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Abstract In this study, we fabricated a novel micro porous hybrid scaffold of biphasic calcium phosphate (BCP) and a

polylectrolyte complex (PEC) of chitosan (CS) and hyaluronic acid (HA). The fabrication process included loading of CS-

HA PEC in a bare BCP scaffold followed by lypophilization. SEM observation and porosimetry revealed that the scaffold was

full of micro and macro pores with total porosity of more than 60 % and pore size in the range of 20~200 µm. The composite

scaffold was mechanically stronger than the bare BCP scaffold and was significantly stronger than the CS-HA PEC polymer

scaffold. Bone morphogenetic growth factor (BMP-2) was immobilized in CS-HA PEC in order to integrate the osteoinductive

potentiality required for osteogenesis. The BCP frame, prepared by sponge replica, worked as a physical barrier that prolonged

the BMP-2 release significantly. The preliminary biocompatibility data show improved biological performance of the BMP-2

immobilized hybrid scaffold in the presence of rabbit bone marrow stem cells (rBMSC).
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1. Introduction

Bone tissue engineering is currently one of the most

promising research areas focusing on repairing and re-

generation of diseased or damaged tissues without the

disadvantages of autografts, allografts and xenografts.

Ideally, this therapy can fully restore structure and

function to damaged bone tissues by combining three key

components, which are, cells, signaling molecules and

scaffolds, as natural bone tissues do.1,2) For this goal, it is

crucial to develop 3D scaffolds that can match the

required mechanical properties for the bone substitutes,

mimic the physiochemical properties (e.g., micro/nano-

structure and chemical composition) and host the biolo-

gical functions (e.g., biocompatibility, osteoconductivity,

and degradation behavior) of native bone matrix.3,4) The

desire to gather these complex characteristics into one

scaffold is a challenging demand, not only in the design

and manufacturing stages, but also in the translation to in

vivo applications. In this context, the combination of

ceramics with polymers for the synthesis of hybrid

scaffolds has been widely investigated in an attempt to

mimic bone tissue native structure.

Scaffolds from organic/inorganic composites have been

extensively examined, since they can mimic the chemical

composition of natural bone, comprised of flexible collagen

fibers and stiff apatite.5) Organic/inorganic composites

can be produced by dispersing stiff inorganic particles in

a flexible, biodegradable polymer matrix (e.g., collagen,

gelatin, CS, and synthetic biodegradable polymers). In

addition, porous composite scaffolds can be produced

using a variety of manufacturing techniques, including

freeze-drying, solvent casting/salt-leaching and gas-based

foaming techniques.6-8) However, organic/inorganic com-

posite scaffolds produced often have limited mechanical

properties because of weak interface between the inorganic

particle and organic matrix. To obtain better interface

between ceramic and polymer, loading of polymer in the

ceramic frame might be an optimistic option to investigate.

It may have also significant effect in cellular response to

polymeric frame as swelling and degradation is reduced

in the presence of ceramic frame.
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Beta-Tricalcium phosphate(β-TCP) and Hydroxyapatite

(HA) are the most commonly used ceramics since their

mineral compositions are similar to those found in human

bone.9) Although β-TCP has been extensively used for

bone regeneration due to its biodegradability, biocom-

patibility and osteoconductivity10) its applications to bone

tissue regeneration are limited by its poor mechanical

properties.11) In different studies bioceramic-based scaffolds

have been modified with polymers(as coating or inter-

penetrating phases) in order to reduce their brittleness

and improve mechanical properties.12-14) In the present

study, BCP scaffold was loaded with and chitosan-

hyaluronic acid polylectrolyte complex(HA CS-HA PEC).

This PEC was crosslinked by genipin, which controls

physicochemical properties of the PEC. These natural

biomaterials have valuable characteristics, such as bio-

compatibility, biodegradability, hydrophilicity and low

toxicity in the cellular microenvironment.15-17) They have

also been proven as strong candidate as localized and

sustained drug and growth factor delivery vehicle in

regenerative medicine research.18) In fact, in our previous

work we have shown that BMP-2 might be immobilized

in CS-HA PEC and sustained and controlled release of

BMP-2 is expected to obtain.19) However, in that study

we lacked osteoconductive factors such as bioceramic

and bioglass to act as a firm support scaffolding for bone

regeneration. Thus this study is an extension of our

previous work focusing on the physical modifications on

the structural aspect of the scaffold and the modification

of the release behavior of the immobilized BMP-2 with in

the fabricated scaffold. We conducted surface morphology

analysis through SEM, porosity and pore size distribution

through mercury porosimetry, mechanical strength through

universal testing machine, in vitro BMP-2 release and

MTT assay. In this work we have reported the modi-

fication on our previous BMP-2 releasing CS-HA PEC

scaffold for improved mechanical performance and pro-

longed release behavior of immobilized BMP-2 growth

factor in the BCP- CS-HA hybrid scaffold showing more

promising potential for bone tissue regeneration due to

better load bearing capabilities.

2. Experimental Procedure

2.1 Materials

CS(Sigma, Iceland, from shrimp shells, ≥ 75 %, deacety-

lated) and HA(Sigma, Czech Republic, hyaluronic acid

sodium salt from Streptococcus equi) were purchased from

Sigma-Aldrich. Genipin (≥ 98 % pure) was purchased

from Wako Pure Chemical Industries(Osaka, Japan).

2.2 BCP scaffold preparation

The BCP scaffold was fabricated by the sponge replica

method. Briefly, nano-sized BCP powder was synthesized

by microwave hydrothermal method, while poly vinyl

butyral(PVB, Acros, USA) was used as a binder, and

polyurethane foam(45 ppi, 3 M, USA) was used as a

frame. To prepare the BCP slurry, 50 wt% of synthesized

nano powder was ball-milled in ethanol for 24 h, and 5

wt% of PVB was subsequently added into the slurry,

which was stirred for 5 h. The prepared PU foam was

immersed in the prepared slurry to cover the frame with

BCP slurry. Then, compressed air(1 bar, 3 mm dia) was

blown for 30 s into the foam in order to maintain the

interconnected pores. The coated foam was dried at

80 oC for 1 h. These dipping and drying steps were re-

peated two times to cover the whole surface without any

remaining uncoated space. The polyurethane foam was

then burnt out at 800 oC for 2 h in an air atmosphere,

and microwave sintering was then carried out at 1200 oC

for 30 min in air atmosphere.

2.3 Hybrid scaffold fabrication

CS was initially purified by NaOH solution and filtra-

tion. Briefly, 1 g CS was dispersed in 100 ml of 1M

NaOH. After 2 h of stirring at 70 oC, it was filtered. CS

collected from the top side of the filter paper and was

washed several times with de-ionized water and then

dissolved in 1 % acetic acid overnight at 60 oC. Finally it

was filtered and purified chitosan solution was collected

to prepare the scaffold. HA was dissolved in deionized

water at 70 oC and mixed with CS solution at similar

amount by magnetic stirring. The formed PEC was cross-

linking using specific amounts of genipin for 12 h as re-

ported earlier.19) Then the crosslinked PEC was loaded in

bare BCP scaffold using teflon mold. The mold was kept

at −20 oC for 12 h to form ice crystals. After freeze-

drying, 3D porous BCP-CS-HA scaffold was formed.

The scaffold was washed by a series of alcohol solutions

to remove the excess genipin and kept for physical and

biological characterization.

2.4 Physical characterization and properties

Morphology of the fabricated scaffolds was charac-

terized by scanning electron microscopy(SEM, JEOL,

JSM-6701F, Japan). X-ray diffraction(XRD, D/MAX-

250, Rigaku, Japan) was used to identify the crystal

structure and phases of the components of the scaffold.

The cylindrical specimens(10 mm × 15 mm) were subjected

to compression tests using a universal testing machine

(UnitechTM, R&B, Korea) with a crosshead speed of

0.5 mm/min under ambient conditions. A mercury porosi-

meter(PoreMasterTM, Quantachrome Instruments, FL, USA)

was used to analyze the porosity and pore size dis-

tribution of the scaffold. In both case, 10 samples were

used and the average of the results were taken.
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2.5 In vitro rhBMP-2 immobilization and release

The BCP-chitosan- scaffolds were prepared as pre-

viously described and sterilized. The scaffolds were

soaked in 0.1M MES [2-(N-Morpholino)ethanesulfonic

acid] buffer(pH 5.0) for 4 hours at room temperature.

The BMP-2(R&D Systems Minneapolis, MN, USA; 10

μg, > 95 % purity) with BSA carrier(Sigma, USA, ly-

pholized powder, ≥ 96 %) was immobilized on the

scaffolds at a concentration of 1.0 μg/ml. The scaffolds

were incubated up to 28 days as per reference with

degradation results obtained and collected at each time

interval. Concentrations of rhBMP-2 in the collected

samples were determined by ELISA as per the manu-

facturer's instructions(R & D Systems, USA). The cumu-

lative release of BMP-2 was expressed as a percentage of

the initial loading amounts. The cumulative release values

reported by ELISA typically underestimate the actual

amount of BMP-2 released,20) most likely because the

BMP-2 antibody fails to recognize degraded BMP-2. To

address this, we present the values here as normalized

BMP-2 release(%) after multiplying the cumulative release

by a normalization factor. 

2.6 In vitro cytocompatibility

Isolation and cultivation of rabbit BMSCs. BMSC

aspirates were isolated from the bone shafts of femurs

from 2-week-old New Zealand white rabbits(Samtako

Bio Korea). 20-22 The bone marrow aspirates were

filtered by using a cell strainer filter(100 mm nylon;

Falcon), pooled, and centrifuged for 5 min at 1500 rpm

to remove the supernatants. The cell pellet was resus-

pended in thea-MEM(MEM; HyClone) with 10 % fetal

bovine serum(FBS) and 1 % penicillin/streptomycin(anti-

biotics). To count the cells, a small aliquot of cells was

suspended in 5 % acetic acid to remove the red blood

cells, and mononuclear cells were counted by trypan blue

exclusion. After counting, cells were seeded in a culture

dish(f150) and were cultured for 10-14 days as a mono-

layer in a humidified incubator at 37 oC in an atmosphere

of 5 % CO2(incubator; ASTEC). Third passage cells

were used in subsequent cultures.

2.7 Cell proliferation and viability assay

Approximately 104 BMSCs/mL were seeded on the

top of the BCP, BCP-CS-HA, and BCP-CS-HA-BMP2

scaffolds. The MTT(3-[4, 5-dimethylthiazol-2-yl]-2, 5-di-

phenyltetrazolium bromide) assay 24 was used to analyze

cell viability. A 104 cell/mL of media was seeded onto

the surface of the test materials and control materials

(cultured media only). The cell viability(OD) at 1, 3, and

7 days on the scaffold was quantified by adding 100 mL

of MTT solution(5 mg/mL in PBS) to each well of a 24-

well tissue culture plate. The OD values of the solution

were measured using an ELISA reader(EL, 312, Bio-

kinetics reader; Bio-Tek instruments) at a wavelength of

595 nm.

3. Results and Discussion

In this study, physicochemical, mechanical and biologi-

cal characteristics of 3D microporous scaffold of BCP

and BCP-CS-HA have been analyzed. We tried to

fabricate a system which would mimic the extracellular

matrix present in native bone cells, enhance mechanical

strength of the structure and most importantly improved

its osteoconduction and osteoinduction within the host

bone tissue. The system was targeted to localized growth

factor delivery leading to improved osteogenesis. 

3.1 Physical characterization

The composite scaffold was prepared by freeze drying

method after combining BCP scaffold and CS-HA PEC

Fig. 1. Images of BCP (a & b) and BCP-CS-HA (c & d) scaffolds. X-ray diffraction of the components of the hybrid scaffold has been

shown in the right side (e). 
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gel. The gel was cross linked with optimum amount of

genipin.19) To analyze the surface morphology SEM ob-

servation was very effective. From the SEM images it is

understandable that bare BCP scaffold was highly porous

with high degree of interconnectivity which is suitable

for cell infiltration.20,21) However, these pores are too

large for blood vessel to grow effectively.22) For the

sufficient growth of blood vessel, the combination of

macro and micro sized pores are more preferable. In the

initial bare scaffold most of the pores were interconnected

and more than 200 μm in size. By using mercury porosity

meter, the pore distribution seemed from 200 μm to

500 μm with more than 85 % porosity. This pore size

distribution and amount of porosity both changed in case

of hybrid scaffold. In the BCP-CS-HA scaffold most of

the pores were 50 to 200 μm range where total porosity

reduced to 60 % with average pore size 128 ± 10 μm.

This should favor formation of rich vascular networks in

vivo condition as pore size ranging from 100 μm to 130

μm have been proven effective in vascularization and

osteoblast bone deposition.23) Interconnectivity is also an

important factor for guided tissue regeneration. In fact,

extra cellular matrix formation will be very tough if the

pores are not aligned. From the SEM observation, we

can see that BCP-CS-HA scaffold has an interconnected

pore structure at both the inside and the periphery.

Because of the physical attachment of CS-HA and BCP,

but no chemical interaction, it was possible that both

structure maintained their own interconnected pores with

minimal disturbance.

3.2 Compressive strength

Artificial bone grafts that can help the regeneration of

bone as well as share the load with surrounding bone in

a bone defect are highly demanding. Therefore, the

synthetic bone grafts should have similar mechanical

properties to the surrounding bone tissue, so that scaffold

can withstand the in vivo conditions and share the load

with the surrounding bone tissue. In this study, addition

of CS-HA PEC to BCP scaffold working as a filler

material reinforced and remarkably improved the com-

pressive strength from 0.3 MPa to 1.8 MPa. This higher

mechanical strength might be attributed to the physical

contact between the ceramic and polymer surface which

is evident in Fig. 2. As both materials is hydrophilic,

though not at the same extent, this type of physical atta-

chment occurs and enhances the mechanical strength.

The polymeric material also modifies the surface charac-

teristics of the sintered ceramic scaffold by crack bridging

and thereby altering the crack initiation behavior during

mechanical loading. This aspects is beneficial for the

scaffold stability and also good for cellular response to

Fig. 2. SEM observation of the inner structure of BCP (a) and BCP-CS-HA (b) scaffolds. (c) and (d) are porosimetry data of the BCP

and BCP-CS-HA scaffolds, respectively.



708 Subrata Deb Nath, Celine Abueva, Swapan Kumar Sarkar and Byong Taek Lee

the scaffold.

3.3 In vitro BMP-2 release

From our previous study we learned that CS-HA PEC

is a potential carrier for BMP-2 to ensure controlled and

sustained release. The presence of both anionic and

cationic charge helps BMP-2 to be immobilized in the

PEC structure and release for more than one month. The

released BMP-2 was active in the reverse transcriptase

PCR experiment and manipulates the markers related to

differentiation. In this study, we wanted to add the osteo-

conductive factor, which, to our delight also gives us an

advantage to delay the BMP-2 release even more. From

the in vitro BMP-2 release profile, we can see that, after

loading in BCP scaffold, CS-HA PEC was able to hold

BMP-2 longer. BCP frame reduced the swelling of the

sample, thus BMP-2 release was delayed. However, initial

burst release was not avoidable as it was actually the loss

of the loading system. We are currently focusing to

improve the loading efficiency to avoid or lessen the

initial burst release. 

3.4 In vitro stem cellular response

The in vitro biocompatibility of the porous BCP and

BCP-CS-HA hybrid scaffolds was done using rBMSC, in

order to evaluate their potential applications in bone

tissue engineering. Fig. 6 suggests that the porous BCP-

CS-HA hybrid scaffolds provided better cellular activities

Fig. 3. SEM observation of the BCP-CS-HA porous scaffold (a)

with corresponding EDS spectra of BCP spectrum 1(b) and BCP-

CS-HA spectrum (c).

Fig. 4. Compressive strength of BCP and BCP-CS-HA (a) scaffolds and SEM image (b) showing physical contact between ceramic and

polymer surfaces.

Fig. 5. In vitro cumulative BMP-2 release from CS-HA and BCP-

CS-HA scaffolds.

Fig. 6. Optical density measurements (595 nm) by MTT assay

showing proliferation of rBMSC cultured on the scaffolds after 1, 3,

5 and 7 days of incubation period.



BMP-2 Immoblized in BCP-Chitosan-Hyaluronic Acid Hybrid Scaffold for Bone Tissue Engineering 709

than the bare BCP scaffold. The absorbance values,

which would represent the degree of cell viability, of the

BCP, BCP-CS-HA and BCP-CS-HA-BMP2 hybrid

scaffolds were examined after 1, 3 and 7 days of culture

using MTT assay. Both the BCP-CS-HA and BCP-CS-

HA-BMP2 hybrid scaffolds showed similar cell prolifer-

ation after 1 day of culturing. However, the absorbance

values increased remarkably with increasing culture period

at 3 days for both the BCP-CS-HA and BCP-CS-HA-

BMP2 hybrid scaffolds. After 7 days, cell proliferated

higher in case of the hybrid scaffold than the bare BCP

scaffold. It is understandable that the presence of PEC

and BMP-2 trigger cellular activity. It should also be

mentioned that, although cell proliferation was indirectly

estimated via formazan assay which would depend on

cell metabolic state, it is reasonable to suppose that

higher absorbance value would indicate higher level of

cell proliferation. Thus, in vitro biocompatibility tests

suggest that the crosslinking through genipin didn’t

deteriorate the excellent biocompatibility of the bio-

polymer CS and HA. This finding coincide with pre-

viously observed results for CS-HA PEC scaffold and

suggests that the porous hybrid BCP-CS-HA-BMP2

scaffold can provide a favorable environment for the

attachment and proliferation of cells, which would allow

for successful bone tissue regeneration in vivo.

4. Conclusion

Our results demonstrate that fabricated BCP-CA-HA

scaffold is highly porous, mechanically strong, hydrophilic,

biocompatible and a good BMP-2 delivery vehicle. This

3D scaffold is full of interconnected pores in 10 μm to

200 μm range, with mean pore size of 128 μm and 60 %

porosity. Due to the loading of CS-HA PEC in the bare

BCP scaffold, its mechanical stability increased and

matched mechanically and structurally to cancellous bone

of the animal body. The presence of both micro and

macro pores is necessary to ensure osteoblast matrix

formation as well as vascularization. BCP frame hinders

the release of BMP-2, thus release of BMP-2 from the

CS-HA PEC was delayed. Finally, from the MTT assay

it was evident that, BCP-CS-HA scaffold hosts cellular

interactions better than the BCP scaffold, which is even

greater in the presence of BMP-2. This BCP-CS-HA

hybrid scaffold contains both osteoconductive and osteo-

inductive factors, thus osteoblast adhesion, proliferation,

migration and differentiation are possible to be nurtured.
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