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1. Introduction
The demand for orthopedic implants shows strong growth, 
as a result of the aging population and the widespread 
prevalence of physically active lifestyles (Woolf and 
Pfleger, 2003; Iorio et al., 2008; Lu et al., 2009; Bhandari 
and Schemitsch, 2010; Fayaz et al., 2011; Amini et al., 
2012). Despite the large number of materials produced 
for orthopedics (metallic, plastic, ceramics, composites, 
etc.) their extensive clinical application is limited by 
poor tissue integration (Viceconti et al., 2000; Reyes et 
al., 2007; Nuss and von Rechenberg, 2008; Chen and 
Thouas, 2015). To address this issue many efforts have 
focused on the modulation of implant properties and 
stimulation of bone–implant interface mineralization 
(Navarro et al., 2008; Agarwal and García, 2015; Civantos 
et al., 2017). One approach to improve implant surface 
is deposition of plasma polymerized coatings with 

favorable properties. Plasma polymerization is a process 
of monomer fragmentation and recombination in plasma 
with easy control of the process parameters and uniform 
and high-dense surface deposition. The high branched 
and crosslinked structure of plasma polymers leads to 
excellent adhesion ability to solid substrates. Thus the 
need for additional “glue” material between the coatings 
and the implants is avoided (Pihan et al., 2009; Szili et al., 
2011; Sardella et al., 2016). Furthermore, by adding fillers 
to the polymer network new plasma polymers with stable 
mechanical properties can be developed (Picraux and 
Pope, 1984; Ratner, 1992; Sioshansi and Tobin, 1996). 

Recently mechanical properties (e.g., elasticity, 
stiffness) have been recognized as a factor guiding 
mesenchymal stem cell (MSC) differentiation (Engler et 
al., 2006; Clause et al., 2010; Li et al., 2011; Kshitiz et al., 
2012). Some papers have reported enhanced osteogenic 
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differentiation of MSCs on stiffer materials (Chen and 
Jacobs, 2013; Vertelov et al., 2016). It seems most likely 
materials with elastic modulus close to those of the natural 
bone tissue will enhance osteogenic differentiation. 
Therefore, implant coatings should have a high elastic 
modulus (in the range scale of GPa) similar to that of the 
natural bone tissue (Yu et al., 2015). 

Organosilicone polymers are frequently considered 
for biomedical application because of their low cost, easy 
fabrication, and favorable biological properties such as low 
inflammatory and immunogenic response (McInnes and 
Voelcker, 2009). However, drawbacks for their use in bone 
tissue engineering are their high hydrophobicity, which 
hampers cell adhesion, and poor mechanical properties. 
Reinforcement with nanoparticles (NPs) can improve 
the mechanical properties of polymers (Domun et al., 
2015). When NPs interact with the polymer matrix, this 
results in a larger contact area compared to macrosized 
fillers. If this area is strong, the load will be transferred 
from the polymer matrix to the NPs (Sun et al., 2016). 
Appropriate selection of the NPs along with certain 
treatment can significantly increase the quality of the 
contact surface and thus leads to a great improvement 
in mechanical properties. Among different types of NPs 
(carbon nanotubes, grapheme, nanoclay, nanosilica, etc.) 
detonation generated nanodiamond (DND) has gained 
worldwide attention as a reinforcing material because of 
its inexpensive large-scale synthesis, extreme hardness 
combined with nanosize, and excellent biocompatibility 
(Holt, 2007; Burleson et al., 2009; Lim et al., 2009; El-Say, 
2011). A dramatic increase in tensile modulus, fracture 
energy, and elastic modulus has been achieved by addition 
of small amounts of DND to different polymers (PVA, PC, 
PMMA, epoxy, and PLA) (Maitra et al., 2009; Kurkin et al., 
2010; Zhao et al., 2010; Neitzel et al., 2011, Protopapa et 
al., 2011; Neitzel et al., 2012; Mochalinand Gogotsi, 2015). 
However, PP composites based on hexamethyldisiloxane 
(HMDS) and DND particles with different stiffness have 
not been reported to date. 

The aim of the present work was to reinforce HMDS 
with DND particles to develop PPHMDS/DND composite 
coatings with elastic modulus in GPa scale and improved 
osteogenic potential. HMDS is an organosilicone widely 
used for plasma polymerization. Previously, we have shown 
that it can be easily modified with different NPs and the 
composite layers had better cell-contacting properties than 
the pure polymer (Pramatarova et al., 2011). We studied 
here the adhesive behavior, growth, and differentiation 
potential of hAD-MSCs because of a lack of information 
in the literature about the effect of increased stiffness of 
plasma deposited composite coatings reinforced with 
nanodiamond particles on the osteogenic potential of 
hAD-MSCs. Thus, the present work would enlighten the 

field of biomaterials knowledge and be valuable for future 
development of bone implants with improved cell-contact 
properties.

2. Materials and methods
2.1. Composite coatings preparation
Composite PPHMDS/DND coatings with three different 
concentrations of DND particles (0.1, 0.5, and 1 mg/mL) 
were prepared. DND particles were first mixed with the 
monomer (HMDS, purity >99.99%, Merck, Germany), 
followed by plasma polymerization and deposition for 10 
min at a current density 0.32 mA/cm2 on commercially 
available glass coverslips (CG, Menzel-Glaeser). The 
process is described in detail in Pramatarova et al. (2011). 
After the deposition, the samples were washed with 
deionized water and air-dried. For cell proliferation and 
mineralization studies, the materials were pre-coated 
with an adhesive protein, fibronectin, in order to ensure 
attachment of sufficient cells for the cell experiments.

DND powder was obtained from detonation soot, 
delivered from YTM ARGE A.S. (İstanbul, Turkey) and 
purified at the University of Tasmania, Australia, from 
non-diamond carbon and metal impurities with a mixture 
of HNO3, H2SO4, and HCl with ratio 70%/20%/10% as 
described in detail in Mitev et al. (2013, 2014).
2.2. Elastic modulus, water contact angle, and surface 
roughness measurements
Nanomechanical analysis was performed by the Hysitron 
TI950 TriboIndenter (Hysitron, Inc., Minneapolis, MN, 
USA) using a diamond Berkovich tip as an indenter 
probe. Continuous measurement mode (CMX) was used 
to obtain depth profiles of the mechanical properties 
of the PPHMDS/DND coatings with three different 
concentrations of DND particles. CMX was carried out by 
applying a small dynamic force oscillation continuously 
superimposed and scaled to a quasistatic force during 
loading. The harmonic force and the corresponding 
displacement signal were analyzed according to 
nanometric dynamic mechanical analysis, which gave a 
variety of mechanical parameters such as storage modulus 
and hardness (Rokosz et al., 2015; Sepitka et al., 2016). The 
CMX indentation function was prescribed by quasistatic 
force (Pqstat) in the range from 0.25 to 250 μN. The 
dynamic actuation force (Pdyn) was prescribed in the 
range from 0.35 to 10.68 μN at a frequency of 200 Hz. For 
each sample, average values were obtained from 16 indents 
in a 4 × 4 matrix with a separation step of 10 μm. 

Water contact angle (WCA) measurements were 
done by the sessile drop shape method under ambient 
conditions. The values of the static water contact angles 
were measured on a Drop Shape Analyzer DSA10 (Krus 
GmbH, Germany).
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Topographic features of the pure PPHMDS used as 
control and composite (PPHMDS/DND) samples with 
different nanodiamond concentrations were examined by 
atomic force microscopy (AFM) (Solver PRO, NT-MDT, 
Russia) in tapping mode in air. Samples were scanned with 
the standard Si cantilever with a force constant of 22 N/m 
and at a resonance frequency of 325 kHz (tip radius was 
10 nm and the tip length was 95 µm). Average surface 
roughness (Ra) was measured from representative images 
on 3 × 3 µm2 area and the scan rate was set at 1.3 Hz.
2.3. Cell culture
Human adipose-derived mesenchymal stem cells (Lonza, 
Spain), passage 2, were used in this study. The cells 
were maintained in Dulbecco’s modified Eagle medium 
(DMEM, Invitrogen, USA), supplemented with 10% fetal 
bovine serum (FBS, Invitrogen) at 37 °C in a humidified 
atmosphere containing 5% carbon dioxide. The medium 
was exchanged every second day. After reaching 70% 
confluence the cells were detached with 0.1% trypsin/
EDTA solution and seeded on FN precoated materials 
at a density of 2 × 104 cells/mL for proliferation and 
differentiation experiments. Osteogenic differentiation 
was induced on day 7 by replacing DMEM with osteogenic 
medium (DMEM, supplemented with 10% fetal bovine 
serum, 150 µM ascorbic acid, 10 mM β-glycerophosphate, 
and 10 nM dexamethasone) for up to 14 days.
2.4. Initial cell adhesion assays
The initial adhesion of hAD-MSCs to the composites was 
evaluated at 2 h of incubation on plain and FN-coated 
PPHMDS/DND composites and control glass coverslips 
with respect to overall cell morphology, average cell 
spreading area, and expression and organization of actin 
cytoskeleton and focal adhesion contacts. For this, cells 
were triple stained with phalloidin, vinculin, and Hoechst 
to visualize the actin cytoskeleton, focal contacts, and cell 
nuclei. At the end of incubation the samples were washed 
with phosphate buffer saline (PBS), and the attached cells 
were fixed and permeabilized with 4% paraformaldehyde 
solution and 0.5% Triton X-100. Nonspecific binding was 
blocked with 2% bovine serum albumin (Sigma, Spain). 
The cells were then incubated with primary antibody 
(mouse anti-human vinculin, Sigma, Spain), followed by 
a mixture of secondary antibody (Alexa 555-conjugated 
goat anti-mouse antibody) for vinculin, FITC-labeled 
phalloidin for actin, and Hoechst (10 µg/mL, Invitrogen) 
for nuclei detection. The cells were finally mounted in 
Fluoroshield mounting media (Sigma) and imaged on an 
Axio Observer Z1 (Zeiss, Germany) microscope, supplied 
with a digital camera. Micrographs at magnification 10× 
were captured and further used for quantification of the 
cell spreading area by Image J software.

2.5. Cell proliferation assay
The growth of hAD-MSCs was examined by using a Cell 
Counting Kit (CCK-8, Sigma-Aldrich) following the 
manufacturers’ instructions. Briefly, on day 4 of incubation 
onto the composites the cells and materials were transferred 
to new plates, fresh medium containing CCK-8 reagent in 
ratio 1:10 was added, and the cells were incubated for 4 h 
at 37 °C in the dark. Newly synthesized yellow formazan 
dye was determined spectrophotometrically at 450 nm 
wavelength using a standard microplate reader (BioRad).
2.6. Matrix mineralization assay
Osteogenic differentiation of hAD-MSCs was evaluated 
on day 14 of osteogenic stimulation by their capacity to 
mineralize the extracellular matrix (ECM). The extent of 
mineralization was determined by Alizarin Red S staining 
(Sigma). At the end of incubation, the cells were fixed with 
4% paraformaldehyde solution for 10 min, washed with 
PBS, and incubated with Alizarin Red S dye (2% in distilled 
water, pH 4.1–4.3) for 15 min. The unbound dye was 
removed by an extensive wash with distilled water and the 
samples were observed microscopically. For quantification 
of the calcium deposits the incorporated Alizarin Red S dye 
was dissolved with cetylpyridinium chloride solution and 
measured at λ = 570 nm in a multiplate spectrophotometer 
(BioRad).
2.7. Statistical analysis
All experiments were carried out in triplicate. The error 
bars indicate standard deviations. Statistical significance 
between the groups was calculated using ANOVA. A value 
of P < 0.05 was considered statistically significant.

3. Results
3.1. Surface characteristics
Surface properties of PPHMDS/DND substrates were 
characterized with respect to their surface elasticity, 
surface hydrophobicity, and topography. The resulting 
reduced storage modulus (Er´) values for each of the 
substrates used in this study in the contact depth hc = 100 
nm are shown in Figure 1. A significant increase in storage 
modulus (more than eightfold) was evident after adding 
the highest concentration of DND particles of 1 mg/mL. 

To determine if different amounts of DND particles in 
HMDS would alter the surface wettability and topography 
of the PPHMDS/DND composites we measured the 
materials’ water contact angles and roughness. There was 
no difference in WCA between the substrates with different 
storage modulus. All composites were hydrophobic, with 
WCA higher than 90°, as was expected for the chemical 
nature of the polymer (Figure 2). This indicates that the 
addition of DND particles in different concentrations 
to HMDS did not affect the wettability of the resulting 
composites. 
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Representative AFM images of the sample surfaces, 
shown in Figure 3 and quantitative roughness analysis, 
revealed that the surface morphology of the pure polymer 
(PPHMDS) and composites is very similar. The measured 
average surface roughness (Ra) of all samples is about 
0.6 nm, meaning that the materials’ surface is flat and 
did not change with addition of the NPs. The similarity 
in the surface morphology among the pure polymer and 
the composites indicates that the nanodiamonds are 
embedded in the polymer matrix.
3.2. Initial cell adhesion
Using substrates of three different values of Er´, we 
assessed first the influence of substratum elasticity on 
the initial adhesion of the hAD-MSCs. The cells were 
seeded onto the plain and FN-coated PPHMDS/DND 

films and control cover glasses at a subconfluent density to 
minimize intercellular interaction. On the plain materials 
hAD-MSCs were found to attach and spread randomly 
and their morphology was rounded or stellate-like with 
many cytoplasmic extensions (Figure 4, upper panel). 
Slightly larger cells were observed on the composites with 
the highest Er´. The absence of vinculin staining, which 
reflects cell-to-substrate adhesion sites, and actin stress 
fibers suggests poor cell adhesion on the plain composites. 
After pre-coating of the PPHMDS/DND composites with 
FN (Figure 4, lower panel) an increase in cell spreading 
and assembly of actin stress fibers with increasing of the 
concentration of DND particles was observed. On the 
composites with DND concentration 0.1 mg/mL (Er´ 
= 0.352 GPa) the cells were smallest in size, exhibited 
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Figure 1. Reduced storage modulus of PPHMDS/DND composite 
materials with different concentrations of DND particles.

Figure 2. Water contact angle of PPHMDS/DND composite 
films with different concentrations of DND particles.

Figure 3. AFM micrographs of control and PPHMDS/DND composite films with 1 mg/mL concentrations of DND particles.
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mainly elongated and irregular morphology, and spread 
randomly similar to the cells on the plain composites. 
On the composites with DND concentration 0.5 mg/mL 
the cells became larger and rounded similar to the cells 
on the control CG but also many cells with polygonal 
shape were observed. On the composites with DND 
concentration 1 mg/mL the cells acquired polygonal, well-
spread, and flattened morphology. F-actin was poorly 
expressed and not well organized on the composites with 
concentration of DND 0.1 mg/mL, while on the substrates 
with concentration of DND of 0.5 mg/mL actin was well 
expressed but only a small amount of it was organized 
in stress fibers. On the substrates that were eight times 
stiffer (Er´ = 2.826 GPa) the cells assembled the actin 
cytoskeleton into a robust stress fiber network. Focal 
contacts were visible mostly on DND with 0.5 mg/mL and 
1 mg/mL, while on the composites with DND with 0.1 mg/
mL vinculin was not expressed.

The results from the quantitative morphometric 
analysis of cell area clearly showed an increase in cell 
spreading area with increase in concentration of DND 
particles in both groups: plain and FN-coated composites 
(Figure 5), although the differences among some samples 
are not statistically significant (between 0.1 and 0.5 mg/
mL for the plain and between 0.5 and 1 mg/mL for FN-
coated composites). Expectedly, the cells spread better on 
FN precoated cover glass and composites (the right group 
of columns) when compared to the plain (uncoated) cover 
glass and composites (the left group of columns).
3.3. Cell proliferation
The effect of matrix stiffness on the proliferative capacity 
of the hAD-MSCs was investigated next (Figure 6). The 

analysis of the data revealed that on day 4 after cell seeding 
on FN-coated substrates the proliferation rate did not 
increase as the materials’ stiffness increased. The cells 
exhibited comparable proliferation rates on all FN-coated 
composites with statistically insignificant (P > 0.05) lower 
values for the composites with lowest Er´ (0.223 GPa). 
This suggested that the proliferation of hAD-MSCs was 
not dependent on the materials’ stiffness. Compared to 
the control cover glass, however, the cell growth on DND/
PPHMDS composites was enhanced approximately twice 
(P < 0.05), meaning that PPHMDS/DND composites can 
promote hAD-MSCs proliferation. 
3.4. Osteogenic differentiation
The final step in this study was to determine whether 
substratum elasticity influenced osteoblastic 
differentiation of hAD-MSCs. The cells were seeded 
on FN-coated PPHMDS/DND substrates with three 
different stiffness values and on a cover glass and after 
reaching the confluence on day 7 the culture medium 
was supplemented with osteogenic factors for the next 14 
days of culture. Using the Alizarin red staining method 
to determine the extent of ECM mineralization, which is 
an indicator of a mature osteoblast phenotype, we found 
that hAD-MSCs incubated on all tested PPHMDS/DND 
composites deposited mineral to a greater extent compared 
to the control CG (Figure 7) (P < 0.05 for the control and 
PPHMDS/DND with Er´ = 2.826 GPa). This suggests 
that PPHMDS/DND composites can favor osteogenic 
differentiation of hAD-MSCs. The cells on the surface with 
the lowest and highest storage modulus (Er´ = 0.223 GPa 
and Er´ = 2.826 GPa) mineralized the ECM to the smallest 
and greatest degree, respectively.

Figure 4. Initial adhesion of hAD-MSCs after 2 h incubation in serum-free medium on plain (upper panel) and FN-coated (lower 
panel) PPHMDS/DND composite films with different concentrations of DND particles; triple staining for DNA (blue), filamentous 
actin (green), and vinculin (red).
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4. Discussion
Because of the great interest in the development of 
biomaterials capable to control stem cell differentiation for 
bone tissue engineering (O’Keefe and Mao, 2011; Wang et 
al., 2014) the present study was designed to understand 
whether manipulating matrix stiffness by the addition 
of DND particles in a polymer matrix influences the 
behavior and osteogenic differentiation of hAD-MSCs. 
This objective comes from the hypothesis that extracellular 
matrix elasticity regulates stem cell differentiation and is 
supported by a number of recent reports (Engler et al., 
2006; Lv et al., 2015). However, the results in the literature 
are controversial mostly because of the different materials 
and cells used for the different in vitro studies. To address 
the response of the hAD-MSCs to matrix stiffness we used 

an organosilicone composite, PPHMDS/DND, based on 
the fact that its mechanical properties can be manipulated 
easily by varying the relative amounts of nanoparticles. We 
added DND particles in three different concentrations: 
0.1, 0.5, and 1 mg/mL, and obtained composite films with 
values of the elastic modulus close to those of natural bone 
tissue. To investigate, however, the role only of substratum 
elasticity in stem cell differentiation it would be ideal 
to tailor the substrate elastic modulus without altering 
other material properties such as surface wettability, 
chemistry, and roughness. To achieve this we used here a 
method of plasma polymerization where DND particles 
were first mixed with HMDS before plasma deposition 
and thus PPHMDS/DND composite films with different 
elasticity but with similar other surface properties were 
prepared. The choice of the method was based on our 
recent work comparing two incorporation approaches 
of the nanodiamond particles in the PPHMDS matrix 
during plasma polymerization. We found that when the 
NPs were embedded inside the polymer matrix (first 
approach) the resultant composite films possessed surface 
properties similar to those of the pure polymer, while the 
deposition of DND particles as an outer layer onto plasma 
polymerized HMDS resulted in alteration in the material’s 
surface properties (Keremidarska et al., 2015). Therefore, 
when varying the concentration of DND particles in 
HMDS by the first approach as expected only the elastic 
modulus of the different PPHMDS/DND composites 
changed. The surface hydrophilicity and roughness were 
not influenced as was confirmed by water contact angle 
and AFM measurements. It is possible the increase in the 
elastic modulus with DND content was not linear because 
the processes running during the formation of composite 
coating are very complicated and are influenced by many 
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Figure 5. Spreading of hAD-MSCs after 2 h incubation in serum-
free medium on plain and FN-coated PPHMDS/DND composite 
films with different concentrations of DND particles.

Figure 6. Growth of hAD-MSCs after 4 days incubation on 
FN-coated PPHMDS/DND composite films with different 
concentrations of DND particles.

Figure 7. Mineralization of ECM by hAD-MSCs after 21 days 
incubation on PPHMDS/DND composite films with different 
concentrations of DND particles.
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factors: the degree of interaction between DND surface 
groups and polymer matrix, DND content, dispersion, 
and surface functional groups. The nonlinear increase 
in elastic modulus of our composites with the increased 
DND concentration might be attributed to the possible 
aggregation and uneven distribution of DND particles 
in the polymer matrix. It decreases the effective area of 
DND particles to interact with the polymer and leads 
to weak bonding between DND particles and PPHMDS 
and inability to form a stable network at low particle 
concentration. 

Many authors have shown that materials with different 
mechanical properties support cell spreading to different 
degrees (Discher et al., 2005; Chowdhury et al., 2010). Since 
cell functions have been reported to be directly linked to 
cell spreading (Spiegelman and Ginty, 1983; Janmey, 1998) 
it could be argued that the effects of substratum elasticity 
are actually due to a change in cell spreading (McBeath 
et al., 2004; Mammoto and Ingber, 2010). Here we 
investigated the ability of hAD-MSCs to spread on plain 
and FN-coated PPHMDS/DND composites with elastic 
modulus in the range of 0.223–2.826 GPa. An improved 
cell spreading with an increase in the concentration of 
DND particles was found on both plain and FN-coated 
composites. However, the average cell spreading area on 
plain composites was smaller in comparison to those on 
the FN-coated film, suggesting that the adhesive ligand 
(FN) increased the sensitivity of hAD-MSCs to substratum 
elasticity. This was not surprising because cells actually 
interact through their integrin receptors with the protein 
layer adsorbed on the materials surface and formation 
of the adhesion complexes depends on the quantity and 
conformation of the coated protein (Geiger et al., 2001). 
Thus the cells “feel” the mechanical characteristics of the 
substrate and respond with different morphology and 
spreading area (Wozniak and Chen, 2009). Cells cultured 
on stiff substrates are characterized with increased 
assembly of actin stress fibers and by the recruitment 
of vinculin from cytoplasmic pools to the sites of focal 
adhesion. Probably ECM rigidity regulates cytoskeletal 
tension by controlling the spreading of the cells, which in 
turn is a critical determinant of cell fate.

Despite the different cell spreading and morphology 
cellular proliferation demonstrated lack of sensitivity 
to substratum elasticity within the studied variation in 
reduced storage modulus. Our results coincide with the 
observations reported by Rowlands et al. (2008), who 
found that over a certain Young’s modulus value materials’ 
elasticity does not affect MSC proliferation. Hosseini et 
al. (2012) also obtained similar results for endothelial 
cells when cultured on polydimethylsiloxane/nanocilica 
composites with different NP concentrations. However, it 
must be highlighted that the authors used materials with 

much lower range of elasticity, in kPa and MPa scale, as 
well as different cell types. 

In contrast to cell proliferation osteogenic 
differentiation demonstrated sensitivity to differences 
in substratum elastic modulus. The strongest matrix 
mineralization was detected for stem cells cultured on 
the composite with the highest DND concentration. This 
suggests that the mechanical queues of the 1 mg/mL DND 
sample, together with the soluble osteogenic factors and 
FN as adhesive ligand, exert the best synergistic effect 
on the MSCs’ fate, triggering osteogenic differentiation 
processes. Our data are in agreement with the results 
obtained by other authors showing that the stiffer are the 
substrates, the higher is the osteogenic differentiation 
degree of the MSCs (Gandavarapu, 2014). 

Finally, of particular interest is the finding that both cell 
proliferation and osteogenic differentiation of hAD-MSCs 
demonstrated increased rates compared to the control CG. 
It means that these materials are able to provide conditions 
that support the cell expansion of adipose-derived 
mesenchymal stem cells and their mineralization. This is a 
critical step in biomaterial development because in tissue 
engineering a large amount of precursor cells is required to 
restore the damaged bone tissue.

In summary, the results presented herein demonstrate 
that variation in elastic modulus of PPHMDS/DND 
composites in the range of 0.2 to 2.8 GPa influences the 
adhesion and differentiation but not proliferation of 
human adipose-derived mesenchymal stem cells and 
that FN precoating enhanced the sensitivity of stem cell 
to material’s stiffness. PPHMDS/DND composites with 
the highest elastic modulus (2.826 GPa) stimulated to the 
greatest degree bone matrix mineralization in hAD-MSCs. 
The obtained composite PPHMDS/DND coatings induced 
sufficient proliferation and osteogenic differentiation in 
the hAD-MSCs especially after FN-precoating. These 
data suggest our composites could be considered suitable 
materials for modification of already practically applied 
bone tissue implants. Moreover, they can be used as model 
substrata to study the effect of a material’s elasticity on cell 
behavior, because the deposition by plasma polymerization 
of the mixture containing DND particles in HMDS was 
established as a perspective approach for preparation, 
tailoring, and alterations of material properties, allowing 
variation only in the elastic modulus but not the other 
surface properties.

Acknowledgments 
This work was supported by the National Scientific Council 
of Bulgaria [project No. DFNI BO-18/28.11.2012] and by 
the Czech Science Foundation [project No. 16-14758S]. 
Production and characterization of the nanodiamond 
samples used in this work was supported by the Australian 



KEREMIDARSKA-MARKOVA et al. / Turk J Biol

202

Research Council [grant DP110102046 to UTAS]. The 
authors would like to dedicate this work in honor of 
Assoc Prof Lilyana Pramatarova. She collaborated with 
us from the beginning of this study but sadly passed away 
before the manuscript preparation. We are grateful for her 

cooperation, enthusiasm, and support. Prof Dr George 
Altankov (IBEC, Barcelona) is acknowledged for his kind 
gift of human adipose-derived mesenchymal stem cells 
and for allowing access to the microscopy apparatus.

References

Agarwal R, García AJ (2015). Biomaterial strategies for engineering 
implants for enhanced osseointegration and bone repair. Adv 
Drug Deliv Rev 94: 53-62. 

Amini A, Laurencin C, Nukavarapu S (2012). Bone tissue 
engineering: recent advances and challenges. Crit Rev Biomed 
Eng 40: 363-408.

Bhandari M, Schemitsch EH (2010). Stimulation of fracture healing: 
osteobiologics, bone stimulators, and beyond. J Orthop 
Trauma 24 Suppl 1: S1.

Burleson T, Yusuf N, Stanishevsky A (2009). Surface modification 
of nanodiamonds for biomedical application and analysis by 
infrared spectroscopy. J Achievements Mater Manufacturing 
Eng 37: 258-263.

Chen JC, Jacobs CR (2013). Mechanically induced osteogenic lineage 
commitment of stem cells. Stem Cell Res Ther 4: 107-116.

Chen Q, Thouas GA (2015). Мetallic implant biomaterials. Mat Sci 
Eng R 87: 1-57. 

Chowdhury F, Na S, Li D, Poh YC, Tanaka TS, Wang F, Wang N (2010). 
Cell material property dictates stress-induced spreading and 
differentiation in embryonic stem cells. Nat Mater 9: 82-88.

Civantos A, Martínez-Campos E, Ramos V, Elvira C, Gallardo 
A, Abarrategi A (2017). Titanium coatings and surface 
modifications: toward clinically useful bioactive implants. 
Biomater Sci Eng 3: 1245-1261.

Clause KC, Liu LJ, Tobita K (2010). Directed stem cell differentiation: 
the role of physical forces. Cell Commun Adhes 17: 48-54. 

Discher D, Janmey P, Wang Y (2005). Tissue cells feel and respond to 
the stiffness of their substrate. Science 310: 1139-1143.

Domun N, Hadavinia H, Zhang T, Sainsbury T, Liaghat GH, Vahid 
S (2015). Improving the fracture toughness and the strength 
of epoxy using nanomaterials – a review of the current status. 
Nanoscale 7: 10294-10329.

El-Say K (2011). Nanodiamonds as a drug delivery system: 
application and prospective. J Appl Pharm Sci 1: 29-39.

Engler A, Sen S, Sweeney H, Discher DE (2006). Matrix elasticity 
directs stem cell lineage specification. Cell 126: 677-689.

Fayaz HC, Jupiter JB, Pape HC, Smith RM, Giannoudis PV, Moran 
CG, Krettek C, Prommersberger KJ, Raschke MJ, Parvizi 
J (2011). Challenges and barriers to improving care of the 
musculoskeletal patient of the future - a debate article and 
global perspective. Patient Saf Surg 5: 10 pages.

Gandavarapu NR, Alge DL, Anseth KS (2014). Osteogenic 
differentiation of human mesenchymal stem cells on α5 
integrin binding peptide hydrogels is dependent on substrate 
elasticity. Biomater Sci 2: 352-361.

Geiger B, Bershadsky A, Pankov R, Yamada KM (2001). 
Transmembrane crosstalk between the extracellular matrix 
and the cytoskeleton. Nat Rev Mol Cell Biol 2: 793-805.

Holt K (2007). Diamond at the nanoscale: applications of diamond 
nanoparticles from cellular biomarkers to quantum computing. 
Philos Trans R Soc A 365: 2845-2861.

Hosseini M, Tazzoli-Shadpour M, Amjadi I, Haghighipour N, 
Shokrgozar MA, BoroujerdniaMG (2012). Relationship 
between cell compatibility and elastic modulus of silicone 
rubber/organoclay nanobiocomposites. Jundishapur J Nat 
Pharm Prod 7: 65-70.

Iorio R, Robb WJ, Healy WL, Berry DJ, Hozack WJ, Kyle RF, Lewallen 
DG, Trousdale RT, Jiranek WA, Stamos VP et al. (2008). 
Orthopaedic surgeon workforce and volume assessment for 
total hip and knee replacement in the United States: preparing 
for an epidemic. J Bone Joint Surg Am 90: 1598-1605.

Janmey P (1998). The cytoskeleton and cell signaling: component 
localization and mechanical coupling. Physiol Rev 78: 763-781.

Keremidarska M, Hristova K, Hikov T, Radeva E, Mitev D, Tsvetanov 
I, Presker R, Drobne D, Drasler B, Novak S et al. (2015). 
Development of polymer/nanodiamond composite coatings 
to control cell adhesion, growth, and functions. In: Iglič A, 
Kulkarni CV, Rappolt M, editors. Advances in Planar Lipid 
Bilayers and Liposomes. Amsterdam, Netherlands: Elsevier 
Inc, pp. 1-26.

Kshitiz, Park J, Kim P, Helen W, Engler AJ, Levchenko A, Kim DH 
(2012). Control of stem cell fate and function by engineering 
physical microenvironments. Integr Biol (Camb) 4: 1008-1018.

Kurkin TS, Ozerin AN, Kechek’yan AS, Gritsenko OT, Ozerina LA, 
Alkhanishvili GG, Sushchev VG, Dolmatov VY (2010). The 
structure and properties of polymer composite fibers based on 
poly(vinyl alcohol) and nanodiamond of detonation synthesis. 
Nanotechnol Russ 5: 340-351.

Li D, Zhou J, Chowdhury F, Cheng J, Wang N, Wang F (2011). Role 
of mechanical factors in fate decisions of stem cells. Regen Med 
6: 229-240.

Lim DP, Lee JY, Lim DS, Ahn SG, Lyo IW (2009). Effect of 
reinforcement particle size on the tribological properties of 
nano-diamond filled polytetrafluoroethylene based coating. J 
Nanosci Nanotechnol 9: 4197-4201.

Lu C, Buckley JM, Colnot C, Marcucio R, Miclau T (2009). Basic 
research in orthopedic surgery: current trends and future 
directions. Indian J Orthop 43: 318-323.



KEREMIDARSKA-MARKOVA et al. / Turk J Biol

203

Lv H, Li L, Sun M, Zhang Y, Chen L, Rong Y, Li Y (2015). Mechanism 
of regulation of stem cell differentiation by matrix stiffness. 
Stem Cell Res Ther 6: 103-112.

Maitra U, Prasad KE, Ramamurty U, Rao CNR (2009). Mechanical 
properties of nanodiamond-reinforced polymer–matrix 
composites. Solid State Commun 149: 1693-1697.

Mammoto T, Ingber D (2010). Mechanical control of tissue and 
organ development. Development 137: 1407-1420.

McBeath R, Pirone D, Nelson C, Bhadriraju K, Chen CS (2004). 
Cytoskeletal tension and RhoA regulate stem cell lineage 
commitment. Dev Cell 6: 483-495.

McInnes SJ, Voelcker NH (2009). Silicon-polymer hybrid materials 
for drug delivery. Future Med Chem 1: 1051-1074.

Mitev D, Townsend A, Paull B, Nesterenko PN (2013). Direct sector 
field ICP-MS determination of metal impurities in detonation 
nanodiamond. Carbon 60: 326-334.

Mitev D, Townsend A, Paull B, Nesterenko PN (2014). Microwave-
assisted purification of detonation nanodiamond. Diam Relat 
Mater 48: 37-46.

Mochalin VN, Gogotsi Y (2015). Nanodiamond–polymer 
composites. Diamond Relat Mater 58:161–171.

Navarro M, Michiardi A, Castaño O, Planell JA (2008). Biomaterials 
in orthopaedics. J R Soc Interface 5: 1137-1158.

Neitzel I, Mochalin V, Bares J, Carpick RW, Erdemir A, Gogotsi 
Y (2012). Tribological properties of nanodiamond-epoxy 
composites. Tribol Lett 47: 195-202.

Neitzel I, Mochalin V, Knoke I, Palmese GR, Gogotsi Y (2011). 
Mechanical properties of epoxy composites with high contents 
of nanodiamond. Comp Sci Technol 71: 710-716.

Nuss KM, von Rechenberg B (2008). Biocompatibility issues with 
modern implants in bone - a review for clinical orthopedics. 
Open Orthop J 2: 66-78.

O’Keefe RJ, Mao J (2011). Bone tissue engineering and regeneration: 
from discovery to the clinic - an overview. Tissue Eng Part B 
Rev 17: 389-392.

Picraux S, Pope L (1984). Tailored surface modification by ion 
implantation and laser treatment. Science 226: 615-622.

Pihan S, Tsukruk T, Forch R (2009). Plasma polymerized hexamethyl 
disiloxane in adhesion applications. Surf Coat Technol 203: 
1856-1862.

Pramatarova L, Radeva E, Pecheva E, Hikov T, Krasteva N, 
Dimitrova R, Mitev D, Montgomery P, Sammons R, Altankov 
G (2011). The advantages of polymer composites with 
detonation nanodiamond particles for medical applications. 
In: Pramatarova L, editor. Biomimetics. Croatia: InTech Inc., 
pp. 297-320.

Protopapa P, Kontonasaki E, Bikiaris D, Paraskevopoulos KM, Koidis 
P (2011). Reinforcement of a PMMA resin for fixed interim 
prostheses with nanodiamonds. Dent Mater J 30: 222-231.

Ratner B (1992). Plasma deposition for biomedical applications: a 
brief review. J Biomater Sc iPolym Edn 4: 3-11.

Reyes CD, Petrie TA, Burns KL, Schwartz Z, García AJ (2007). 
Biomolecular surface coating to enhance orthopaedic tissue 
healing and integration. Biomaterials 28: 3228-3235.

Rokosz K, Hryniewicz T, Lukes J, Šepitka J (2015). Nanoindentation 
studies and modeling of surface layers on austenitic stainless 
steels by extreme electrochemical treatments. Surf Interface 
Anal 47: 643-647.

Rowlands AS, George PA, Cooper-White JJ (2008). Directing 
osteogenic and myogenic differentiation of MSCs: interplay of 
stiffness and adhesive ligand presentation. Am J Physiol Cell 
Physiol 295: C1037-1044.

Sardella E, Palumbo F, Camporeale G, Favia P (2016). Non-
equilibrium plasma processing for the preparation of 
antibacterial surfaces. Materials (Basel) 9: 24.

Sepitka J, Vlcak P, Horazdovsky T, Perina V (2016). Characterization 
of titanium alloy modified by nitrogen ion implantation. Int J 
Chem Mol Nucl Mater Metall Eng 10: 1451-1454.

Sioshansi P, Tobin E (1996). Surface treatment of biomaterials by ion 
beam processes. Surf Coatings Technol 83: 175-182.

Spiegelman BM, Ginty CA (1983). Fibronectin modulation of cell 
shape and lipogenic gene expression in 3T3-adipocytes. Cell 
35: 657-666.

Sun Y, Yang Q, Wang H (2016). Synthesis and characterization of 
nanodiamond reinforced chitosan for bone tissue engineering. 
J Funct Biomater 7: 16.

Szili EJ, Short RD, Steele DA, Bradley JW (2011). Surface modification 
of biomaterials by plasma polymerization. In: Williams R, 
editor. Surface Modification of Biomaterials. Cambridge, UK: 
Woodhead Publishing, pp. 3-39.

Vertelov G, Gutierrez E, Lee A, Ronan E, Groisman A, Tkachenko 
E (2016). Rigidity of silicone substrates controls cell spreading 
and stem cell differentiation. Sci Rep 6: 1-6.

Viceconti M, Muccini R, Bernakiewicz M, Baleani M, Cristofolini L 
(2000). Large-sliding contact elements accurately predict levels 
of bone-implant micromotion relevant to osseointegration. J 
Biomech 33: 1611-1618.

Wang P, Zhao L, Liu J, Weir MD, Zhou X, Xu H (2014). Bone 
tissue engineering via nanostructured calcium phosphate 
biomaterials and stem cells. Bone Research 2: 14017.

Woolf AD, Pfleger B (2003). Burden of major musculoskeletal 
conditions. Bull World Health Organ 81: 646-656.

Wozniak MA, Chen CS (2009). Mechanotransduction in 
development: a growing role for contractility. Nat Rev Mol Cell 
Biol 10: 34-43.

Yu X, Tang X, Gohil SV, Laurencin CT (2015). Biomaterials for bone 
regenerative engineering. Adv Healthc Mater 4: 1268-1285.

Zhao YQ, Lau K, Kim JK, Xu CL, Zhao DD, Li HL (2010). 
Nanodiamond/poly (lactic acid) nanocomposites: effect of 
nanodiamond on structure and properties of poly (lactic acid). 
Compos Part B Eng 41: 646-653.


