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Abstract

Following the request for novel composite bioma-

terials for bone tissue engineering, nanocomposites 

consisted of ε-polycaprolactone and wollastonite, 

were prepared. Primary mechanical properties were 

examined and it was shown that the presence of 

wollastonite nano-particles affects significantly the 

Young’s modulus, tensile strength, fracture stress and 

work-of-fracture of the polymer matrix. 
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Introduction

Since the discovery of nano-composite structure of the 

bone, the design of materials for hard tissue regeneration 

focuses on this specific group of materials [1-4]. Nanocom-

posites based on resorbable polymers and bioceramics 

shows superior mechanical and bioactive properties in 

comparison to conventional materials (metals, ceramics and 

polymers). Such materials are characterized by bioactive 

features that leads to forming apatite layer on their surface 

and therefore to form chemical bond between implant and 

host tissue. They can also improve protein adsorption and 

adhesion of osteoblasts to the implant surface [5,6]. 

Up till now polymer nano-composites containing hy-

droxyapatite (collagen/HAp, PLA/collagen/HAp, alginates/

collagen/HAp, chitozan/Hap, gelatine/HAp, PCL/HAp, 

PLA/Hap), bioglasses and β-tricalcium phosphate are 

subject of interest of many researchers. Wollastonite is 

another bioactive and biocompatible material, which due 

to its good mechanical properties and excellent bioactive 

features may be an interesting alternative to hydroxyapatite 

and bioglasses [7-17].

In this study our aim was to obtain a biodegradable 

polymer (PCL)/ceramic (wollastonite) nanocomposite and 

to investigate its mechanical and surface properties de-

termined in view of possible medical applications as bone 

implant materials.

Materials and Methods

Commercially available poly-ε-caprolactone delivered 

by Sigma-Aldrich (Mn=80.000) was used for preparation 

of composites. Granules of the polymer were dissolved in 

dichloromethane (POCH) in concentration of 10wt.%.

Wollastonite powders were obtained by the controlled 

pyrolysis of organosilicone precursors (Lukosil 901, Lucebni 

Zavody, Kolin, Czech Republic) with active fillers (Ca(OH)2, 

SiO2) as previously described, and milled to nano-grain size 

in attrition mill [18-20]. To define the average grain size and 

the grain size distribution of milled powders, Nanosizer-ZS 

(Malvern Inc.) was used. 

It is assumed that the formation of apatite layer on bio-

materials surface is precondition of their osteoinductivity. 

Wollastonite has the ability to restructure its morphology and 

to induce nucleation of apatite when immersed in simulated 

body fluid (SBF), whose ion concentration is similar to those 

in human body plasma (27 mM HCO3
−, 2.5 mM Ca2+, 1.0 mM 

HPO4
2−, 142 mM Na+, 125 mM Cl−, 5 mM K+, 1.5 mM Mg2+, 

and 0.5 mM SO4
2−). In this study the aqueous solution of 

SBF was obtained according to Kokubo and collaborators 

experiment and buffered at pH 7.25 [21]. From wollastonite 

ceramics bars were formed, sintered at 1200oC and soaked 

for 7 days at 37oC in SBF solution. After the test, surface of 

the samples was examined by the Scanning Electron Micro-

scope (SEM), Jeol Nano SEM with the EDS analysis.

In the next step, polymer nanocomposites with different 

content of ceramic powders (0,5wt.%, 1wt.%, 2wt.%, 4wt.% 

and 6wt.%), were prepared by the solvent evaporation 

method. One sample without wollastonite was prepared 

as the reference material. Wollastonite nano-powder was 

suspended in dichloromethane and as received suspension 

was mixed with the solution of polycaprolactone. In order to 

obtain high dispersion of nanoparticles in the polymer and to 

avoid agglomeration effect, the solution was homogenized 

with use of ultrasonic homogenizer. Produced mixtures 

were poured onto Petri dishes to form thin foils. Solvent 

was removed during two-step process: 24 hours drying in 

air, and 48 hours in a vacuum drier. 

Mechanical properties of nanocomposites were exam-

ined by the universal testing machine ZWICK 1435. Samples 

with dimensions 0.5 x 7 cm were subjected to uniaxial tensile 

stress. Five specimens of each type were tested and the 

results were expressed as mean values and standard devia-

tion (SD). The Young’s modulus, tensile strength, fracture 

stress and work-of-fracture of obtained nanocomposites 

have been investigated.

Results and discussion

Wollastonite ceramic

FIG. 1 presents histogram of grain size distribution. 

Obtained wollastonite-containing powders are well defined, 

grain size is distributed in nanometric scale and the mean 

grain size oscillates around 100nm.

FIG. 2 and 3 shows the SEM micrographs of wollas-

tonite-containing ceramics surface before and after im-

mersion in SBF fluid for 7 days. Sintered ceramics shows 

very good bioactivity. The entire surface was well covered 

by the crystalline layer, with morphology characteristic for 

calcium apatite. Additionally, chemical point analysis (EDS), 

confirmed presence of phosphorus and calcium. Ca/P ratio 

can indicate the presence of hydroxyapatite. 
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cording to the previously described method leads to mate-

rial characterised by very good bioactivity. It can be easily 

processed to the nanometric form. That makes it useful in 

preparation of biodegradable polymer-based nanocompos-

ites. During the biodegradation process of such materials, 

polymer matrix dissolves and simultaneously becomes a 

source of bioactive nano-wollastonite. The presence of 

such particles leads to formation of new bone by formation 

of hydroxyapatite layer on their surface which enhances 

bone tissue regeneration.

Nanocomposite; 

PCL/wollastonite ceramic – mechanical properties

The results of mechanical properties examination are 

summarized in TABLE 1. 

Evaluation of mechanical properties of the obtained 

nanocomposites shows, that small addition of wollastonite 

significantly affects these properties by increasing Young’s 

modulus, tensile strength, maximum strain-to-fracture and 

work-of-fracture. The highest values of all investigated  

parameters were observed at the lowest content of  

wollastonite nanopowder: 0,5 and 1wt.%. With increasing 

amount of the nanoparticles, all mechanical characteristics 

systematically decreased. Such behaviour indicates that 

with lower content of wollastonite powder particles are well 

dispersed in the polymer and form chemical bonds with 

the matrix. This fact has decisive effect on increasing of 

the mechanical properties. However, the amount of active 

sites in polymer structure is limited, therefore the content 

of reinforcing filler larger than 1 wt.% degrades the com-

posite properties, since it occupy all possible active sites.  

After formation of all possible chemical bonds, remaining 

ceramics nanoparticles tend to aggregate and such  

aggregates act as microstructure defects which significantly 

reduce the mechanical properties of the composite.

FIG. 1. The grain size distribution of wollastonite 

powder.

FIG. 2. SEM micrograph and EDS analysis of sintered 

wollastonite containing ceramics (1200oC) before 

immersion in SBF.

FIG. 3. SEM micrograph and EDS analysis of sintered 

wollastonite containing ceramics (1200oC) after 7 

days of immersion in SBF.
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Intensive nucleation of calcium phosphates on the sur-

faces of obtained wollastonite ceramics indicates very good 

bioactive properties of this material.

Bioactive wollastonite ceramic processed to form of 

nanometric powder modifies polycaprolactone matrix at 

the molecular level, affecting its mechanical properties.  

The best properties were obtained with modifier content  

in the range between 0.5 and 1 wt.%. After further  

investigations, PCL\nanowollastonite composite may be the 

suitable candidate in manufacturing of 3D porous scaffolds 

for regenerative medicine and bone tissue engineering 

application.

Acknowledgements

This work was supported by The Ministry of Science and 

Higher Education, grant No. 3T08D02030.

References

[1] G. Wei, P. X. Ma; Biomat., Vol 25 (19) 2004, 4749-4757. 

[2] J. Yan, J.J. Mecholsky Jr., K. B. Clifton; Bone, Vol. 40(2) 

2007, 479-484.

[3] Haiyan Li, and Jiang Chang; Comp Sc and Tech, 65(14) 

2226-2232.

[4] Chouzouri, M . Xanthos; A. Biomat., 2007, Vol. 3(5), 

745-756 G.

[5] W.J.E.M. Habraken, J.G.C. Wolke, J.A. Jansen; Adv. 

Drug Del. Rev., Vol. 59 (4-5) 2007, 234-248.

[6] A. Liu, Z.Hong, X. Zhuang, X. Chen, Y. Cui, Y. Liu, X. 

Jing; A. Biomat. Vol 4 (4) 2008, 1005-1015.

[7] S. Kim, M. Park, O.Jeon, C.Choi. B. Kim; Biomat.Vol. 27 

(8) 2006, 1399-1409.

[8] M. Kikuchi, Y. Suetsugu, J. Tanaka and M. Akao; J Mater 

Sci Mater Med 8 (1997), 361-364.

[9] D. Choi, K.G. Marra and P.N. Kumta; Mater Res Bull 39 

(2004), 417-432.

[10] X. Zhang, Y. Li, Y. Zuo, G. Lv, Y. Mu, H. Li; Comp.Vol. 

38 (3), 2007, 843-848.

[11] L. Jiang, Y. Li, X. Wang, L. Zhang, J.Wen, M. Gong; 

Carbo.e Pol., Vol. 74 (3,4) 2008, 680-684.

[12] S. Liao, F. Watari, Y. Zhu, M. Uo, T.Akasaka, W.Wang, 

G. Xu, F. Cui; Dent.l Mat., Vol. 23 (9) 2007, 1120-1128.

[13] A.R. Boccaccini, V. Maquet; Compos Sci Technol 63 

(2003), 2417-2429.

[14] S. Verrier, J.J. Blaker, V. Maquet, L.L. Hench and A.R. 

Boccaccini; Biomat. 25 (2004), 3013-3021.

[15] M. Wang, L.L. Hench, W. Bonfield; J Biomed Mater Res 

42 (1998), 577-586.

[16] J. Tong, Y. Ma, R.D. Arnell, Lu. Ren; App. Sc. and Man., 

Vol. 37( 1) 2006, 38-45.

[17] L Zhao, J Chang; J. of Mat. Sc.: Mat. in Med. 15 (2004), 

625-629.

[18] T. Gumula, C. Paluszkiewicz, M. Blazewicz; J. Mol. 

Structure 704 (2004) 259.

[19] T. Gumula, J. Podporska, M. Blazewicz; Eng. Biomat. 

47-53 (2005) 85.

[20] J. Podporska, M. Błażewicz, B. Trybalska, Ł. Zych; 

Proces. and App. of Cer., Vol 2 [21]. A. Oyane, H.-M. Kim, 

T. Furuya, T. Kokubo, T. Miyazaki and T. Nakamura, ; J. 

Biomed. Mater. Res., 65A, 188-195 (2003).

Sample
Rm

[MPa]
ε Fmax

[%]

E

[MPa]
W

[Nmm]

PCL (pure)
11.0 ± 

2.9
233.3 ± 

92.0
245.2 ± 

24.7
1097.3 ± 

104.3

PCL+6% 
wollastonite

14.8 ± 
1.5

232.7 ± 
21.1

369.8 ± 
36.7

831.3 ± 
67.7

PCL+4% 
wollastonite

11.8 ± 
2.5

195.5 ± 
58.1

306.8 ± 
32.1

834.0 ± 
98.9

PCL+2% 
wollastonite

14.5 ± 
1.9

286.9 ± 
27.2

347.9 ± 
28.5

1230.7 ± 
102.6

PCL+1% 
wollastonite

20.0 ± 
3.6

471.5 ± 
26.4

350.8 ± 
11.6

1948.0 ± 
104.1

PCL+0,5% 
wollastonite

21.0 ± 
3.5

520.5 ± 
29.1

340.3 ± 
10.1

2768.7 ± 
137.6

TABLE 1. The results of composite mechanical prop-

erties testing. Rm – fracture stress, ε Fmax – tensile 

strength, E- Young’s modulus, W-work-of-fracture.


