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Abstract

PCL (poly-ε-caprolactone) is a biocompatible and 

biodegradable polymer of aliphatic polyester group. 

However, PCL does not effectively bind to the bone 

in contrast to bioactive inorganic compounds such 

as wollastonite. For this wollastonite (WS) is regar-

ded as a potential bioactive material for bone tissue 

engeenering although its main drawback is brittlennes. 

Therefore we synthesized polymer nanocomposite 

materials composed of poly-ε-caprolactone and wolla-

stonite (PCL/wollastonite) containing either 0.5% or 

5% of the latter modifying filler. And we aimed to verify 

biological properties of the nanocomposite PCL/WS 

materials, in comparison to the pure PCL, on cultures 

of osteoblast-like cells MG-63. The study revealed that 

the adherence of the osteoblast-like cells to the tested 

materials was enhanced by the PCL modification 

(PCL/5WS > PCL/0.5WS > PCL) while cell viability/

proliferation was not altered. Furthermore, the activity 

of alkaline phosphatase indicative of osteoblast diffe-

rentiation (maturation) was enhanced when the cells 

were cultured with either PCL/5WS or PCL/0.5WS. 

Overall, our results indicate that PCL-modified wolla-

stonite improves biological properties of the basic 

biomaterial suggesting its potential usefulness/appli-

cation for the bone tissue regeneration.
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Introduction

Biodegradable polymers are widely used in bone regen-

eration. PCL (poly-ε-caprolactone) is a biodegradable poly-

mer of aliphatic polyester group. Due to its semi-crystalline 

nature and hydrophobicity, degradation of PCL is remarkably 

slow (years) since the close packed macromolecular arrays 

retard fluid ingress in the bulk [1]. PCL is highly compatible 

with osteoblasts and, hence, it may be suitable for long-term 

implant applications [2]. PCL has attracted much interest 

because of its cost-efficiency, high toughness, and process-

ability resulting from its relatively low melting temperature. 

Poly-ε-caprolactone is a non-toxic product, having good 

ability to mix and good mechanical compatibility with bioac-

tive materials [3]. 

Tissue engineering offers a promising new approach for 

bone repair. Significant characteristics of bioactive materi-

als are connected with their ability to bind with living bone 

through formation of an apatite interface layer. Moreover, 

various types of biomaterials containing CaSiO3, such as 

bioactive glasses, glass-ceramics, and wollastonite are 

regarded as potential bioactive materials for bone tissue 

regeneration due to their osseointegration properties [4-6]. 

Some studies have shown that wollastonite has excellent 

bioactivity and is a potential candidate of new biomaterials 

for tissue repair [7]. However, the extensive use of wolla-

stonite is limited by its dissolution and high degradation rate 

leading to a high pH value in the surrounding environment 

[8,9] which can disadvantage cell growth thereby affecting 

their osseointegration ability [10]. 

Yet, there exist no pure polymers that can effectively bind 

to the bone in vivo, thus the composites of biodegradable 

polymers with bioactive inorganic phases are still a promis-

ing approach. Accordingly, combination of PCL with bioactive 

inorganic materials could bring out the advantages of both 

materials. Therefore, the aim of this study was to investigate 

effects of polymer nanocomposite material composed of 

poly-ε-caprolactone/wollastonite (PCL/WS) on biological 

properties of osteoblasts-like cells MG-63.

Materials and methods

Surface modification

Poly-ε-caprolactone (PCL) was purchased from Sigma–

Aldrich and it was used as a matrix raw-material for nano-

composites. PCL characteristic were as follows: molecular 

mass, Mn 80,000; melting temp. 60oC; polydispersion, Mw/Mn 

< 2; the degree of crystallinity determined by DSC, 42.2%. 

Wollastonite nanopowder was used as a modifier of PCL. 

It was synthesised at the Department of Biomaterials, AGH 

University of Science and Technology (Kraków, Poland), 

based on poly-methyloxosilane resin Lukosil 901 (Lucebni 

Zavody, Kolin, Czech Republic) as a precursor. Silica (SiO2) 

and calcium hydroxide Ca(OH)2 were applied as inorganic 

additives. The resin was thermally cross-linked, milled 

and then mixed with inorganic additives using the weight 

ratio 65:35 (10SiO2, 25Ca(OH)2). The pellets were formed 

from powder mixture by uniaxial pressing and the prepared 

material was subjected to pyrolysis in neutral atmosphere 

at the temperature of 1000°C during 24 h, with heating 

rate of 0.7°C/min. Wollastonite (WS) ceramic made in this 

way contained silica oxycarbide (about 10 wt %), being 

formed during the pyrolysis of the resin. Thus obtained ce-

ramic product was then milled in an attritor grinder for 12 h.  

In order to define the average grain size and the grain size 

distribution, the Nanosizer-ZS Malvern Instruments were 

used, having the ability to measure the size of particles in 

the range from 0.6 nm to 6 mm.

The polymer matrix nanocomposite samples were pre-

pared in the form of foils of 0.2 mm thick. Dichloromethane 

was applied as a solvent of PCL matrix material to which 

wollastonite powder was added and then the suspensions 

were homogenized with use of an ultrasonic homogenizer, 

making the suspension uniform and breaking down powder 

soft agglomerates [11-13]. Nanocomposite samples were 

prepared, containing the following amounts of modifying filler 

(by volume): PCL/0.5% and PCL/5%. Samples without wolla-

stonite content were prepared as reference materials.
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For cell culture studies the resorbable polymers (PCL/

WS) were washed in 70% ethanol and sterilized with UV 

irradiation (45 min for each side). The osteoblasts-like cells 

MG-63 were routinely grown in 75 ml flasks in Dulbecco’s 

Modified Eagle Medium with glucose and L-Glutamine (PAA, 

Austria), 10% foetal bovine serum (PAA, Austria), 100 U/mL 

penicillin, and 100 μg/mL streptomycin (Sigma, Germany) 

in a 5% CO2 and 95% air atmosphere at 37oC. A flask of 

cells was brought into suspension after incubating for 5 

min with 0.5% trypsin plus EDTA (PAA, Austria). Following 

trypsinization, the cells were washed by centrifugation at 

400 g for 5 min to form a pellet that was resuspended in 

fresh supplemented medium to a concentration of 3 x 104 

cells/ml. Next, 1 ml of cell suspension was added to each 

well of 24-well plates (Nunclon, Denmark) containing sterile 

nanocomposite samples. Samples without wollastonite (pure 

PCL) served as a control. Cultures were performed for 3 or 

7 days at 37°C in a 5% CO2 and 95% air atmosphere.

Biological properties

At the selected time points (3 or 7 days), supernatants 

from the above cells cultured on biomaterials were collected 

and frozen for osteoblast activity evaluation.

Afterwards, the cells were stained for 2 min. with 0.01% 

acridine orange in PBS, washed with PBS, and the cell 

cultures were observed and photographed under the fluo-

rescence microscope for evaluation of their morphology and 

attachment to the studied biomaterials.

Estimation of adherent cell mass was achieved by crystal 

violet staining/extraction (CV test). Cells cultured on studied 

materials were washed twice with PBS (phosphate buffered 

saline), fixed in 2% paraformaldehyde for 1 h at 21oC and 

stained with 0.5% crystal violet in 20% methanol for 5 min. 

Then the cells were washed with tap water, and dried in 

air. The adsorbed stain was extracted by addition of 1 ml of 

100% methanol (POCh, Gliwice, Poland) and optical density 

was measured with an Expert Plus spectrophotometer (Asys 

Hitech, Eugendorf, Austria) at 570 nm.

The viability of cells was estimated by the MTT assay. 

Briefly, a 100 µl of 5 mg/ml MTT (3-[4,5-dimethyl-thiazol-2-yl]-

2,5-diphenyltetrazolium bromide, Sigma-Aldrich, Germany) 

water solution was added to each well. After 1 h incubation in 

the dark at 37oC the reaction was stopped by pouring 1 ml of 

isopropanol containing 3% of HCl (POCh, Gliwice, Poland) 

and the optical density of formazan was determined at 570 nm 

with the Expert Plus spectrophotometer.

Protein concentration in the supernatants was meas-

ured by the colorimetric BCA method. A mixture of copper 

(II) sulphate solution (CS, Sigma-Aldrich, Germany) and 

bicinchoninic acid solution (BCA; Sigma, Germany) in ra-

tio 1:50 was firstly prepared. Subsequently, 10 µl of each 

tested sample was transferred to wells of a 96-well plate 

and then 200 µl/well of the CS/BCA mixture was added. 

The plates were incubated for 30 minutes in the dark.  

The optical density was measured at 570 nm with the Expert 

Plus spectrophotometer.

For assessment of alkaline phosphatase (ALP), the 

production of p-nitrophenol in the presence of ALP was 

measured by a bone-specific immunoassay (Metra BAP 

EIA kit; Quidel, San Diego, USA) according to the manu-

facturer’s instructions.

Statistical analysis

The results were reported as mean values +/- the stand-

ard error (SEM). Statistical analyses were performed using 

the T-Tukey’s test. The statistical significance of differences 

was set at p < 0.05.

Results and discussion

In this study, we evaluated biological properties of pure 

PCL and its modifications i.e. nanocomposites with wolla-

stonite (PCL/WS) using the osteoblast-like MG-6 cell culture 

system, which has been frequently used for elucidating 

the responses of bone cells to biomaterials [14]. A proper 

cell attachment belongs to the first phase of cell/material 

interactions and the quality of this first phase will influence 

the cell capacity to grow and proliferate as well as the cell 

morphology, proliferation and viability upon contact with the 

implant material. In the present study the relative number 

of cells adhering to different materials was assessed using 

crystal violet (CV) assay because cell absorbance of CV 

serves as an indicator of the relative number of cells on the 

materials. The results of the cell attachment studies revealed 

that osteoblast adherence to the materials was improved by 

one of the PCL modifications (PCL/5%WS) already on day 

3 of the experiment. However, the long term (7-day) incuba-

tion with either wollastonite modification of PCL significantly 

improved osteoblast ability to adhere in comparison to the 

unmodified PCL (FIG. 1). Fluorescent microscopy showed 

the morphological features of osteoblast-like cells cultured 

on the PCL, PCL/0.5WS and PCL/5WS (as showed for 7 

days on the FIG. 2). Apparently significantly more cells were 

present when the cells were cultured on the wollastone 

nanocomposites of PCL (PCL/5WS > PCL/0.5WS) then on 

the pure PCL (FIG. 2). This is in line with our data from the 

CV studies and with reports of other groups. In particular,  

Ni and co-workers [15,5] investigated bioactive porous 

CaSiO3 scaffolds and examined their effects on adherence 

and proliferation of the osteoblast-like cells. On day 7 of in-

cubation the two parameters were improved as compared to 

the control [5]. A similar phenomenon was observed by Wei 

and co-workers [16]. The osteoblast-like cells adhered better 

to the mesoporous wollastonite/PCL composite scaffolds  

(m-WSP/PCL) than to that of PCL or tissue culture plate. 

FIG. 1. The adherence of osteoblast-like MG-63 
cells to PCL (poly ε-caprolactone), and modified 
PCL [poly ε-caprolactone/0.5% wollastonite (PCL/
0.5WS) and poly ε- caprolactone/5% wollastonite 
(PCL/5WS)] at 3 and 7 days of culture. O.D. - the 
optical density measured at 570 nm. The results are 
presented as means ± SE. Different letters (e.g. a vs. 
b or A vs. B) indicate values significantly different 
when tested against PCL by means of the T-Tukey’s 
test (p<0.05).
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It is known that the cellular responses to a given material, 

such as adhesion, proliferation and differentiation depend 

not only on its physical status but also on its chemical 

composition which is relevant to the level of ions released 

from the material and consequent cell-material interactions. 

Consequently, it was shown that solution containing high Si 

concentrations is mitogenic for bone cells [17]. Moreover, 

Xynos [18] reported that ionic products (Si and Ca) of bioac-

tive glass dissolution could stimulate osteoblast prolifera-

tion. In the current studies we evaluated viability/prolifera-

tion of the osteoblast-like cells by the MTT test (FIG. 3).  

The viability/proliferation of MG-63 cells was not altered 

between the polymer nanocomposite samples and the 

PCL control. Therefore the obtained results indicate that 

the developed PCL/wollastonite nanocomposites are not 

cytotoxic. 

Additionally, the lack of differences in proliferation rate 

might indicate that the cells have been translated to differ-

entiation rather than division [19]. This was further confirmed 

by detection of higher levels of active alkaline phosphatase 

in supernatants of the cells cultured with PCL/0.5WS and 

PCL/5WS than PCL. This implies upregulated osteoblastic 

differentiation in the presence of wollastonite. Moreover, 

alkaline phosphatase ALP activity is recognized as an early 

marker for the functionality and activity of osteoblasts in  

in vitro experiments [20]. In particular, we detected that on 

day 3, the ALP activity observed in the supernatants of the 

cells cultured on both polymer composites (PCL/0.5WS and 

PCL/5WS) was comparable to the control PCL, but on day 7 

the ALP activity was higher in the case of the nanocompos-

ites than in the PCL cultures (FIG. 4). Similar effects have 

reported by Ni and co-workers when they studied effects of 

porous CaSiO3 on osteoblast-like cells [15,5]. 

FIG. 2. Morphology of osteoblasts-like cells (MG-63) 
grown on a control material PCL and on modified 
PCL nanocomposites [poly ε-caprolactone/0.5% 
wollastonite (PCL/0.5WS) and poly ε-caprolac-
tone/5% wollastonite (PCL/5WS)] analyzed by 
fluorescence microscopy after 7-day incubation. 
(A) PCL, (B) PCL/0.5WS, and (C) PCL/5WS.

FIG. 3. The viability/prolifferation of osteoblast-
like MG-63 cells on PCL (poly ε-caprolactone), and 
modified PCL [poly ε-caprolactone/0.5% wolla-
stonite (PCL/0.5WS) and poly ε-caprolactone/5% 
wollastonite (PCL/5WS)] at 3 and 7 days of culture. 
O.D. - the optical density measured at 570 nm.  
The results are presented as means ± SE.

FIG. 4. Alkaline phosphate (ALP) activity of os-
teoblast-like MG-63 cultured with the PCL (poly 
ε-caprolactone) and modified PCL [poly ε-capro-
lactone/0.5% wollastonite (PCL/0.5WS) and poly 
ε-caprolactone/5% wollastonite (PCL/5WS)]. ALP 
content was measured in supernatants collected 
from osteoblasts cultured in the presence of the 
polymers for either 3 or 7 days. The results are 
presented as means ± SE. Different letters (e.g. a vs. 
b or A vs. B) indicate values significantly different 
when tested against the control by means of the 
T-Tukey’s test (p<0.05).
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might lead to new gene transcription and subsequently new 

protein synthesis [21]. For this we evaluated total levels of 

proteins released by the tested cells. On day 3 and 7 osteo-

blasts co-cultured with polymer nanocomposite samples 

PCL/0.5WS and PCL/5WS released less proteins than the 

cells cultured on the control PCL (FIG. 5). This might imply 

that the osteoblast-like cells do not become (over) activated 

by the nanocomposites as they do not increase the release 

of mediators/factors. In turn they differentiate and possibly 

mature into osteocytes forming bones.

Nanocomposites made of resorbable polymers (PCL) 

and ceramic nanoparticles (wollastonite) may become good 

alternative materials for growing bone tissue cells, in view of 

their superior mechanical and bioactive properties compared 

to conventional materials as well as desired biological pro-

perties. The above results suggest that poly-ε-caprolactone/

wollastonite nanocomposites may be potential candidates 

for preparation of bioactive bone substitutes.

Conclusion

In conclusion, the results of this study demonstrate  

in vitro cell compatibility of the polymer matrix nanocompo-

site materials PCL/0.5WS and PCL/5WS and suggest their 

potential applications for bone tissue engineering.

FIG. 5. Production/release of proteins by osteob-
last-like MG-63 cells in the presence of the tested 
polymer samples. The cells were incubated with the 
PCL (poly ε-caprolactone) and modified PCL [poly 
ε-caprolactone/0.5% wollastonite (PCL/0.5WS) and 
poly ε-caprolactone/5% wollastonite (PCL/5WS)]. 
The total protein content was measured in super-
natants collected from osteoblast cultured in the 
presence of the polymers for either 3 or 7 days. 
The results are presented as means ± SE. Different 
letters (e.g. a vs. b or A vs. B) indicate values sig-
nificantly different when tested against the control 
by means of the T-Tukey’s test (p<0.05).
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