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Abstract A new class of scaffolds with a gain size of

200 nm was prepared from wollastonite/tricalcium phos-

phate (WT) nanocomposite powders (termed ‘‘nano-sin-

tered scaffolds’’) through a two-step chemical precipitation

and porogen burnout techniques. For a comparison, WT

scaffolds with a grain size of 2 lm were also fabricated

from submicron composite powders (termed ‘‘submicron-

sintered scaffolds’’) under the same condition. The resul-

tant scaffolds showed porosities between 50 ± 1.0% and

65 ± 1.0% with a pore size ranging from 100 lm to

300 lm. The WT nano-sintered scaffolds exhibited com-

pressive strength and elastic modulus values that were

about twice that of their submicron-sintered counterparts.

The in vitro degradation tests demonstrated that the

degradability could be regulated by the grain size of

bioceramics. The decreased specific surface area of pores

in the nano-sintered scaffolds led to their reduced degra-

dation rate. The mechanical properties of the nano-sintered

scaffolds exhibited less strength loss during the degradation

process. The WT macroporous nano-sintered scaffolds are

a promising and potential candidate for bone reconstruction

applications.

Introduction

Bone defects that occur due to surgery, trauma, or abnor-

mal development require skeletal reconstruction. Bone

reconstructive methods require grafts or synthetic material

to replace lost bone or enhance new bone formation [1].

Since their compositions are similar to the inorganic

components of bone, calcium phosphate bioceramics,

especially hydroxyapatite (HA) and b-tricalcium phosphate

(b-TCP), have been extensively explored as grafts for bone

regeneration applications [2]. HA possesses excellent bio-

activity whereas b-TCP exhibits biodegradability. There-

fore, many studies have focused on developing HA/b-TCP

biphasic calcium phosphate (BCP) bioceramics because

their biological performances are more effective than pure

HA or b-TCP [3–5]. The bioactivity and biodegradability

of BCP composites could be controlled by modulating the

HA/b-TCP ratio.

Recent studies revealed that wollastonite (CaSiO3)

ceramics are bioactive and can be used as a new bioactive

material [6, 7]. Recent studies in our group showed that the

wollastonite ceramics also possess better mechanical

properties and more degradability than HA [8–11]. It is

well known that the HA ceramics are brittle and almost not

degradable. Expectedly, the mechanical properties of the

grafts could be enhanced by using wollastonite instead of

HA with b-TCP phase. De Aza et al. first studied the

wollastonite/TCP (WT) composite and found it has good

bioactivity as evidenced by deposition of a bone like apa-

tite layer on the surface of the composite [12]. Huang et al.

investigated the apatite formation mechanism on wollas-

tonite/b-TCP surfaces [13]. The above studies mainly

focused on the bioactivity of the dense WT bioceramics

without consideration of the mechanical properties and

degradability. Although the dense WT bioceramics could
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develop in situ microporous structure after being soaked in

simulated body fluid (SBF) [12, 13], bioceramics scaffolds

with a three-dimensional (3D) macroporous structure are

preferred to improve new bone ingrowth and facilitate

tissue regeneration. It is proved that pores with a diameter

between 50 lm and 150 lm can stimulate osteoid forma-

tion, and those in the range of 150–500 lm can lead to the

formation of mineralized bone directly [11]. However,

there are many challenges in developing macroporous bi-

oceramics scaffolds. The major challenge is their poor

mechanical properties since increased porosity generally

leads to decreased strength [14]. Recently, the concept of

nanocomposites has been introduced to porous scaffolds

and the mechanical properties have been significantly im-

proved in BCP nanocomposite scaffolds [5]. The objectives

of the present work are to prepare WT macroporous scaf-

folds from nanocomposite powders (termed ‘‘nano-sintered

scaffolds’’), to assess the microstructure, mechanical

properties, in vitro degradability of the prepared scaffolds

in comparison with the submicron composite powders

sintered counterparts (termed ‘‘ submicron-sintered scaf-

folds’’) processed under the same conditions.

Materials and methods

Powder synthesis

The WT nanocrystalline composite powders with a weight

ratio of 5/5 were prepared by a two-step chemical precip-

itation method. A 0.2 M Ca (NO3)2 solution with a pH of

11.5 was stirred at room temperature and 0.2 M Na2SiO3

was added to it drop wise at a rate of 1.5 mL/min to pro-

duce white precipitates. Then, the produced precipitates

were stirred for another 24 h followed by washing with

NH4OH and ethanol, and drying at 80 �C for 24 h. The

powders were calcined at 700 �C for 2 h to obtain amor-

phous calcium silicate (CaSiO3) powders, which were then

dispersed into 0.2 M (NH4)2HPO4 solution, and 0.2 M

Ca(NO3)2 was added drop-wise to produce white precipi-

tates. The pH of the solution was adjusted to 10.8 using

NH4OH. After being stirred and washed, the white pre-

cipitates were dried at 80 �C for 24 h. Finally, the syn-

thesized nanocomposite powders were calcined at 800 �C

for 2 h. In addition, some composite powders were also

calcined at 1050 �C for 5 h to get a much coarser particle

size for a comparison.

Scaffolds preparation

The obtained WT powders were sieved and mechanically

mixed with polyethylene glycol (PEG) particulates with a

size of 150–350 lm. The mixtures with 10.0 wt.% polyvinyl

alcohol (PVA) were pressed at 8 MPa uniaxially in a

stainless steel die. The porosity of the substrate was

adjusted by varying the amount of PEG. The green disks

with a diameter of 10 mm and a thickness of 8 mm were

heat-treated at 400 �C for 2 h to remove the organic sub-

stances, and then they were pressureless sintered at

1100 �C and 1130 �C for 5 h at a heating rate of 1 �C/min,

and then furnace-cooled to the room temperature.

Structures and properties analysis

The morphologies of the calcinated WT composite pow-

ders were observed by scanning electron microscopy

(SEM, JSM-6700F, Japan). X-ray diffraction (XRD, Rig-

aku D/max 2550V, Japan) with CuKa radiation was used to

characterize the phase composition of the powders and

ceramics. Porosity of the sintered samples was determined

by the Archimedes method. Quantachrome porosimeter

(PoreMaster 33) was employed to measure the micropo-

rosity of the scaffolds. The compressive strength was

conducted on a mechanical tester with a 0.5 mm/min

crosshead speed (AG-5KN, Shimadza, Japan). The elastic

modulus was reanalyzed from the slope of the compressive

strength–strain curve. For mechanical strength and poros-

ity, five samples of each group were used for statistical

analysis. Moreover, SEM analysis of the fractured surfaces

of the bioceramic samples was performed on an electron

microprobe analyzer (EPMA, 8705QH2, Japan).

The in vitro degradability of the macroporous WT

composite bioceramics was determined by their weight loss

percentage in a Tris–HCl buffer solution. The Tris–HCl

solution was prepared by dissolving tris-hydroxymethyl

aminomethane (analytical reagent grade) in distilled water

with buffering at pH 7.4 ± 0.1 by 0.1 mol/L hydrochloric

acid at 37.0 �C. The porous WT composites were sus-

pended in polystyrene bottles containing Tris–HCl solution

at 37.0 �C in a shaking water bath. The ratio of surface area

(cm2) to solution volume (mL) was 1/10. The soaking

solution was refreshed every 24 h. Three samples of each

group were collected after 1, 3, 5, 7, 14 and 21 days

soaking, respectively. At each time point, the samples were

taken out, rinsed with deionized water, and dried in an oven

at 150 �C for 48 h. Finally, the weight loss and compres-

sive strength loss of the scaffolds were measured.

Results and discussion

Powder characterization

The WT nanocrystalline composite powders were prepared

using a chemical precipitation process via a two-step

chemical reaction:
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Ca(NO3)2 þ Na2SiO3 ! CaSiO3 þ 2NaNO3 ð1Þ

3Ca(NO3)2 þ 2(NH4)2HPO4 þ 2NH4OH

! Ca3(PO4)2 þ 6NH4NO3 þ 2H2O ð2Þ

In the first step, amorphous calcium silicate was

obtained, and then was dispersed into the second step

reaction solution. Finally, the composites comprised of

CaSiO3 and Ca3(PO4)2 were precipitated together. The

SEM image of the precipitated WT composite powders

calcined at 800 �C is given in Fig. 1a. The powders exhibit

a rod-like shape and a uniform particle size (30 nm in

diameter and 100 nm in length). On the contrary, the

powders calcined at the higher temperature (1050 �C) are

much coarser have a particle size on a submicron scale as

noted in Fig. 1b. The particles calcined at higher temper-

ature agglomerated together and the average particle size

was 200 nm in diameter and 500 nm in length. No phases

other than b-CaSiO3 and b-TCP were revealed in the cal-

cined composite powders by X-ray diffraction analysis

(Fig. 2). The b-CaSiO3 powders that calcined at 1050 �C

were not transformed into the a form.

Microstructures and mechanical properties

The two types of powders were mixed with different

weight percentages of PEG particulates. After sintering and

porosity characterization by Archimedes methods, it was

found that much more PEG particulates were needed to

obtain the same porosity in the nano-sintered scaffolds. The

porosity of the nano-sintered scaffolds with 50 wt. % PEG

porogen addition is 55 vol.%. However, the submicron-

sintered scaffolds with the same PEG content had mea-

sured porosity up to 65 vol.%. Microporosity is defined by

a pore size <10 lm [15]. Microporosity in the sintered

porous WT scaffolds have been measured and calculated

statistically. The microporosity of nano-sintered scaffolds

(30 vol.%) is lower than that of the submicron-sintered

scaffolds (38 vol.%). Microporosity is a result of sintering

process where the original particle size, sintering temper-

ature and time are critical parameters. The porogen addi-

tions have little effect on the microporosity. The lower

microporosity of the nano-sintered scaffolds resulted in a

higher density of the scaffolds. Accordingly, such differ-

ences between the two scaffolds could be attributed to the

finer particle size, higher shrinkage rate and density of the

nano-sintered scaffolds.

Figure 3 shows the X-ray diffraction patterns of the WT

nano-sintered scaffolds at temperature of 1100 �C and

1130 �C. The b-CaSiO3 has transformed into their high

temperature phase a-CaSiO3 after sintering at 1130 �C

while the b-TCP remains stable. Our previous study on the

b-CaSiO3 dense ceramics showed that the b-CaSiO3

changed into a-CaSiO3 at 970 �C in spark plasma sintering

Fig. 1 SEM morphologies of the WT composite powders calcined at 800 �C (a) and 1050 �C (b)

10           20           30            40            50          60            70

(b) Calcined at 1050 oC).u.a( ytisnetnI

2theta(deg.)

(a) Calcined at 800 oC

ß -TCP

ß -CaSiO
3

Fig. 2 X-ray diffraction patterns of the calcined WT composite

powders
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(SPS) [9]. This difference in the a-CaSiO3 transition point

could be due to the substantial temperature difference of

SPS. Generally, the temperature of SPS is monitored with

an optical pyrometer focused on a non-through hole of the

graphite die, and there is some temperature difference

between the measured and actual temperature which

sometime rises to 200–250 �C [16]. Table 1 shows the

mechanical properties of the WT nano-sintered scaffolds at

different temperatures. The compressive strength and

elastic modulus of the 1130 �C sintered WT scaffolds with

the same porosity showed significant decrease when com-

pared with those of the scaffolds sintered at 1100 �C. This

difference was mainly ascribed to the formation of the hard

brittle a-CaSiO3 phase at higher temperature. The goal of

achieving good mechanical properties in WT scaffolds is to

avoid forming the a-CaSiO3 phase during the sintering

process.

The SEM micrograph of the nano-sintered WT scaffolds

at 1100 �C is exhibited in Fig. 4a showing the macropor-

ous structure. The shapes and sizes of the pores are similar

to those of the PEG particulates. The macropore size is

about 100–300 lm. The porosity is about 50% and the pore

distribution is uniform to some extent. The SEM micro-

graph of the submicron-sintered scaffolds with the same

porosity is shown in Fig. 4b. The macropores are quite

similar to the nano-sintered scaffolds, which have a size

ranging from 100 lm to 300 lm. The macropores created

by porogens had an average shrinkage of 15–20% in size

after sintering, which were due to the different shrinkage

effect of the sintering compacts. The size of the original

PEG particulates is in the range of 150–350 lm. It is

acknowledged that [17] a minimum pore size of 100 lm is

necessary for the porous scaffolds to function well, and

pore sizes greater than 200 lm are essential requirements

for osteoconduction. Thus, the pore size in the WT com-

posites meets the requirements for bone graft scaffolds.

The structure is favorable for bone tissue ingrowth. Higher

magnification SEM pictures of the porous solid wall in

Fig. 4c and d revealed that there existed some micro-

interconnections with a size of 20–50 lm (indicated by the

arrows) in the scaffolds. The interconnections are the

pathways between the pores. They conduct cells and ves-

sels between pores, favor osteoconduction, and bone

ingrowth inside bioceramics. These connections could

enable the circulation of body fluids for the supply of

nutrients and the metabolic waste removal [18].

The macropore walls of the nano-sintered and submi-

cron-sintered scaffolds are dissimilar in their surface

structure; the nano-sintered scaffolds are smooth, but the

submicron-sintered counterparts are rough (Fig. 4c, d). For

a clearer observation, the solid wall morphologies were

examined, as shown in Fig 4e and f. The nano-sintered

scaffolds showed much higher density and finer grain size

than the submicron-sintered ones. The grain size is calcu-

lated from a high magnification SEM micrograph using

mean linear intercept method. The mean grain size of the

nano-sintered scaffolds is about 200 nm in the range of

‘‘ultrafine’’, while that of the micro scaffolds is about

2.0 lm in fine-grained range. There were some micropores

in the macroporous walls. The micropores of the nano-

sintered and submicron-sintered scaffolds are around

100 nm and 400 nm, respectively. The micropores could

allow body fluid circulation whereas the macropores may

provide a scaffold for bone-cell colonization. Although the

micropores are not beneficial to the bone tissue ingrowth,

they have significant effects on the degradation rate. The

high densification rate resulting from the surface/interface

effects of nanocomposite powders lead to a higher density

of the scaffolds evidenced by smaller micropores and lower

microporosity. In conclusion, the surface dissimilarity is a

result of finer microstructures and higher density of the

nano-sintered scaffolds.
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(b) Sintered at 1130oC

a-CaSO
3

Fig. 3 X-ray diffraction patterns of the WT nano-sintered scaffolds

at different temperatures

Table 1 Mechanical properties of the WT nano-sintered scaffolds at

different temperatures

Sintering

temperature (�C)

Porosity

(%)

Compressive

strength (MPa)

Elastic modulus

(MPa)

1100 50 ± 1.0 16.2 ± 3.0 350 ± 30

1130 50 ± 1.0 8.3 ± 1.5 112 ± 15

1100 60 ± 1.0 6.43 ± 1.5 127 ± 25

1130 60 ± 1.0 5.12 ± 1.0 68 ± 20
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The optimized microstructure in the nano-sintered

scaffolds could result in mechanical property enhancement.

Figure 5 illustrates the mechanical properties variation of

the WT scaffolds as a function of porosity. Both the

compressive strength and elastic modulus of the compos-

ites decreased as the porosity increased. Expectedly, the

WT nano-sintered scaffolds exhibited much higher

mechanical properties than their submicron-sintered coun-

terparts (Fig. 5). The compressive strength and elastic

modulus of the nano-sintered scaffolds with 50 ± 1.0%

porosity are 16.2 ± 3.0 MPa and 350 ± 30 MPa, respec-

tively. In contrast, the compressive strength of the submi-

cron-sintered scaffolds is only 8.4 ± 2.0 MPa and the

elastic modulus is only 180 ± 35 MPa. There was almost a

twofold increase in mechanical properties for the nano-

sintered scaffolds with porosity from 50 ± 1.0% to

65 ± 1.0%. The nano-sintered scaffolds provide excellent

mechanical properties as predicted.

After goodness of fit test, it is found that the relationship

between the porosity and strength behavior of the WT

porous scaffolds obeys third-order exponential decay

equation, as shown in Fig. 5. Rice [19] has proposed a

function on the relationship of porosity with strength of

ceramics,

r ¼ r0 exp �cpð Þ ð3Þ

where r0 is zero-porosity strength, r is the strength at pore

volume fraction p, and the constant c is related directly to

the pore characteristics such as pore shape and size. In this

experiment, we used the same PEG porogen additions;

therefore, r0 and c can be considered as constant.

According to the above function, the strength (r) should

decrease exponentially as the pore volume fraction (p)

increases. Our results in Fig. 5 are well in accordance with

the above function. In this study, WT scaffolds were

Fig. 4 SEM micrographs of the WT nano-sintered (a, c, e) and submicron-sintered scaffolds (b, d, f) showing the macroporous structure and

macropore wall
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fabricated from nanocomposite powders to balance the

confliction between materials porosity and mechanical

strength. Although the grain size of the WT scaffolds is

only 200 nm in ultrafine grain range, experimental results

showed that a substantial increase in mechanical properties

over the submicron-sintered counterparts (grain size 2 lm)

was achieved. The nano/nano composites strengthening

mechanism in the dense nanocrystalline materials were

also effective for porous bioceramics scaffolds.

Degradation in vitro

Figure 6 shows the variation of degradation of the nano-

sintered and submicron-sintered WT composite scaffolds

in Tris–HCl buffer solution. The degradation amount

increased incrementally as a function of soaking time. The

degradability value of the nano-sintered scaffolds with

about 50% porosity reached 0.35% after 3 days soaking. As

time increased, the degradation increased slowly to 4.5% at

day 14 and finally to 5.0% by day 21. On the contrary, the

degradation of the submicron-sintered scaffolds with 50%

porosity was much faster than that of the nano-sintered

ones. It reached 0.59% and 8.02% at day 3 and 21,

respectively. The degradation rate for the submicron-sin-

tered scaffolds was decreased faster over time when com-

pared to that of the nano-sintered ones. The degradability of

WT porous scaffolds plays a key role in its application as a

bone graft material. The results in Fig. 6 showed that the

degradation rate of the WT composite porous scaffolds

could also be regulated by the grain size of bioceramics.

The degradation rate of Ca–P bioceramics is determined

by sintering parameters, microstructure, porosity and

crystallinity of the ceramics [20]. The porosity plays a

dominant role in the degradation of bioceramics. The in -

vivo study [21] has already confirmed that the degradation

rate of the sintered bioceramics increased with the porosity

increment due to the larger specific surface area. The

degradation mechanism of the Ca–P bioceramics with good

crystallization is mainly driven by dissolution and the

dissolution occurs easily at the boundary of the micropores

[22]. The nano-sintered WT scaffolds remain much smaller

micropores and have lower microporosity than those of the

submicron-sintered scaffolds with the same porosity. Thus,

the specific surface area of pores in the nano-sintered

scaffolds is lower than that of the submicron-sintered ones,

which results in a decreased degradation rate.

After weight loss measurements, the compressive

mechanical properties of the porous scaffolds were also

measured in a dry state to evaluate the effects of degradation

on the mechanical properties. Figure 7 shows the effect of

the degradation on the mechanical properties of the scaf-

folds. In the first week, both the nano-sintered scaffolds and

submicron-sintered ones showed little decrease in com-

pressive strength. After soaking for 2 weeks in SBF, the

compressive strength of nano-sintered scaffolds dropped

about 11.7% from 16.2 MPa to 14.3 MPa, and that of the
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submicron-sintered scaffolds decreased about 20.7% from

8.2 MPa to 6.5 MPa. The strength of nano-sintered scaffolds

was reduced 30.3% to 11.3 MPa and that of the submicron-

sintered ones were reduced 50% to 4.1 MPa after being

soaked for 3 weeks. The nano-sintered scaffolds showed less

strength loss than their submicron-sintered counterparts did.

This is due to the less weight loss and higher density of the

nano-sintered scaffolds. The understanding of mechanical

properties of WT scaffolds during degradation process is

helpful for effective prediction of the degradation process;

this will enable design of better implants for particular

clinical applications. Above all, this comparative study on

nano-sintered and submicron-sintered scaffolds prepared by

the same method indicated that the macroporous WT nano-

sintered scaffolds possessed excellent mechanical properties

and regulated degradability. However, the pore forming

method of the WT scaffolds should be adjusted to obtain

higher porosity, better pore distribution, and enhanced

interconnection for use as bone tissue engineering scaffolds.

The present study has shown that the WT macroporous nano-

sintered scaffolds have great potential as scaffolds for bone

reconstruction applications.

Conclusions

WT macroporous nano-sintered scaffolds were success-

fully fabricated by using chemical precipitation and poro-

gen burnout technique. The fabricated scaffolds showed

porosity between 50 ± 1.0% and 65 ± 1.0% with a variety

of macropores ranging from 100 lm to 300 lm in size.

The WT nano-sintered scaffolds exhibited improved com-

pressive strength and elastic modulus, about twice as high

as the submicron-sintered scaffolds. The lower porous

specific surface area of nano-sintered scaffolds was due to

their lower degradation rate. The degradability of bioce-

ramics scaffolds could be adjusted by manipulating the

grain size of bioceramics. The nano-sintered scaffolds

showed less strength loss than the submicron-sintered

scaffolds during the degradation process. The WT macro-

porous nano-sintered scaffolds have great potential for

application in bone reconstruction.
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