising results for regenerative medicine applications [4-8]. The reconstruction of large 

skeletal defects, however, is still a major orthopedic challenge for tissue engineering 

strategies due to inadequate vascularization [9]. A slow or incomplete vascularization at the 

defects where bone biomaterials were implanted in vivo would result in inadequate oxygen 

and nutrition supply and waste products removal, leading to hypoxia and cell death. 

Therefore, the development of a functional microvasculature and angiogenesis in bone tissue 

constructs are vital to achieve successful therapeutic outcome in bone regeneration [10]. To 

achieve rapid and sufficient angiogenesis, several approaches were investigated, including 

the application of angiogenic growth factors in biomaterials to induce angiogenesis into 

implants in vivo [11-15], and the creation of microvascular networks on biomaterials in vitro 

before implantation (prevascularization) [14-18]. The prevascularization approach may help 

achieve success if the host vascular system can be integrated with the preformed vasculature 

to rapidly establish circulation throughout the biomaterial scaffold after implantation.

Calcium phosphate cements are promising for bone repair because of their injectability and 

biocompatibility [2,5,19-21]. A calcium phosphate cement comprising of a mixture of 

tetracalcium phosphate [TTCP: Ca4(PO4)2O] and dicalcium phosphate anhydrous (DCPA: 

CaHPO4) was referred to as CPC [19,22]. Due to its excellent osteoconductivity and bone 

replacement capability, CPC was approved in 1996 by the Food and Drug Administration 

for repairing craniofacial defects in humans, thus becoming the first CPC available for 

clinical use [19]. CPC can be molded to the desired shape for esthetics and set to form a 

scaffold for bone ingrowth. Potential dental and craniofacial applications of CPC include 

mandibular and maxillary ridge augmentation, periodontal bone repair, support of metal 

dental implants or augmentation of deficient implant sites, and major reconstructions of the 

maxilla or mandible after trauma or tumor resection. However, limited angiogenesis and 

insufficient bone formation was observed with calcium phosphate biomaterials [11]. 

Angiogenic growth factors have been used to address this issue [11]. Another promising 

approach to overcome this problem is in vitro prevascularization of the scaffold [14,15]. 

This can potentially be achieved via the coculture of endothelial cells and osteoprogenitor 
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cells [16-18]. A previous study cocultured endothelial cells and osteoblasts on porous 

hydroxyapatite, porous β-tricalcium phosphate, porous nickel-titanium, and silk fibroin nets, 

yielding a tissue-like self-assembly of cells with endothelial cells forming microcapillary-

like structures [16]. Another study used starch-based scaffold to coculture osteoblasts and 

endothelial cells and obtained microcapillary-like structures [17]. However, a literature 

search revealed no report on prevascularization of CPC, except our recent study on coculture 

of endothelial cells and osteoblasts on CPC without biofunctionalization [23], in which cell 

attachment was not robust.

Therefore, the aim of the present study was to investigate the prevascularization of CPC by 

coculture of human umbilical vein endothelial cells (HUVEC) and human osteoblasts 

(HOB) on a biofunctionalized CPC scaffold. RGD was grafted with chitosan which was then 

mixed into CPC to yield a CPC-RGD scaffold to enhance cell attachment and function, 

which was compared to CPC control without RGD. A gas-foaming method was used to 

create macropores in CPC. It was hypothesized that: (1) CPC-RGD scaffold seeded with 

HUVEC and HOB will have higher angiogenic and osteogenic gene expressions than CPC 

control; (2) CPC-RGD scaffold seeded with HUVEC and HOB will have more bone mineral 

synthesis than CPC control; (3) CPC-RGD scaffold seeded with HUVEC and HOB will 

generate much more microcapillary-like structures than CPC control.

2. Materials and methods

2.1. Fabrication of gas-foaming CPC with immobilized adhesive peptide

CPC powder consisted of an equimolar mixture of TTCP and DCPA. TTCP was synthesized 

from a solid-state reaction between CaHPO4 and CaCO3 (J. T. Baker, Phillipsburg, NJ) and 

then ground to obtain a median particle size of 17 μm. The DCPA powder was ground to 

obtain a median particle size of 1 μm. The TTCP and DCPA powders were mixed in a 

blender to form the CPC powder with a TTCP:DCPA molar ratio of 1:1. CPC liquid 

consisted of chitosan malate (Vanson, Redmond, WA) mixed with distilled water at a 

chitosan/(chitosan + water) mass fraction of 15%. Chitosan was used because it could cause 

fast-setting to CPC paste and strengthen the CPC [24]. RGD was immobilized with chitosan 

by coupling G4RGDSP (Thermo Fisher, Waltham, MA) with chitosan. This was achieved 

by forming amide bonds between carboxyl groups in peptide and residual amine groups in 

chitosan, using 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC, 

Thermo Fisher) and sulfo-N-hydroxysuccinimide (Sulfo-NHS, Thermo Fisher) as coupling 

agents [25-27]. After dissolving G4RGDSP peptide (12.4 mg, 16.32 × 10-6 mol) in 0.1 

mol/L of 2-(N-Morpholino) ethanesulfonic acid (MES) buffer (4 mL) (Thermo Fisher), EDC 

(3.76 mg, 19.6 × 10−6 mol) and Sulfo-NHS (0.28 mg, 2.44 × 10−6 mol) were added to the 

peptide solution (molar ratio of G4RGDSP:EDC:NHS = 1:1.2:0.6). The solution was 

incubated at room temperature for 30 min to activate the terminal carboxyl group of proline. 

Then, this solution was added to the chitosan solution dissolved in 0.1 mol/L of MES buffer 

(100 mL, 1 wt%). The coupling reaction was performed for 24 h at room temperature 

[25-27]. The products were dialyzed against distilled water using a Dialysis Cassettes 

(MWCO = 3.5 kDa) (Thermo Fisher) for 3 days to remove the uncoupled peptides by 
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changing water 3 times daily. Finally, the products were freeze-dried to yield RGD-

immobilized chitosan [25-27].

A gas-foaming method was used to create macropores in CPC. Following a previous study 

[28], sodium bicarbonate (NaHCO3) and citric acid monohydrate (C6H8O7·H2O) were 

added into CPC as the porogen. The acid-base reaction of C6H8O7·H2O with NaHCO3 

produced CO2 bubbles in CPC, resulting in macropores [29]. NaHCO3 was added to the 

CPC powder at a NaHCO3/(NaHCO3 + CPC powder) mass fraction of 15%. The 

corresponding amount of C6H8O7·H2O was added to the CPC liquid, to maintain a 

NaHCO3/(NaHCO3 + C6H8O7·H2O) mass fraction of 54.52%, following a previous study 

[28].

CPC paste was formed by mixing CPC powder with CPC liquid at a powder to liquid mass 

ratio of 2 to 1. The paste was placed in Teflon molds to fabricate macroporous CPC disks 

with 12 mm in diameter and 1.5 mm in thickness. Two types of materials were fabricated: 

CPC control (in which the cement liquid used chitosan without RGD), and CPC-RGD (using 

chitosan with RGD). Specimens were set in a humidor with 100% relative humidity for 24 h 

at 37°C, sterilized in an ethylene oxide sterilizer (Andersen, Haw River, NC) for 12 h and 

then degassed for 7 d prior to cell seeding.

2.2. Cell cultures

HUVEC (Lonza, Walkersville, MD) were cultured in Endothelial Cell Growth Medium-2 

(EGM-2; Lonza) which consisted of Endothelial Cells Basal Medium-2 (EBM-2; Lonza) 

and a provided kit (Lonza). HOB (Lonza) were cultured in Osteoblast Growth Medium 

(OGM; Lonza) which consisted of Osbteoblasts Basal Medium (OBM; Lonza) and a 

provided kit (Lonza). Fourth passages of cells were used for the study. At 80% to 90% 

confluence, cells were detached by trypsin-EDTA (Invitrogen, Carlsbad, CA) and washed 

twice with phosphate-buffered saline (PBS). HUVEC were mixed with HOB at 4:1 ratio in 

EGM-2 for coculture [17]. The macroporous CPC disks were pre-incubated with EGM-2 for 

3 h in a humidified incubator prior to cell seeding. Then, they were placed individually in 

12-well petri plate. The mixed HUVEC + HOB suspension (1.5 × 105 cells/disk) was seeded 

drop-wise on the top surface of each disk and cultured with EGM-2 in a humidified 

incubator (5% CO2, 37 °C) for up to 42 d. The medium was replaced every 2 d.

2.3. Quantitative real time-PCR

Quantitative real-time polymerase chain reaction (qRT-PCR, 7900HT, Applied Biosystems, 

Foster City, CA) was used to measure gene expression of cells on CPC at 14 d, 28 d, and 42 

d. The total cellular RNA of the cells was extracted with TRIzol reagent (Invitrogen). RNA 

concentration was measured via a NanoDrop 2000 spectrophotometer (Thermo Fisher, 

Wilmington, DE) and diluted to 100 ng/μL if necessary. RNA was reverse-transcribed into 

cDNA using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). 

TaqMan gene expression assay kits (Applied Biosystems) were used to measure the 

transcript levels of the following genes: human alkaline phosphatase (ALP, 

Hs00758162_m1), osteocalcin (OC, Hs00609452_g1), collagen type I (Coll I, Hs00164004), 

vascular endothelial growth factor A (VEGF, HS00900055_ml), von-Willebrand factor 
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(vWF, Hs00169795_m1), vascular endothelial cadherin (VE-cadherin, Hs00170986_m1), 

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs99999905). Relative 

expression level for each target gene was evaluated using the 2−ΔΔCt method [30]. The Ct 

values of target genes were normalized by the Ct of the TaqMan human housekeeping gene 

GAPDH to obtain the ΔCt values. The Ct of HUVEC + HOB cocultured on tissue culture 

polystyrene for 1 d served as the calibrator.

2.4. Mineral synthesis by cocultured cells

The osteogenesis ability of cocultured cells on the scaffolds was evaluated by staining the 

minerals synthesized by the cells after 42 d of culture. The CPC disks with cells were 

washed with PBS, fixed with 10% formaldehyde, and stained with Alizarin Red S (ARS) 

(Millipore, Billerica, MA) for 20 min, which stained calcium-rich deposits by cells into a red 

color [31]. An Osteogenesis Kit (Millipore) was used to extract the stained minerals and 

measure the ARS concentration, following the manufacturer's protocol [27]. An ARS 

standard curve was established with known concentrations of the dye. CPC control scaffolds 

with the same compositions and treatments, but without cell seeding, were also measured. 

The control's ARS concentration was subtracted from the ARS concentration of the cell-

seeded scaffolds, to yield the net mineral concentration synthesized by the cells [27,31].

2.5. Immunofluorescent staining of PECAM -1 (CD31)

To determine vascular development, cell-scaffold constructs were immunofluorescent 

stained for PECAM-1 (CD31, endothelial-specific) (Invitrogen) at 14 d, 28 d, and 42 d. The 

samples were briefly rinsed twice with PBS, fixed with 4% parformaldehyde for 20 min, 

washed twice with PBS, permeabilized with 0.5% Triton X-100 for 5 min and blocked with 

0.1% bovine serum albumin (BSA) for 30 min. After washing twice with PBS, the samples 

were incubated with the primary mouse monoclonal antibody anti-human CD31 (1:200, 

Invitrogen) overnight at 4 °C. The samples were then washed twice with PBS and incubated 

with secondary antibody (1:1000, goat anti-mouse Alexa Fluor 488, green fluorescence, 

Invitrogen) for 1 h. This was followed by a brief rinse in PBS, staining of nuclei with DAPI 

(1 μg/ml, Sigma, St. Louis, MO) for 10 min at room temperature and washing with PBS. 

The samples were placed in Fluoromount Aqueous Mounting Medium (Sigma) and viewed 

under epifluorescent microscopy (TE2000S, Nikon, Melville, NY). The capillaries were 

stained green and showed as tube-like structures. Three random fields of view were imaged 

from each sample (five samples yielded 15 photos for each time point). The length of 

capillaries was measured and added together to obtain the cumulative length of capillaries 

for each image using Image-Pro Plus software (Media Cybernetics, Silver Springs, MD). 

The cumulative length of capillaries of the image was then divided by the area of that image, 

to yield the cumulative vessel length per scaffold surface area.

2.6. Scanning electron microscopy of cells on CPC

The cell-scaffold constructs were examined under scanning electron microscopy (SEM, 

Quanta 200, FEI, Hillsboro, OR, SEM). After culturing for 14 d, the samples were fixed 

with 2% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4, dehydrated with gradient 

ethanol, and rinsed with hexamethyldisilazane. The samples were dried overnight, sputter-

coated with gold and then examined in SEM.
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2.7. Statistical analysis

One-way and two-way ANOVA were performed to detect significant effects of the 

variables. Tukey's multiple comparison was performed at p = 0.05 to analyze the measured 

values.

3. Results

RT-PCR showed elevated osteogenic and angiogenic differentiation markers, compared to 

the 1 d expressions of cocultured cells on tissue culture polystyrene which had the value of 1 

(Fig. 1). HUVEC+HOB on CPC control and CPC-RGD showed osteogenic differentiation, 

manifested by ALP, OC and COL I exhibiting high peaks (Fig. 1A-C), where the highest 

peak in each plot was much higher than 1. For each marker, CPC-RGD had higher peaks 

than CPC control (p < 0.05). These data demonstrate that RGD increased the osteogenic 

gene expressions of HUVEC+HOB in CPC. The measured angiogenic differentiation genes 

included VEGF, vWF and VE-cadherin (Fig. 1D-F). In CPC-RGD, up-regulated VEGF 

expression was 4 times higher than that in CPC control at 14 d (p < 0.05). Both in CPC 

control and CPC-RGD, the vWF gradually decreased from 14 d to 42 d (p < 0.05), and the 

extent of decrease was greater in CPC-RGD than CPC control (p < 0.05). VE-cadherin 

expressions at 28 d and 42 d were higher on CPC-RGD than CPC control (p < 0.05).

ARS staining at 42 d revealed a thick and dense red staining of cell mineralization, with a 

layer of new mineral matrix synthesized by the cells covering the scaffold (Fig. 2A and 2B 

for CPC control and CPC-RGD, respectively). ARS staining showed a bright red color for 

CPC without cells because CPC consisted of hydroxyapatite minerals. ARS staining for cell-

synthesized matrix showed a darker red color with granular-like morphologies of bone 

nodule deposits. Cells on CPC-RGD synthesized significantly more (p < 0.05) mineral 

amount than CPC control at each time point (mean ± sd; n = 5) (Fig. 2C). Cell-synthesized 

mineral amount increased with time for both scaffolds (p < 0.05). These results indicate that 

HOB seeded with HUVEC on CPC successfully underwent osteogenic differentiation and 

mineralization, and RGD incorporation in CPC promoted these processes.

Immunofluorescent staining images of HUVEC + HOB coculture on macroporous CPC 

control and CPC-RGD are shown in Fig. 3. HUVEC were stained green with endothelial 

marker PECAM1 on the cell membrane, while cell nuclei were stained blue with DAPI. 

HOB were only stained blue with DAPI in the nuclei but not green on the cell membrane. 

Epifluorescent microscopy revealed angiogenic response of HUVEC leading to angiogenic 

tube formation both on CPC control and CPC-RGD at 14 d (Figs. 3A and 3B). However, 

more HUVEC clumps without HOB and more branch-like structures were observed on 

CPC-RGD than CPC control. More branch-like structures were observed with increasing 

time from 14 d to 28 d (Figs. 3C and 3D). At 42 d, microcapillary-like structures were 

observed on both scaffolds, with CPC-RGD having more microcapillary-like structures 

(Figs. 3E and 3F). These microcapillary-like structures were organized as self-assembled 

tissue-like structures. These results indicate that HUVEC and HOB coculture successfully 

generated self-assembling organization of microcapillary-like structures on CPC scaffolds.
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The cumulative microcapillary length per CPC scaffold area increased over time (Fig. 4A). 

HUVEC and HOB coculture on CPC-RGD formed significantly more microcapillary-like 

structures at each time point than CPC control (p < 0.05). For both types of constructs, the 

cumulative microcapillary length increased significantly from 28 d to 42 d (p < 0.05). The 

microcapillary-like structures on CPC-RGD at 14 d were examined in SEM (Figs. 4B and 

4C). SEM revealed that the surfaces of scaffolds were completely covered by cells, and 

some cells formed long tube-like microcapillary structures. The diameters of the 

microcapillary-like structures were approximately 5 to 10 μm.

4. Discussion

CPC is promising for dental and craniofacial applications due to its injectability, 

moldability, bioactivity and bone replacement capability. There is a need to enhance 

vasculature formation to improve the cell-CPC construct function for bone tissue 

engineering. The present study investigated whether a network of microcapillary-like 

structures could be generated in vitro on a novel macroporous CPC for bone tissue 

engineering and how vascularization could be enhanced by the addition of RGD. The 

HUVEC and HOB coculture method was successful in generating microcapillary-like 

networks on CPC. CPC-RGD was shown to yield higher osteogenic and angiogenic gene 

expressions, more bone mineral synthesis and more microcapillary-like structures than CPC 

control. These results indicate that HUVEC and HOB coculture with macroporous CPC 

scaffolds is a promising approach for vascularization and bone regeneration. While RGD 

incorporation in CPC could enhance the formation of microcapillary-like structures by 

endothelial cells, further animal studies are needed to examine the effects on vessel and bone 

regeneration in vivo.

The success of biomaterials after implantation requires a rapid formation of functional blood 

vessels. Due to their unique role in angiogenesis, endothelial cells are promising in strategic 

approaches to accomplish bone vascularization. However, endothelial cells on their own 

cannot complete vessel maturation, because extracellular matrix and mesenchymal cells also 

play important roles in angiogenesis [32]. Several studies have shown that there is a cross-

talk and functional relationship between endothelial cells and osteoblasts-like cells (such as 

primary osteoblasts and osteoblastic-cell lines) during osteogenesis [33-36]. Therefore, the 

coculture of endothelial cells with osteoblasts has been proposed as a strategy for 

angiogenesis and osteogenesis. Several studies showed that coculturing endothelial cells 

with osteoblasts-like cells resulted in the formation of microcapillary-like structures similar 

to those observed in vivo [17,18]. Although CPC is promising for bone repair due to its 

excellent biocompatibility and bone replacement capability, little has been reported on 

prevascularization of CPC, with only one report on coculturing endothelial cells and 

osteoblasts to prevascularize CPC [23]. The coculture could promote the self-assembled 

organization of the microcapillary-like structures. However, that CPC contained no RGD for 

biofunctionalization, and cell attachment was not robust and formation of microvascular 

networks was slow. In the present study, the macroporous CPC was biofunctionalized via 

RGD, which significantly enhanced the bone matrix minerals as well as formation of 

microcapillary-like structures compared to CPC control without RGD.
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RGD in CPC likely improved the functions of both HUVEC and HOB due to its stimulatory 

effects on both osteogenic and angiogenic differentiation. Cells in both constructs underwent 

osteogenic differentiation with high expressions of ALP, OC, and COL I. These osteogenic 

markers play key roles in the osteogenic differentiation of mesenchymal stem cells (MSC) 

[37]. Their higher expressions in CPC-RGD showed that RGD in CPC was beneficial for 

osteogenesis. This is in agreement with previous studies using different substrates and 

different types of cells [38-40]. Among these markers, COL I had a significant up-regulation 

at 14 d and decreased thereafter (Fig. 2C). This indicates that the coculture of HUVEC

+HOB on macroporous CPC triggered COL I expression. COL I could mediate cell 

adhesion, contribute to the mature osteoblast phenotype, provide template for 

mineralization, as well as drive endothelial cells migration [41-43]. Therefore, the deposit of 

an extensive network of collagen in the scaffold provides an essential 3D support for 

HUVEC to migrate and organize into microcapillary-like structures.

VEGF is a powerful pro-angiogenic factor with well-established actions on endothelial cells 

[34,44]. The higher VEGF expression in CPC-RGD may contribute to its better formation of 

microcapillary-like structures. vWF is a large multimeric glycoprotein present in blood 

plasma and is produced constitutively in endothelium [45]. vWF is required for normal 

hemostasis, and a decreased expression of vWF increases angiogenesis and vessel formation 

[46,47]. Therefore, the decreased expression of vWF with increasing time in the present 

study is consistent with the observed increase in vascularization. The fact that vWF at 42 d 

was lower on CPC-RGD than CPC control is also consistent with the greater microcapillary-

like structure formation on CPC-RGD than CPC control. These results are also consistent 

with a previous study, which showed that vWF decreased while angiogenesis was taking 

place on a polycaprolactone scaffold [47]. In addition, VE-cadherin is indispensable for 

proper vascular morphogenesis and serves the purpose of maintaining the newly-formed 

vessels [48-50]. Its increased expression with time synchronized with the increase of 

cumulative vessel length on CPC scaffolds. Furthermore, its higher expressions on CPC-

RGD than CPC control indicated that RGD in CPC was beneficial for angiogenesis.

The PECAM-1, also known as cluster of differentiation 31 (CD31), is normally found on the 

surface of endothelial cells and could be used to watch the distribution of epithelial cells. In 

the present study, the epithelial cells were shown by the staining of PECAM-1 to form 

microcapillary-like structure. SEM examination also revealed microcapillary-like structures 

on CPC, which had diameters of 5 to 10 μm, similar to those of natural microcapillaries in 

vivo [51,52]. The mechanism of the microcapillary-like self-assembly is unclear. However, 

many growth factors have been produced by endothelial cells or osteoblasts to affect the 

growth and differentiation of the reciprocal cells [34,53,54]. The attachment of HUVEC on 

scaffold may also be enhanced by the attachment and spreading of HOB, as well as the 

extracellular matrix production by these cells [16,53]. Eventually, some HUVEC may 

migrate within the matrix to form microcapillary-like structures. However, the fact that more 

microcapillary-like structures were observed on CPC-RGD demonstrates that other factors, 

in addition to the coculture effect, also contributed to the observed vascularization. In 

particular, the adhesion, proliferation, spreading and migration of cells are affected by 

surface chemistry, structure, topography and porosity of biomaterials [55,56]. In the present 
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study, the multipeptide G4RGDSP was incorporated into chitosan by the amide bonds 

between carboxyl groups on the peptide and amino groups on the chitosan [27]. The RGD 

sequence in the G4RGDSP can promote the adhesion of cells through the recognition by the 

adhesion receptors on the cell membrane. Thus, the affinity between cells and biomaterials 

could be improved by the incorporation of RGD. The improved adhesion of cells may be 

beneficial for the matrix production by HOB and migration of HUVEC, which together 

could result in the formation of more microcapillary-like structures on CPC-RGD, than CPC 

control without RGD. Further study is needed to investigate the coculture of endothelial 

cells and osteoblasts with macroporous CPC-RGD scaffold for prevascularization and the 

regeneration of bone and vasculature in an animal model.

5. Conclusions

This study showed for the first time that macroporous CPC scaffold with RGD incorporation 

achieved much better prevascularization and osteogenesis via HUVEC and HOB coculture 

than CPC control without RGD. Biofunctionalizing CPC via RGD increased osteogenic and 

angiogenic differentiation and bone mineralization by the cells. Immunostaining and SEM 

examination confirmed the generation of microcapillary-like structures on CPC scaffolds. 

Biofunctionalizing CPC via RGD increased the cumulative vessel length by 1.69-fold, 

compared to CPC control without RGD. These findings show the promise of generating a 

prevascularized network on macroporous CPC-RGD scaffold prior to implantation in vivo to 

enhance vascularization and bone regeneration. Therefore, the novel biofunctionalized 

macroporous CPC with co-seeding of endothelial and osteoblast cells is promising for bone 

tissue engineering in dental, craniofacial and orthopedic applications.
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1. 
Gene expressions of osteogenic/angiogenic markers of cocultured HUVEC+HOB on CPC 

scaffolds: (A) ALP; (B) OC; (C) COL I; (D) VEGF; (E) vWF; and (F) VE-cadherin. These 

expression levels were obtained by real-time PCR at different time points. Bars with 

dissimilar letters indicate significantly different values (p < 0.05). Each value is mean ± sd; 

n = 5.
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2. 
Mineral synthesis by cells on CPC scaffolds. (A) ARS staining for CPC control. CPC disks 

were covered by a layer of new mineralized matrix synthesized by the cells (this example 

was for 42 d). (B) ARS staining for CPC-RGD at 42 d. CPC-RGD disks had a thicker layer 

of cell-synthesized matrix than CPC control. (C) Cell-synthesized mineral measured by the 

osteogenesis assay (mean ± sd; n = 5). Bars with dissimilar letters indicate significantly 

different values (p < 0.05). Mineral synthesis by HUVEC+HOB was greater on CPC-RGD 

than that on CPC control.
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3. 
Fluorescence images of HUVEC+HOB cocultured on macroporous CPC control and CPC-

RGD scaffolds. HUVEC were identified by immunostaining with endothelial marker 

PECAM1 in green on the cell membrane, and the nuclei were counterstained with DAPI in 

blue. HOB were depicted by nuclei counterstaining with DAPI in blue but without green 

stain on the cell membrane. Microcapillary-like structures increased with culture time and 

with the incorporation of RGD in CPC.
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4. 
Microcapillary-like structure formation on CPC scaffolds. (A) Cumulative length of 

microcapillary-like structures on CPC scaffolds. Bars with dissimilar letters indicate 

significantly different values (p < 0.05). The cumulative microcapillary lengths in images 

such as Fig. 3 were measured and divided by image area to yield the data in Fig. 4A (mean ± 

sd; n = 5). (B, C) Representative SEM images of microcapillary-like structures. These 
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images show examples of microcapillary structures on CPC-RGD at 14 d. Image C is a 

higher magnification of the square area in image B.
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