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no burst release in both cases. On the other hand, BSA

release appeared faster from the hydrogel obtained at 37°C

than from the one obtained at 50°C, even though the gela-

tion time was longer for the former than for the latter. Nearly

38% and 24% of BSA were released after 360 h, respec-

tively. The difference can be assigned to the fact gelation at

50°C led to much more consistent hydrogel structure than

at 37°C, which disfavored drug diffusion.

Circular dichroism (CD) was used to determine whether

BSA molecules were denatured after the gelation proce-

dure. Figure 2B shows the CD spectra of original BSA and

of BSA released from the hydrogel obtained at 50°C. The

two spectra appeared almost identical, indicating that the

gelation procedure at 50°C did not denature BSA proteins.

Conclusion

Bioresorbable hydrogels were prepared from aqueous

solutions containing both PLLA/PEG and PDLA/PEG block

copolymers due to interactions and stereocomplexation

between PLLA and PDLA blocks. Rheological studies

showed that both storage and loss moduli depend not only

on the polymer properties such as the molar mass and EO/

LA ratio, but also on the factors such as the concentration,

temperature, time and frequency. The gelation process is

time- and temperature-dependent and the hydrogel is a

dynamic and evolutive system because of continuous for-

mation/destruction of crosslinks and degradation. Drug re-

lease studies show that the release rate can be adjusted by

changing the gelation conditions and factors such as drug

load, polymer concentration and molar masses.
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Abstract

Carbon fibre-reinforced carbon composites

(CFRC), i.e. materials promising for hard tissue sur-

gery, were coated by a fullerene layer in order to

strengthen the material surface and create its

nanostructure pattern which is known to be attractive

for colonization with bone cells. The fullerene layer

was relatively resistant to wear, at least swabbing with

cotton, rinsing with liquids and exposure to cells and

proteolytic enzymes. Both human osteoblast-like MG

63 cells and rat vascular smooth muscle cells (VSMC)

in 1- and 2-day-old cultures adhered to these surfaces

in lower numbers in comparison with the control

uncoated material and tissue culture polystyrene. In

addition, the VSMC on the fullerene-coated surfaces

were less spread. The lower cell adhesion was prob-

ably due to a relatively high hydrophobicity of

fullerenes. On the other hand, the spreading of MG

63 cells was comparable to that observed on the con-

trol surfaces, and these cells also assembled dot-like

vinculin-containing focal adhesion plaques and rela-

tively rich fine filamentous beta-actin cytoskeleton. We

suppose that the cell adhesion may be enhanced by

derivatization of fullerenes with specific chemical func-

tional groups or peptidic ligands for cell adhesion

receptors.

[Engineering of Biomaterials, 47-53,(2005),3-6]

Introduction

Fullerenes are spheroidal molecules made exclusively

of carbon atoms (e.g., C60, C70). Similarly as carbon

nanotubes, and nanodiamonds, fullerenes are considered
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of carbon fibres Toray T 800 was arranged in layers, infil-

trated with a carbon matrix precursor (phenolic resin

UMAFORM LE, Synpo Ltd., Pardubice, CR), pressed, cured,

carbonised at 1000oC, graphitised at 2200oC and finally

graphitised at 2200oC. In order to decrease the material

surface micro-scale roughness, non-appropriate for cell

spreading [8], the CFRC were ground using metallographic

paper of 4000 grade.

Thin fullerene (C60) layers, deposited on the CFRC, were

prepared by evaporation of C60 in the Leybold Univex-300

vacuum system. In order to synthesize high quality C60 cov-

erings, suitable deposition kinetics is necessary. Thus, the

C60/CFRC samples were prepared at room temperature (of

the substrates) with a deposition rate <1 A/s (the tempera-

ture of C60 evaporation in the Knudsen cells was 400oC),

and time of deposition of about 15 min. The thickness of the

fullerene layers was estimated to be <100 nm. FIG.1 (show-

ing a typical result of the Raman analysis) confirms that the

fullerene films were prepared with a high quality with no

fragmentation or graphitization of C60. One third of the CFRC

samples (3x3 cm) was protected of fullerene coating using

a mask. Other completely uncoated CFRC samples as well

as tissue culture polystyrene dish served as controls.

The samples were repeatedly rinsed in phosphate-buffered

saline and inserted on the bottom of polystyrene Petri dishes

(diameter 5 cm; GAMA, Ceske Budejovice, CR). The steri-

lization was avoided in order to prevent possible damage of

fullerenes by heat, irradiation or chemicals, and the sam-

ples were used for short-term cell culture only. They were

seeded with human osteoblast-like MG 63 cells (European

Collection of Cell Cultures, Salisbury, UK) or vascular

smooth muscle cells (VSMC) obtained from the thoracic

aorta of adult male Wistar rats [3]. Each dish contained

300,000-500,000 cells (i.e., 15,000-25,000 cells/cm2 and 7

ml of Dulbecco Minimum Essential Medium supplemented

with 10% of fetal bovine serum and 40 µg/ml of gentamicin.

Cells were cultured for 1-2 days 37oC in humidified air at-

mosphere containing 5% of CO2, fixed with 70% ethanol

and stained with propidium iodide. In addition, two molecules

participating in the process of cell adhesion and spreading,

namely vinculin, an integrin-associated protein, and beta-

actin, important component of the cytoplasmatic cytoskel-

eton, were visualized by immunofluorescence staining

[5,8,10].

Results and discussion

Grinding with metallographic paper of 4000 grade low-

ered the surface roughness of CFRC about twice. As meas-

ured by a profilometer (Rank Taylor Hobson Ltd., England),

the departures of the roughness profile from the mean line

(i.e., Ra parameter) decreased from 6.5±1.8mm to

3.5±0.6mm, and the mean spacing of the adjacent local

peaks (parameter S) lengthened from 38±11mm to 96±

49mm. Fullerene coating did not change significantly this

surface microroughness but created a nanostructured pat-

tern on the pre-existing microarchitecture of the CFRC sur-

faces. This nanopattern was expected to enhance adhe-

sion of cells, especially those bone-derived, because re-

cently, a very interesting finding has been reported that

nanostructured surfaces can enhance the adsorption of

vitronectin, i.e. an extracellular matrix protein mediating pref-

erential adhesion of osteoblasts over other cell types [5, 6].

However, on day 2 after seeding, the MG-63 cells adhered

to the fullerene-coated CFRC in a significantly lower number

than on uncoated CFRC, glass or standard tissue culture

polystyrene. Similar reaction was also observed in 1-day-

old cultures of VSMC (FIG.2A,B). In addition, the VSMC on

as promising building blocks for the construction of novel

nanomaterials, especially for molecular electronics. In ad-

dition, these molecules display a diverse range of biologi-

cal activity. Their unique hollow cage-like shape and struc-

tural analogy with clathrin-coated vesicles in cells as well

as their reactivity allowing for immobilization of various

molecules on their surface support the idea of the potential

use of fullerenes as drug or gene delivery agents [1, 2]. In

their pristine unmodified state, fullerenes are highly hydro-

phobic, water-insoluble, able to accept and release elec-

trons, and relatively highly reactive, which enables them to

be structurally modified. When irradiated with UV or visible

light, fullerenes can convert molecular oxygen into highly

reactive singlet oxygen. Thus, they have the potential for

inflicting photodynamic damage on biological systems, in-

cluding damage to cellular membranes or DNA cleavage.

This harmful effect can be exploited for photodynamic

therapy against tumors, viruses and bacteria resistant to

multiple drugs. On the other hand, C60 is considered to be

the world's most efficient radical scavenger. This is due to

the relatively large number of conjugated double bonds in

the fullerene molecule, which can be attacked by radical

species. Thus, fullerenes would be suitable for applications

in quenching oxygen radicals [3,4].

However, relatively little is known about the influence of

fullerenes on cell-substrate adhesion. A thin layer of fullerene

molecules may enhance the cell adhesion on various

biomaterials by its nanostructure arrangements (i.e., the

presence of fullerene clusters or crystallites less than 100

nm), which resembles the architecture of physiological ex-

tracellular matrix (ECM), i.e. a structure composed from

nanoscale proteins, and in the case of bone, also hydroxya-

patite and other inorganic nanocrystals [5-7]. Therefore, we

investigated adhesion of human osteoblast-like cells of the

line MG-63 in cultures on carbon fibre-reinforced carbon

composites, i.e. materials considered as promising for bone

tissue engineering, coated with a thin fullerene layer. In

addition, we studied adhesion of vascular smooth muscle

cells, i.e. another important cell type present in the bone,

moreover capable of osteogenic differentiation [8].

Material and methods

Two-dimensionally reinforced CFRC were prepared in

the Institute of Rock Structure and Mechanics, Acad. Sci.

CR, Prague [3]. Commercially available woven fabric made
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the fullerene layer were less spread, i.e. round or spindle-

shaped, whereas on the pure CFRC and especially on the

tissue culture polystyrene, they were mainly polygonal and

of a larger cell-material contact area (FIG.3A-D).

The lower cell adhesion on the fullerene layer was probably

due to the hydrophobic character of the non-derivatized

fullerene molecules [3]. It is known that hydrophobic mate-

rials promote preferential adsorption of cell non-adhesive

proteins from the serum of the culture media, such as albu-

min. In addition, the cell adhesion-mediating ECM proteins

are adsorbed in relatively rigid state, thus their specific amino

acid sequences are less accessible for cell adhesion

receptors [10]. Penetration of fullerenes into cells and their

cytotoxic action is less probable, because the cell attach-

ment and spreading on the control uncoated regions of the

fullerene-modified CFRC (FIG.3D), as well as on the bot-

tom on polystyrene dishes containing fullerene-coated sam-

ples (FIG.3E), were similar as in control polystyrene dishes

without fullerene samples. In addition, the fullerene layer

was resistant to mild wear, represented by swabbing with

cotton, rinsing with liquids (water, phosphate-buffered sa-

line, culture media) and exposure to cells and proteolytic

enzymes used for cell harvesting. The fullerene-coated

CFRC surfaces seemed to be stronger and less prone to

release carbon particles (the latter see on Fig. 3E), which is

an important limitation of the potential biomedical use of

CFRC [8].

In comparison with VSMC, the cell spreading area of MG

63 cells on the fullerene-coated CFRC was found to be sig-

nificantly higher (3182±670 mm2) than that on the uncoated

material (1888±400 mm2) and even on polystyrene dishes

(1300±102 mm2). This could be explained by the low cell

population density on the fullerene layer, which provided

the cells with more space for their spreading. On the other

hand, the fullerene layer might promote the preferential

adhesion of osteoblasts by its nanostructure [5,6]. On the

fullerene layer, these cells formed fine dot-like vinculin-con-

taining focal adhesion plaques and fine network of actin

microfilaments (FIG.4), which is a sign of effective binding

between cell adhesion receptors and ECM proteins

adsorbed on the material surface [5,10]. In the future ex-

periments, we plan to reduce the hydrophobia of fullerenes

by their derivatization with oxygen-containing and amine

groups, or to induce the receptor-mediated cell adhesion

by functionalization of fullerenes with oligopeptides contain-

ing amino acid sequences RGD or osteoblast-specific KRSR

[5,6,10]. A water soluble fullerene derivative, C3-fullero-tris-

methanodicarboxylicacid, maintained the integrity of focal

adhesion plaques and actin cytoskeleton in a UV-irradiated

line of human epidermoid carcinoma cells by quenching

oxygen radicals [4]. Enhanced attachment and spreading

of platelets was also found on a polyurethane surface grafted

with fullerene C60 molecules [11]. In addition, fullerene de-

rivatives selectively targeting the bone tissue, delivering di-

agnostic and therapeutic agents and influencing bone tis-

sue mineralization can also be constructed [1].

Conclusions

Coating of carbon-fibre reinforced carbon composites,

i.e. promising materials for bone tissue engineering, with a

fullerene layer reduced the number of osteoblast-like MG

63 cells or vascular smooth muscle cells adhering to these

materials in vitro. The latter cell type was also less spread,

whereas the spreading of MG 63 cells was comparable to

that observed on the uncoated composites or tissue culture

polystyrene. The cell adhesion may be further enhanced by

derivatization of fullerenes with chemical functional groups

or oligopeptidic ligands for cell adhesion receptors.
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FIG. 2. Number of rat aortic smooth muscle cells
(A) and osteoblast-like MG 63 cells (B) on carbon
fibre-reinforced carbon composites (CFRC), CFRC
coated with fullerenes (CFRC+full), glass
coverslips (Glass) and standard polystyrene
tissue culture dish (Dish) on day 2 (A) and 1 (B)
after seeding. Average ± SEM from 12-21
microscopic fields, Student's t-test for unpaired
data. Statistical significance: ***p<0.001, *p<0.02
in comparison with CFRC.

Fig. 3. Rat aortic smooth muscle cells on CFRC
(A), CFRC coated with fullerenes (B), standard
polystyrene tissue culture dish (C), uncoated
region of a fullerene-coated CFRC sample (D),
polystyrene dish with a fullerene-coated CFRC
sample (E).  Day 1 after seeding; fixed and stained
with propidium iodide (A-D) or living unfixed cells
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Abstract

Adhesion and growth of human osteoblast-like MG

63 cells (seeding density of 17964 cells/cm2) was stud-

ied in cultures on the following 7 groups of artificial

materials developed for bone tissue engineering:

terpolymer of polypropylene, polytetrafluorethylene

and polyvinyldifluoride (CP0), terpolymer reinforced

with carbon fibres (CP4) or carbon fabric (CP5),

terpolymer reinforced with carbon fibres and with pores

created by addition and dissolution of alginate fibres

(CP6) or powder (CP7), terpolymer reinforced with

carbon fibres and containing the alginate powder

(CP8) or fibres (CP9). On day 1 and 3 after seeding,

the numbers of MG63 cells on all tested materials was

similar to the values obtained on the control polysty-

rene culture dish (PS). However, on day 7, the cell

number, ranging from 17766±3180 to 67002±6850

cells/cm2, increased in the following order:

CP0<PS<CP6<CP8<CP7<CP5<CP4<CP9, which

suggest a supportive role of carbon and alginate com-

ponents of the materials on their colonization with cells.

[Engineering of Biomaterials, 47-53,(2005),6-9]

Introduction

In recent years, artificial materials are of growing impor-

tance in medicine and biology. A modern scientific interdis-
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FIG. 4. Immunofluorescence staining of vinculin
(A-C) and beta-actin (D-F) in MG 63 cells on day 2
after seeding on CFRC (A,D), fullerene-coated
CFRC (B,E) or standard polystyrene tissue culture
dish (C, F). Arrows indicate vinculin-containing
focal adhesion plaques (A-C) or beta-actin
filament bundles (D-F).
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