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Nanostructured materials are considered as prom-

ising scaffolds for advanced tissue engineering. The 

reason is that the nanostructure of a material resem-

bles the nanoarchitecture of the natural extracellular 

matrix (ECM), e.g., its organization into nanoÞ bres, 

nanocrystals, nano-sized folds of ECM molecules, 

etc. On nanostructured surfaces, the cell adhesion-

mediating ECM molecules adsorb in an appropriate 

geometrical orientation which gives cell adhesion 

receptors access to speciÞ c sites in ECM molecules,

such as amino acid sequences like Arg-Gly-Asp 

(RGD), which serve as ligands for these receptors [1-

3]. In addition, these materials enhance the adsorption 

of vitronectin, which is recognized preferentially by 

osteoblasts over other cell types [1-3]. Nanostructured 

materials have therefore been considered as suitable 

particularly for bone tissue engineering.

Our studies have focused on carbon and hydroxya-

patite nanoparticles as components of substrates for 

colonization with human bone-derived cells in vitro. 

Carbon nanoparticles, namely nanocrystalline dia-

mond (NCD) and fullerenes C60, have been used in 

the form of Þ lms deposited on carbon, glass, silicon 

and metallic substrates [3-4]. These Þ lms were of 

continuous (NCD) or micropatterned (C60) morphol-

ogy, and have been intended for surface modiÞ cations 

of bone and dental implants [5], or for creating sur-

faces enabling regionally-selective cell adhesion and 

directed cell growth [6]. NCD Þ lms were also doped 

with boron, which resulted in improved adhesion, 

growth and osteogenic differentiation (measured by 

the production of collagen I, osteocalcin and alkaline

phosphatase content) of human osteoblast-like MG 63 

cells [7]. These beneÞ cial effects can be explained by 

the increased electrical conductivity of boron-doped 

nanocrystalline diamond Þ lms, and can be further 

enhanced by active electric stimulation of cells. 

Some nanoparticles were also incorporated into 

polymeric matrices, e.g. foils of a terpolymer of 

polytetraß uoroethylene, polyvinyldiß uoride and poly-

propylene (carbon nanohorns, carbon nanotubes) or 

nanoÞ bres prepared by an electrospinning technique 

from polylactide, PLA (hydroxyapatite nanoparticles) 

or poly(lactide-co-glycolide), PLGA (nanodiamond).  

All these composite substrates promoted the adhe-

sion, growth and osteogenic differentiation of human 

osteoblast-like MG 63 cells in an extent similar to or 

even better than standard cell cultivation substrates,

such as polystyrene dishes or microscopic glass 

coverslips. The adhesion and growth of MG 63 

cells was particularly improved on the terpolymer of 

polytetraß uoroethylene, polyvinyldiß uoride and poly-

propylene enriched with 4 wt.% of single-wall carbon 

nanohorns or multi-wall carbon nanotubes [3, 4]. The 

osteogenic differentiation of MG 63 cells (measured 

by concentration of osteocalcin) was enhanced on 

nanoÞ brous polylactide scaffolds loaded with 15 wt% 

of hydroxyapatite. On PLGA nanoÞ brous scaffolds 

loaded with approx. 23 wt.% of diamond particles, the 

number of initially adhering MG 63 cells on day 1 after 

seeding and the following growth dynamics of the cells 

were similar to the values on pure PLGA scaffolds [8]. 

However, the cells on PLGA meshes reinforced with 

nanodiamond formed larger and more numerous talin-

containing focal adhesion plaques. In addition, these 

plaques in cells on PLGA-nanodiamond scaffolds were 

localized not only at the cell periphery but also in the 

central part of the cells (FIG(( . 1). 

Thus, it can be concluded that nanoparticle-

modiÞ ed materials are more promising than their 

non-modiÞ ed counterparts for colonization with bone 

cells, for construction of bone implants and for bone 

tissue engineering.
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FIG. 1. Scanning electron microscope image of com-
posite nanoÞ brous PLGA-nanodiamond scaffolds
(A), transmission electron microscope image of 
a PLGA Þ ber loaded with nanodiamond particles (B), 
confocal microscope images of human osteoblast-
like MG 63 cells stained by immunoß uorescence
against talin in 3-day-old cultures on pure PLGA 
scaffolds (C) and composite PLGA-nanodiamond
scaffolds (D). Arrows indicate focal adhesion 
plaques. The bar indicates 10 m (A), 200 m (B)
and 20 m (C, D). 
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Polymers have been often applied in biology and 

medicine for construction of tissue replacements. 

However, the inert surface of the most polymers is not 

able to support and control cell adhesion, migration, 

proliferation, differentiation and other cell functions. 

Hence, the modiÞ cation of polymer surface led to 

achieve appropriate properties. The polymer surface 

can be modiÞ ed by plasma discharge by which the pol-

ymer surface chemistry and morphology is changed.

Plasma treatment leads to creation of radicals, un-

saturated bonds and new chemical groups, mainly 

oxygen containing groups. Oxidized groups increase

the wettability of polymers, which supports adsorption

of cell adhesion-mediating extracellular matrix (ECM)

molecules in appropriate spatial conformation increas-

ing accessibility of speciÞ c sites in these molecules 

by cell adhesion receptors. In addition, other surface

properties of polymers are altered by plasma etch-

ing which strongly inß uence cell-material interaction.

Radicals and unsaturated chemical bonds which are

created by plasma can be utilized for grafting new 

chemical groups, biomolecules and nanoparticles.

The biomolecules grafted on the polymer surface,

such as amino acids, RGD-containing oligopeptides 

(i.e., ligands for integrin receptors), ECM molecules,

enzymes, hormones, and also carbon and gold nano-

particles, not  only have speciÞ c biological effects on

cells but also change physical and chemical properties 

of the polymer surface, and by this way they support 

its bioactivity.

This study is focused on physiochemical proper-

ties and biocompatibility of modiÞ ed polymers. The

studied materials were poly(L-lactide) (PLLA) foils,

nanoÞ brous PLLA meshes and polyethylene terephta-

late (PTFE) foils. PLLA and PTFE foils were modiÞ ed 

in plasma with Ar+rr  ions for time intervals of 50, 100 

and 300 s with power 8 W, and then grafted with Au 

nanoparticles.

Changes in the surface wettability were deter-

mined by reß ection goniometry. The presence and 

concentration of Au nanoparticles were examined 

by X-ray Photoelectron Spectroscopy (XPS). For the

biocompatibility testing, the polymers were seeded 

by mouse embryonic Þ broblasts of the line 3T3, i.e.,

the cells often utilized as a feeder for keratinocytes.

The cell adhesion and growth was evaluated by the

number of cells, their morphology and the size of cell 

adhesion area in the 1st, 3rd and 6th day after seeding.

The results indicate that the water drop contact 

angle increases with the time of exposure to plasma,

which means that the vettability decreases. However,

the following exposure of plasma-irradiated polymers 

to a sodium citrate solution (i.e., a storage solution for 

Au nanoparticles) and grafting with Au nanoparticles 

decrease the contact angle, i.e., increase the mate-

rial surface wettability. Our tests of biocompatibility 

indicate that the modiÞ cation of the polymer surface

inß uences positively the cell behavior. The cells ad-

hered at higher numbers and by a larger cell adhesion

area on modiÞ ed polymers; it was mainly manifested 

on PTFE.

Acknowledgements

Supported by the Grant Agency of the Czech Republic 

(Grant No. P108/10/1106) and by the Academy of Sciences 

of the Czech Republic (Grant No. KAN400480701).

[Engineering of Biomaterials, 109-111, (2011), 5]

References

[1] Webster T.J., Ergun C., Doremus R.H., Siegel R.W., Bizios R.: 

SpeciÞ c proteins mediate enhanced osteoblast adhesion on na-

nophase ceramics. J. Biomed. Mater. Res. 51(3):475-483, 2000.

r[2] Price R.L., Ellison K., Haberstroh K.M., Webster T.J.: Nanometer 

surface roughness increases select osteoblast adhesion on carbon 

nanoÞ ber compacts. J. Biomed. Mater. Res. A 70(1): 129-138, 2004.

[3] Bacakova L., Grausova L., Vandrovcova M., Vacik J., Frazcek 

AA., Blazewicz S., Kromka A., Vanecek M., Nesladek M., Svorcik 

V., Kopecek M.: Carbon nanoparticles as substrates for cell adhe-

sion and growth. In: Nanoparticles: New Research. Lombardi S.L.,

Editor. New York: Nova Science Publishers Inc, 2008, p. 39-107.

[4] Bacakova L., Grausova L., Vacik J., Fraczek A., Blazewicz S., 

fKromka A., Vanecek M., Svorcik V.: Improved adhesion and growth of 

human osteoblast-like MG 63 cells on biomaterials modiÞ ed with 

carbon nanoparticles. Diamond Relat. Mater. 16(12): 2133-2140, 

2007.

[5] Grausova L., Bacakova L., Kromka A., Potocky S., Vanecek M., 

Nesladek M., Lisa V.: Nanodiamond as a promising material for bone 

tissue engineering. J.Nanosci Nanotechnol. 9(6): 3524-3534, 2009.

[6] Grausova L., Vacik J., Bilkova P., Vorlicek V., Svorcik V., So-

ukup D., Bacakova M., Lisa V., Bacakova L.: Regionally-selecti-

ve adhesion and growth of human osteoblast-like MG 63 cells on 

micropatterned fullerene C60 layers. J. Optoelectron Adv. Mater. 

10(8): 2071-2076, 2008.

[7] Grausova L., Kromka A., Burdikova Z., Eckhardt A., Rezek B., Va-

cik J., Haenen K., Lisa V., Bacakova L.: Enhanced growth and oste-

ogenic differentiation of human osteoblast-like cells on boron-doped 

nanocrystalline diamond thin Þ lms. PLoS One 6(6): e20943, 2011.

[8] Parizek M., Douglas T.E.L., Kromka A., Renzing A., Voss E., 

Brady M.A., Warnke P.H., Bacakova L.: Human osteoblast-like MG 

63 cells in cultures on nanoÞ brous PLGA membranes loaded with

nanodiamonds. Inzynieria Biomaterialów-Engineering of Biomate-

rials XIII (94): 11-13, 2010.


