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The cell-material interaction is significantly in-

fluenced by the physicochemical properties of the 

material surface, including its electrical charge. In this 

study, the effect of the surface polarity of ferroelectric 

LiNbO3 single crystals on the adhesion, growth and 

osteogenic differentiation of human bone marrow me-

senchymal stem cells was investigated. The cells were 

cultured on the normal-to-plane poled and in-plane 

poled plates resulting in positive, negative and zero 

surface charge. The number of initially adhering cells 

on day 1 after seeding, their spreading, shape, and 

their metabolic activity, production of type I collagen, 

activity of alkaline phosphatase and mineralization in 

the following days of cultivation (days 6 and 20) were 

comparable on all three tested surfaces. However, 

significant differences were found in the expression 

of mRNA for type I collagen, alkaline phosphatase 

and osteocalcin, i.e. an early, medium-term and late 

markers of osteogenic cell differentiation, respectively. 

On day 20, the expression of type I collagen was 

significantly lower in cells on negatively-charged than 

on non-charged surfaces. Moreover, the expression of 

alkaline phosphatase and osteocalcin was higher in 

cells on positively-charged than on negatively-charged 

surfaces. These differences were generally more 

pronounced in standard cell culture medium than in 

osteogenic medium, which could, at least partly, mask 

the influence of the material surface properties on the 

cell behaviour. Thus, positively-charged LiNbO3 sur-

faces seemed to be more suitable for the osteogenic 

differentiation of bone marrow mesenchymal stem 

cells than the negatively-charged surfaces. 
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Cell-biomaterial interaction strongly depends on the 

physical and chemical properties of the material surface, 

such as its polarity, wettability, roughness and topography, 

rigidity and deformability, pH, electrical charge and conduc-

tivity (for a review, see [1]). In order to modulate the phys-

icochemical properties of the material surface, a wide range 

including irradiation with ions or ultraviolet light, plasma 

treatment, etching in acids or alkalis, grinding, polishing, 

electric discharge machining, shot peening, and particularly 

materials or ceramics (for a review, see [1,2]).

In this study, we concentrated on the adhesion, growth 

and osteogenic differentiation of human bone marrow 

mesenchymal stem cells on electrically-charged surfaces 

with different polarization – positive or negative. There is  

of the positive or negative charge on the cell behaviour. 

One group of studies reported that the positive charge 

was more advantageous for the cell adhesion, growth and 

-

hydrogels were higher than on the negatively charged and 

electroneutral surfaces [3]. Similarly, the positive charge on 

2 hybrid surfaces increased the number 

of rat bone marrow-derived osteoblast-like cells cultured on 

these surfaces [4]. 

However, another group of studies came to the opposite 

conclusion – negative charge is better for the colonization of 

materials with cells in vitro and the material osseointegration 

in vivo

comparison with the positively charged and non-charged 

surfaces [5]. The negative surface charge of electrically-

increased osteobonding activity of this material after its 

implantation into tibial and femoral diaphyses of rabbits  

in vivo [6]. 

-

cant difference between positively and negatively charged 

materials in supporting the growth and differentiation of 

osteogenic cells [7,8]. 

material surface promoted the cell growth, while the negative 

charge supported the osteogenic cell differentiation [9,10]. 

improved the adsorption of the negatively charged proteins 

mediating the cell adhesion, while the negatively charged 

surfaces adsorbed more Ca2+ ions, and thus promote the 

In this study, we investigated the adhesion, growth 

and osteogenic cell differentiation in human bone marrow 

mesenchymal stem cells cultured on poled electroactive 

3 single crystalline plates with positive or 

negative surface charge due to polarization perpendicular 

to the surface or with zero surface charge when polarization 

is parallel to the surface. The cell behaviour was evaluated 

in terms of the cell number, metabolic activity, markers of 

osteogenic cell differentiation (type I collagen, alkaline phos-

 



3Our earlier study, performed on human osteoblast-like 

Saos-2 cells cultured on positively and negatively charged 

3 surfaces, showed that the cell behavior tended to 

be slightly better on positively-charged surfaces [11]. Since 

the Saos-2 cells are a cell line of osteosarcoma origin, which 

may be less sensitive to the material surface properties than 

primocultured and low-passaged cells, this study intend to 

verify the results obtained on Saos-2 cells on commercially 

available primary human mesenchymal bone marrow stem 

cells (passage 2).

The study was carried out on commercially available 

3 substrates (MTI Corporation). The materials were 

supplied in the following form: single crystalline plates, 

optical grade, dimensions 10×10×0.5 mm3, two-sides pol-

ished, surface roughness <0.8 nm (determined by AFM), 

(0001) orientation poled perpendicularly to the surface (one 

surface with the positive charge and the opposite one with 

the negative charge) and (0100) orientation poled parallel 

to the surface with zero charge due to the polarization.  

The polarity of the surface was determined using the d33 

d33 ). The 

measurements of zeta-potential, performed in our earlier 

study, showed that at near-physiological pH (i.e. pH ~6), the 

zeta potential was less negative on positively-charged than 

3 surfaces [11]. 

The samples were sterilized by 70% ethanol for 2 hours, 

inner well diameter 15 mm) and seeded with human bone 

marrow mesenchymal stem cells (ScienCell Research 

-
2) and 

1 ml of Mesenchymal Stem Cell Medium (MSCM, Scien-

received osteogenic differentiation medium which was 

-

The cell number was evaluated on day 1 as an important 

indicator of the initial cell adhesion. The cells were rinsed 

ethanol (-20°C) for 10 min and stained for 1 h with a com-

2  

membrane and cytoplasm. The cells were then counted on 

microphotographs, and their morphology, i.e. the shape and 

spreading, was also evaluated. 

On the days 6 and 20, the cell number was estimated 

-

(4 mM) was added to the medium without phenol red to the 

to the cells washed with PBS in order to remove formal 

-

number was recalculated per the substrate area (1 cm2).

The total amount of collagen (i.e., an important com-

intracellular collagen and collagen deposited on the tested 

materials, was determined using a Sircol kit (Biocolor Ltd., 

MSCM + 14 days in differentiation medium or 6 days in 

by acid–pepsin digestion. The cells were rinsed with PBS, 

 

at 4°C. The lysates were centrifuged and the supernatants 

were concentrated according to the Sircol kit manufacturer’s 

protocol. Finally, the Sircol dye was bound to the isolated 

collagen, was dissolved, and the absorbance of the colored 

solution was measured. The absorbance was measured 

culture plates (Sigma-Aldrich) with wavelength at 555 nm.  

The amount of total collagen was adjusted to the cell meta-

bolic activity per sample. 

on the activity of alkaline phosphatase (ALP), i.e. an enzyme 

studied. After 20 days of cultivation (6 days in MSCM + 14 

days in differentiation medium or 6 days in MSCM + 14 days 

phosphate in substrate buffer [50 mM glycine, 1 mM MgCl2, 

pH 10.5]) (Sigma-Aldrich) was added directly to the cells. 

(at 405 nm) of the samples was measured together with the 

absorbance of the known concentrations of p-nitrophenol di-

were normalized to the cell metabolic activity per sample. 

calcium deposition by hMSCs was studied. After 20 days of 

cultivation (6 days in MSCM + 14 days in osteogenic differ-

the cell layers were rinsed with PBS, dried, and lysed in  

0.5 M HCl for 24 h at 4°C. The calcium in the cell lysates 

and standards was directly determined by using the Calcium 

according to the manufacturer’s protocol. The results were 

normalized to the cell metabolic activity per sample.
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Real-time quantitative PCR (Q-PCR) was used to deter-

for type I collagen, ALP and OC. Cells were grown on the 

tested materials in the growth or differentiation media for 

-

noPhotometerTM 

in T-Personal Therocycler (Biometra). Q-PCR primers were 

 

The primers were designed according to the literature  

of 10 min at 95°C, then 40 cycles of 15 s at 95°C and 1 min 

at 60°C, followed by a melt curve. Assays were conducted 

 method. 

t), was 

target genes were calculated using the equation: 

t = (Ct
target – Ct )sample – (Ct

target – Ct )calibrator 

was used as a housekeeping gene and data was normal-

36 measurements. The quantitative data (metabolic activ-

ity, ALP activity, type I collagen production, Ca deposition) 

 

2-3 measurements. PCR data was presented as mean  

Multiple comparison procedures were made by the One-

The cell number on day 1 after seeding did not differ 

-

3 

 

The cells on all tested surfaces were of similar morphology, 

20 of cultivation, the cell metabolic activity, i.e. an indicator of 

 

At the same time, the two different types of cultivation media 

(i.e., standard growth medium and differentiation medium) 

Primer sequence Product size (bp)

ALP 68

Collagen type I 83

OC 70

87

3 
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However, type I collagen was produced in higher amount 

because a higher production of type I collagen, considered 

as an early marker of osteogenic cell differentiation, can be 

(14 days in osteogenic medium), as indicated by the mark-

edly increased content of Ca2+ ions in comparison with the 

cultures in standard growth medium. In the latter cultures, 

the presence of Ca2+ ions was practically non-measurable 

The activity of alkaline phosphatase (ALP), i.e. an en-

as a medium-term marker of osteogenic cell differentiation, 

differentiation medium than in cells in the standard growth 

-

ity were observed in cells among the tested samples with 

-

3 with various surface polariza-

3

was lower on negatively charged surfaces than on positively-

charged and non-charged surfaces, which was apparent 

 

of osteocalcin, a late marker of osteogenic cell differentia-

 

Similar results were obtained in a study performed on 

gold nanoparticles with various surface functionalization. 

Positively charged Au nanoparticles (functionalized with 

amine groups) showed a higher cellular uptake, while nega-

groups) markedly reduced the ALP activity and calcium 

deposition in human bone marrow-derived mesenchymal 

stem cells [12].

The composition of the culture medium (i.e., standard 

-

3 due to ferroelectric polari-

metabolic activity, production of type I collagen and activity 

of alkaline phosphatase in human bone marrow mesen-

markers alkaline phosphatase and osteocalcin was higher 

in cells on positively-charged than on negatively-charged 

 

In general, these results are in accordance with our earlier 

results obtained in human osteoblast-like Saos-2 cells on 

3 surfaces [11].

This study was supported by the Czech Science Founda-

tion (grant No. 15-01558).
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