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1. Introduction  

An important goal of materials science is the development of interfaces that integrate the 
functions of living cells and materials. Nature has given us plenty of ideas on how to 
build composites and organized structure (Heuer et al. 1992, Lowenstam, Weiner, 1989). 
The structure of a given biomaterial is crucial, when determining the cell response, and 
respectively the variants for its biomedical applications. The combined unique properties 
offered by organic and inorganic constituents within a single material on a nanoscale level 
make the nanocomposites attractive for the next generation of biocompatible materials. In 
this case, the composite materials of the type detonation nanodiamonds/polymers 
possessed spatial organization of components with new structural features and physical 
properties, as well as complex functions due to the strong synergistic effects between the 
nanoparticles and polymers. Recently, there is a growing interest in the synthesis of 
composite functional materials with new physico-chemical properties, involving 
integration of inorganic nanomaterials into a polymer matrix (Shenderova et al., 2002, 
Dolmatov, 2007, Borjanovic, 2000). Numerous siloxan-based materials, including 
polymerized hexamethyldisiloxane (PPHMDS) are developed. PPHMDS was easy to 
prepare by a well established technology of plasma polymerization (Vasilev et al., 2010, 
Radeva et al., 1993). PPHMDS has a long history of exploitation in a variety of 
applications, because it is non-toxic, transparent, with a very low surface tension, flexible, 
and it neither dissolves nor swells in a cell culture medium (Min-Hsien, 2009). On the 
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other hand, nanodiamond structures are of interest due to combination of unique 
properties inherent to diamond and the specific surface structure of particles facilitating 
its fictionalization (Shenderova et al., 2002). The detonation nanodiamonds (DND), 
synthesized by detonation of carbon-containing explosives, are produced with particles 
mostly 4 nm and could be easily modified by appropriate chemical reactions. The Si-DND 
samples, obtained by silinaztion are produced in order to prevent formation of DNDs 
aggregates (Baidakova, Vul’, 2007).  The incorporation of silver ions in the polymer, lead 
to production of samples that are highly efficient against bacterial colonization and allows 
the adhesion and spreading of mammalian cells (Vasilev K et al., 2010, Agarwal et al., 
2009). It is found that the adhesion and proliferation of different types of cells on 
biomaterials depend on many surface characteristics, such as surface charge, wettability 
(hydrophobicity/hydrophilicity), chemistry, microstructure,  roughness, and mechanical 
properties (Min-Hsien, 2009). For cell culture processes, fibronectin (FN) treatment is one 
of commonly used approaches to enhance the cell adhesion on a surface (Salmerón-
Sánchez, Altankov, 2010). In our biological experiments, the role of FN for the cellular 
interaction with the plasma obtained structures was also estimated regarding potential 
biomedical implication.  
In the presented paper, we assume that the osteoblast cell behavior could be modulated by 

substrates surface properties that might be extremely important for the potential 

osseointegration of such materials. For that reason, the development of technology for 

production of DND-based polymer composites by plasma polymerization 

(DNDs/PPHMDS) of a mixture of hexamethyldisiloxane (HMDS) monomer and DNDs on 

different solid substrate is discussed and the resultant composites are characterized by SEM, 

AFM, FTIR, Raman, Contact angle and XPS techniques. We pay particular attention on 

composite  surface topology and chemical nature, as the use of DND can be regarded as a 

collagen analog and can secure the architectural plan for mineralization of hydroxyapatite 

(Zhao et al., 2005, Pramatarova et al., 2007). We also examine the effect of ammonia plasma 

treatment of the composites as such modification is an easy way to render the hydrophobic 

surface into hydrophilic and thus to develop substrates that support the initial interaction of 

adherent cells.  

2. Experimental  

2.1 Deposition of PPHMDS  
Poly(hexadimethylsiloxan) layers were prepared by plasma polymerization technology as 

previously described (Radeva et al., 1993). The monomer hexamethyl disiloxan (HMDS) was 

purchased from Merck, Germany [(CH3 )3-Si-O-Si-(CH3)3] with a purity of 99.99% and used 

without further purification. Information about the plasma reactor and the process is given 

elsewhere (Tsankov et al., 2005, Radeva, Spassov, 1998). Briefly, the plasma excitation of the 

HMDS gas was achieved at 27. 12 MHz and the current density was 0.04 mA/cm2. The 

HMDS flow rate and ammonia (NH3) vapors were carried out by special inlet micro-valves 

(GMR, NOVIS, Bulgaria). The substrates were placed on a Teflon plate (190 mm in diameter) 

half way between the two electrodes. The PPHMDS deposition was carried out in air, at 

vacuum higher than 100 Pa and for a period from 5 to 40 min. The PPHMDS and composites 

(DNDs/PPHMDS) were deposited on cover glass (CG) slips (12 mm in diameter), on 

stainless steel AISI 316 (SS) (8 x 8 x 1 mm in size), on pieces of (Wacker) silicon (Si) wafer, on 
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KBr as well as on the surface of the quartz resonator), used as quartz microbalance (QCM). 

Before the deposition, the substrates were chemically and plasma cleaned (Radeva et al., 

1993).  

2.2 NH3 plasma treatment of PPHMDS and DNDs/PPHMDS 
The treatment of PPHMDS and DNDs/PPHMDS by NH3 plasma was carried out in the 

same reactor at 0.04 mA/cm2 current density and 10 l/h monomer flow rate, varying the 

time of the treatment from 30 sec to 10 min.  

2.3 DND nanoparticles and their surface modification  
The DNDs were used in a form of powder and suspension. The powders (6-DND and 

modified Ag-DND and Si-DND) were synthesized by the Space Research Institute, 

Bulgarian Academy of Sciences, Sofia, Bulgaria (Stavrev et al., 1994).   

6-DND powder: The initial nanodiamonds synthesis was carried out by use of carbon-

containing explosive mixtures – conical cast charges (0.6 kg) consisting of TNT/RDX in ratio 

70/30. The blasting of the charges was made in a spherical explosion camera with inner 

volume of 3 m³, in presence of water as cooling media (wet synthesis). The purification of 

the diamond powder was done as follows: boiling in a solution of stoichiometrically 

calculated amounts of potassium dichromate (K2Cr2O7) in sulfuric acid (H2SO4) at 100-115ºC, 

followed by several water washings and additional removing of metal impurities by HCl-

treatment (80-100ºC) and washing with water until pH=7. The prepared DND powder was 

characterized by FTIR-spectroscopy, oxidative titration, and pH-measurement as described 

in (Mitev et al., 2007).  The high-magnification TEM micrograph indicates that the studied 

material consists of diamond nanoparticles whose sizes are below 10 nm. The small amount 

of silicon present (less than 1%) makes it difficult to locate. 

Ag-DND powder: The ammonia complex of silver ([Ag(NH3)2]+) was added to 6-DND-

suspension under constant stirring at room temperature followed by adding of a dextrose 

solution. The temperature of the mixture was raised to 50ºC until the Ag incorporation into 

the DND surface was finalized.  

Si-DND powder: The silanization of 6-DND surface through an attachment of 

trimethylsilyl groups was done by mixing of a dehydrated 6-DND with ethyl acetate 

containing hexamethyldisilazane and trimethylchlorosilane. After the reaction, the excess 

of the reagents was removed by microwave heating of the sample in butyl acetate 

medium. The side-produced ammonium chloride and the excess of butyl acetate were 

removed through threefold treatment/decanting with methanol. Si-DND sample was 

finally microwave dried.  
7-DND suspension: This nanodiamond was synthesized by Ukrainian company Alit, Kiev. 

The production method is similar to the described above wet synthesis, but larger charges 

(up to tens of kilograms) and larger explosion camera (100 m³) were used. The purification 

of diamond powder from the attending admixtures was done using stoichiometric mixture 

of H2SO4 and chromium anhydride. After purification, the diamond powder was dipersed 

in ethanol (C2H5OH) by ultrasonic treatment and intensive stirring in presence of milling 

particles (larger diamond monocrystals. The concentration of DND in the suspension is 0.7 

% with average particle size - 50 nm. (Bogatyreva et al., 2008)  
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2.4 Deposition of DNDs/PPHMDS composites 
The composites deposition was carried out in the same plasma polymerization equipment as 
described in section 2.1. The following procedure was applied: DND powder was added to 
HMDS monomer in a range of 0.01 – 0.10 g/100 ml and shaked for 15 min in an ultrasonic 
apparatus; further the container with the mixture was stirred (275 r.p.m) continuously at 
room temperature. The process of plasma polymerization was performed at about 0.09 
mA/cm2 current density and 10 l/h flow rate for 40 minutes. The subsequent modification 
by ammonia plasma for 5 min was described in section 2.2.  

2.5 Characterization of PPHMDS and DNDs/PPHMDS  
2.5.1 Scanning electron microscopy (SEM) 
The surface topography of PPHMDS and DNDs/PPHMDS composites, grown on Si 

substrate were examined by SEM (Carl Zeiss NTS GmbH apparatus), applying original 

experience (Low Loss BSE Imaging with ZEISS ULTRA GEMINI technology). The thickness 

of the layers  was calculated from the observed cross sections.  

2.5.2 Atomic force microscopy (AFM)  
AFM was performed using an SMENA AFM, NT-MDT, Russia, software NOVA RC1 with 
silicon cantilever. The images were recorded in tapping mode under ambient conditions and 
are with size of 100 nm – 50 μm, lateral resolution 10 nm, vertical resolution 1 nm, layer 
height possible of max 1 μm and a scanning area of 20 × 20 μm. The root mean square (RMS) 
roughness of the film was measured.   

2.5.3 Fourier Transform Infrared Spectroscopy (FTIR)  
FTIR spectra of the of PPHMDS and DNDs/PPHMDS composites were registered by 
Brucker FTIR spectrometer at ambient temperature in the range of 400 to 4000 cm-1 , using 
OPUS software, average of 64 scans and  a resolution of 2 cm-1. The assignment of the 
absorption bands was based on experience with organic compounds and the literature data. 
The quoted wavelengths are believed to be within 2 or 3 cm-1 of the true values. 

2.5.4 Raman spectroscopy 
Room temperature resonance Raman spectra of  PPHMDS and DNDs/PPHMDS structures, 
grown on Si substrate were measured using a micro Raman spectrometer (Jobin-Ivon, HR 
800) with a grating 600 gr/mm.  

2.5.5 Contact angle measurements (CA) 
Samples water contact angles were measured through the sessile drop shape method under 
ambient conditions. Static water contact angle was measured on a Krüss contact-angle  

system (DSA10, Krüss GmbH, Germany) on freshly prepared surfaces. A 20  2 L 
deionized water was dropped onto the investigated surface and the water drop was 
photographed. The shape of the drop was then analysed using a sessile drop fitting model. 
Contact angles on five different regions on each sample were measured and averaged. 

2.5.6 X-ray Photoelectron spectroscopy (XPS)  
XPS analysis was applied to determine the composition and chemical states of the main 

elements present in the samples. XPS analyses have been performed on VG ESCALAB Mk II 

www.intechopen.com



The Advantages of Polymer Composites with  
Detonation Nanodiamond Particles for Medical Applications 

 

301 

Scientific spectrophotometer; with Al K (1486.6 eV) exciting radiation; take off angle - 90°; 

energy resolution – 1.0 eV.  

2.5.7 Dynamic light scattering (DLS) 
Particle size distribution of DNDs in HMDS monomer was measured at 20oC in back scatter 
geometry using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, UK) equipped 
with a 10 mW HeNe laser (633 nm).  

2.6 Biocompatibility studies  
2.6.1 In vitro cytotoxicity test  
To study cytotoxicity of DND nanoparticles an established monolayer of cells was exposed 

to suspensions or supernatants of DND for 72 hours. At the end of the treatment cell 

viability was monitored by FDA - a fluorescent assay based on the ability of living cells to 

hydrolyze nonfluorescent compound fluorescein di-O-acetate (FDA) to fluorescein. A 

human osteosarcoma MG63 cell line (ATCC, USA) was used in these studies, and further, 

for cell adhesion experiments. Cell monolayer was formed after seeding the cells onto glass 

coverslips at a concentration of 5x104 cells/ml and 24 h-incubation in serum-containing 

medium. Then the DND suspensions or supernatants were added to the medium. 

Suspensions were prepared by adding DND powder in DI water at a concentration 100 

μg/ml. Before adding to the cells, the suspensions were washed three times in culture 

medium then 50 μl from each sample was added to the cells. Extracts were prepared by 

incubation of DND nanoparticles in cell culture medium (DMEM) for 24 h at 370. Then 100 

μl supernatants was added to the cell monolayer. After 72 h cell viability was determined as 

follows: the medium was gently aspirated, the cultures rinsed once in phosphate-buffered 

saline (PBS, pH 7.4) and stained with 5 ul 0,001% FDA (Sigma, Germany) in acetone. After 2 

min the cells were rinsed with PBS to remove unbound stain and examined by inverted 

fluorescence microscope (Zeiss, Axiovert) and digitally photographed. 

2.6.2 Adhesion assays 
MG63 osteoblast-like cells were seeded on composite films (DNDs/PPHMDS) individually 
placed in 24-well tissue culture plates (Costar, USA) at a density of 50000 cells/well. Before 
cell seeding half of the samples were pre-adsorbed with fibronectin (Roche, Germany, 20 
μg/ml in PBS) for 30 min at RT. The cells were incubate for 2 hours in serum-free culture 
medium (DMEM, Sigma) before to be fixed, permeabilized and stained for actin and 
vinculin in order to visualize the overall cell morphology (at low mag) and the development  
actin cytoskeleton and focal adhesion contacts as previously described (Krasteva et al., 
2010). 

3. Results 

The results are presented as follows. Primary, FTIR and contact angle (CA) characterization 
of plasma obtained polymer (PPHMDS) and its surface modification by ammonia plasma 
treatment are reported. The aim was to disclose the properties of PPHMDS surface and its 
modification after interaction with NH3 molecules. Next, characterization of 
DND/PPHMDS composites is provided, which comprise a characterization of the DND 
nanoparticles (TEM,FTIR and UV spectroscopies) as well as particle size distribution (PSD) 
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of DND in HMDS monomer. Data for DNDs/PPHMDS composites by SEM, AFM, CA, FTIR 
and Raman, Ellipsometry and XPS are shown. Finally, the Bacteria and Cell experiments are 
presented in order to evaluate the suitability of the obtained composites for biological 
application. 

3.1 Characterization of PPHMDS  
3.1.1 FTIR of PPHMDS and PPHMDS treated by ammonia plasma  
The FTIR spectrum of PPHMDS and the spectra of the samples treated by NH3 plasma are 

presented in Fig. 1. The formation of PPHMDS layer on CG (Fig. 1-1) is well proved from 

the characteristics peaks at around 1000 cm-1 and 1500 cm-1 and above 3500 cm-1.  
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Fig. 1. FTIR spectra of (1) PPHMDS; (2) PPHMDS treated by NH3 plasma for 30sec; (3) for 1 
min; (4) for 5 min and (5) for 10 min. 

The asymmetric stretching vibration of the Si–O–Si at around 1165 cm-1 evidences for a 

formation of cross linked Si-O-Si network which is well-defined on CG, since the triple 

peaks are observed in the region. The strong unresolved peak at 700 cm-1 pointed to the 

existence of various different tetrahedral arrangement of CH3 groups connected to silicon 

atoms, while the stretching mode from the C–H bond in the Si–CH3 group is with a 

maximum at 460 cm-l. Groups in the region 1500-1700 cm-1 pointed to carbonyl 

functionalities incorporated into the polymer and the presence of OH groups. It is worth to 

note that referent polymer spectra on the KBr revealed differences that is a verification for 

the chemical interaction between the substrate (CG) and the plasma formed layer (Radeva et 

al., 2010). The FTIR spectra of PPHMDS treated by NH3 plasma are significantly changed as 

shown in Fig 1- (2-5). The FTIR spectra of PPHMDS treated by NH3 plasma are significantly 

changed as shown in Fig 1- (2-5) and in the deconvolution spectra in the characteristic range 

from 1200 – 800 cm-1 (Fig. 2 a, b). 

The results from backscattered high energy ion beam (RBS) (not presented) confirmed this 

suggestion. Based on these studies we concluded that the grown PPHMDS layers are with 

excellent adhesion to the substrates and their surface could be significantly modified by the 

grafted ammonia molecules in order to become with hydrophilic nature (www.ism.kiev.ua).  
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Fig. 2. Deconvolution spectra in characteristic FTIR range from 1200 – 800 cm-1 for the 
PPHMDS chain (a) and PPHMDS treated with NH3 plasma (b). 

3.1.2 Contact angle of PPHMDS and PPHMDS treated by NH3 plasma 
The water contact angle (CA) of PPHMDS layer, with a thickness of about 300 nm was 
measured to be 900±20. In our previous works it was found that the CA for thinner PPHMDS 
layers (60-100 nm) was about 830±20 (Krasteva et al., 2010a, 2010b).  The PPHMDS layer 
thickness is related to its optical properties as found by the Ellipsometry measurements (not 
presented). So, we suppose that the CA could provide information about PPHMDS layer 
surface energy, and correspondingly about PPHMDS surface wettability and the 
hydrophobisity (Pihan et al., 2009, Radeva et al., 2010).  The data presented in (Table 2, 
section 3.3.3.) illustrate the CA change after 5 min layers treatment by NH3 plasma. The CA 
of the thick layers diminished from 900±20 to 850±20. For the thin layers, the applied 5 min  
NH3 plasma treatment is sufficient for obtaining hydrophilic polymer surface as the 
measured CA  is about 400 – 350 (Krasteva et al., 2010a, 2010b). 

3.2 Characterization of DNDs used as filler in PPHMDS 
3.2.1 TEM of DND 
The HRTEM images of the 6-DND, Si-DND and Ag-DND are shown in Figure 3 and 4.  
 

     

Fig. 3. HRTEM images and diffractogram of Si-DND powder. Scale bars correspond to 100 
nm (right image) and to 20 nm (left image). 

111 
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No specific structure is seen for Si-DND. The selected area of 1 µm shows that Si-DND is 
with better crystallinity than 6-DND and Ag-DND. The diffraction pattern corresponding to 
the (111) crystallographic plane of the diamond is observed by the bright contrast line. In 
Fig. 4, particles agglomerations with nano-grains are observed. The diffraction pattern of 
Ag-DND corresponds to the diamond one. No additional spot or ring, corresponding to 
metallic silver is observed. The diffraction rings are thin and punctuated by bright dots that 
indicate larger than 6 nm Ag-DND nanoparticles.  
 

          

Fig. 4. HRTEM image and EDX of Ag-DND. The scale bar corresponds to 200 nm. 

3.2.2 FTIR and UV spectroscopy of DND 
The FTIR and UV-visible absorption spectra of DNDs are presented in the Fig. 5 and Fig. 6. 
The spectra provide evidence that all materials possessed hydrophilic surface that is 
chemically multifunctional. In the FTIR spectrum of 6-DND, the broad peak at 400±700 cm-1 
evidence for amorphous sp3 bonded carbon, while the relatively sharp peaks at 1000 - 1150 
cm-1  show the presence of sp2 bonded carbon atoms. The absorption peaks in the range 1500 
- 1800 cm-1 are ascribed to C=O stretches of different nature. The aliphatic C-H stretching 
vibrations are well resolved in the range from 2870 cm-1 to 2980 cm-1 and the presence of 
hydroxyl species is revealed by the strong band at 3440 cm-1 (Fig 5–1).   
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Fig. 5. The FTIR spectra of the DNDs powders used as a filler of PPHMDS: (1) 6- DND; (2)  
Si-DND; (3) Ag-DND;  
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Fig. 6. UV-visible absorption spectra of the synthesized DNDs:  (1) 6-DND; (2) Ag-DND; 

The incorporation of Ag cations on DND surface (Fig 5–3), is established by the diminishing 

of the FTIR peaks in the region about 1100 cm-1, the appearance of new peaks at around 1300 

cm-1. The silanization of DND surface (Fig 5-2), is revealed through the increase of the sp2 

bonded carbon atoms (peaks at 1000 - 1150 cm-1) and the diminishing of the acidic surface 

functional groups observed in the region 1500 – 1750 cm-1 due to formation of new Si-O-C 

bonds. 

The low intensive peaks at about 210 and 280 nm have point to formation of the Ag2+ and 

small silver clusters (Agn) (Fig.6). The appearance of a plasmon peak higher than 410 nm 

indicated the formation of Ag nanostructures (Hong et al., 2006, Murphy, Jana, 2002).  

3.2.3 Particle size distribution of DNDs in HMDS monomer 
The monomer mixture with DNDs powders was prepared according the protocol, described 

in the experimental part. The corresponding suspensions of 6-DND, Si-DND, Ag-DND and 

the monomer (HMDS) in a relation 0.01g/100ml were sonificated for 10 min and then 

diluted with pure HMDS in a ratio 1:10. The data for the mean size of the DNDs particles 

measured by peaks intensities are presented in Table 1.  

 

Sample Name 
Z-Ave 
(d.nm) 

Poly 
Dispertion 

Pk 1 
Mean Int 

(d.nm) 

Pk 2 
Mean Int 

(d.nm) 

Scattering 
Angle (°) 

Diffusion 
Coefficient 

(µ?/s) 

Ag-DND/HMDS 1083 0,814 196,1 3,697 173 0,448 

Si-DND/HMDS 302,7 0,31 189,6 0 173 1,6 

6-DND/HMDS 2236 1 215,3 0 173 0,217 

Table 1. Particle size distribution of DNDs, given by intensity (Nobbmann, Morfesis, 2009). 

3.3 Characterization of DNDs/PPHMDS composites  
3.3.1 SEM of DNDs/PPHMDS composites 
In order to obtain SEM image from our low-dense materials we apply new experience to 

visualize the weak signals (Heiner, 2008). 
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Fig. 7. Low Loss BSE imaging of cross section of PPHMDS layer. 

 

 

Fig. 8. Low loss BSE imaging of cross section of 6-DND/PPHMDS layer. 

In Fig. 7, the image of PPHMDS grown on Si cross section is presented. The contrast, 
between Si substrate and the polymer layer with a thickness of 323.2 nm, is clearly 

displayed. On the base of the QCM (section 2.1.) and SEM measurements, the densityof 
PPHMD layer was calculated to be in a range of 1.66 – 1.68 g/cm3.  In the next Fig. 8, the 
image of 6-DND/PPHMD grown on Si is presented.  The sp3 carbons appear as sphere-like 

bright spots with different size (5-20 nm). The layer thickness is 240 nm and the densityis 
calculated to be 2.05 g/cm3. The images of Si-DND/PPHMDS are presented in Fig. 9-a, and 
-b. As it is seen, Si-DND particles with sphere-like morphology of about 200 nm in size as 
well as very well defined triangle particle with (111) orientation are distinguished that 
corresponded to the HRTEM results (section 3.2.1.).  
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       (a)              (b) 

Fig. 9. Low loss BSE imaging from DND particles, embeded inside the Si-DND/PPHMDS 
layer (a); Low loss BSE imaging of the Si-DND/PPHMDS surface (b). 

 
 

    
       (a)             (b) 

Fig. 10. Low loss BSE imaging of the cross section of Ag-DND/PPHMDS (a) view in side (b). 

The Ag-DND/PPHMDS image grown on Si is presented in Fig. 10-a, -b. Two parts of the 

layer are distinguished: the low part is dense with a thickness of about 125 nm, while the 

upper part is with significant concentration of Ag ions, with low density (about 0.4 g/cm3) 

and a thickness of about 300 nm. 

3.3.2 AFM of PPHMDS and DNDs/PPHMDS composites 
The 3-D images and the roughness histogram (RH) of PPHMDS and Ag-DND/PPHMDS 

layers are shown in the Fig. 11-13.  It is seen that Ag-DND/PPHMDS surface is rougher than 

the surface of PPHMDS and 6-DND/PPHMDS (see also Table 2 in section 3.3.3.). When 

treated for 5 min by NH3 plasma,  the RMS roughness extremely decreased up to 2.02 nm 

(Fig.13-b). This result is in  agreement with the calculated density for the upper Ag-

DND/PPHMDS/NH3 layer from the  SEM investigation.  
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        (a)                (b) 

Fig. 11. AFM 3-D image of PPHMDS on Si substrate; the image space is (x,y,z) = (2m x 2m 

x 16nm).  (a); roughness histogram of 2D surface with image space (2m x 2m) (b);  

 

          
       (a)                 (b) 

Fig. 12. AFM 3-D image step of Ag-DND/PPHMDS and Si substrate; the image space is 

(x,y,z) = (10m x 20m x 600nm (a);  roughness histogram of 2D surface with image space 

(20m x20m) (b);  

 

    
          (a)      (b) 

Fig. 13. AFM 3-D image step of Ag-DND/PPHMDS/NH3 and Si substrate; the image space 

is (x,y,z) = (20m x 16m x 300nm (a);  roughness histogram of 2D surface with image space 

(20m x20m) (b);  
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Both AFM and SEM experiments disclose composite layers different topography which is 

related to the type of the used as filler DND and the particles peculiarity: spherical DND 

crystallites with sizes of few nanometers in the 6-DND/PPHMDS layer; specific Si-DND 

crystals with sizes up to few hundred nanometers immersed in the Si-DND/PPHNDS layer; 

spherical Ag-DND particles in the Ag-DND/PPHMDS layer. These differences result in a 

comparatively smooth 6-DND/PPHMDS surface and a rough surface for Si-

DND/PPHMDS and especially for Ag-DND/PPHMDS (Table 2 in section 3.3.3.).  

3.3.3 Contact angle of DNDs/PPHMDS and treated by NH3  
The CA of the different composites, and the corresponding treated by NH3 plasma samples 
are presented in the Table 2. The CA of PPHMDS (900±20) is slightly increased for 6-
DND/PPHMDS composite (910±20) and significant raised for 7-DND/PPHMDS(2) 
composite (1070±20). The effect is due to the peculiarities of the used DNDs and the 
suspension type. The used alcohol 7-DND suspension is with increased amount of 
oxygenated residues on nanoparticles surface (Kurosawa, 2006 as cited in Pramatarova, 
2010). The measured low CA value for Ag-DND/PPHMDS is due to the hydrophilic surface 
of Ag-DND sample. It is worth to note that the treated by NH3 plasma Ag-DND/PPHMDS 
has similar CA (750 ± 20). For all other composites the CA is diminished after 5 min ammonia 
treatment. The RMS roughness of all composites, with the exception of Ag-DND/PPHMDS, 
is equal. For Ag-DND/PPHMDS, the RMS roughness is extremely reduced from 50 nm to 2 
nm after the ammonia treatment. The latter contradicts with the assumption that the 
roughness of the surface increase when the contact angle is reduced (www.ism.kiev.ua). 
 

Sample - name 
CA, 
[0] 

RMS 
roughness, 

[nm] 

CA, after NH3 
treatment, [0] 

PPHMDS 90± 2 1.47 85± 2 

6-DND/PPHMDS 91 ± 2 1,22 89± 2 

7-DND/PPHMDS(2) 107± 2 1,23 60± 2 

Ag-DND/PPHMDS 75 ± 2 50.38 75± 2 

Table 2. Water contact angle (CA) and Root Mean Square (RMS) roughness of PPHMDS and 
DNDs/PPHMDS composites grown on CG.  

The presented results confirm the influence of DNDs fillers and the ammonia plasma 
treatment on PPHMDS surface properties and on the CA change.  

3.3.4 FTIR of DNDs/PPHMDS and treated by NH3 plasma composites 
The achieved surface modification of PPHMDS by DNDs filler could be followed by the 
characteristic band in the FTIR spectra (Fig 14). As seen from the FTIR spectra, a change of 
polymer characteristic bands is observed that is explained by penetration of DND particles 
in the polymer matrix. Well seen are the characteristic peaks for sp3 bonded carbon at 1550 
cm-1 and sp2 bonded carbon at 1160 cm-1 of the DND. So, the surface of DNDs/PPHMDS is 
characterized with functional groups of the type –OH, >C=O, Si–O–Si, Si–O–C (Fig 14-2). 
The formation of new (C-Si-C)  bonds and different tetrahedral CH3 (the intensive bands in 
the region 2800 – 3000 cm-1 ) proved the existence of both hydrophobic and hydrophilic 
centers on DNDs/PPHMDS surfaces. In the case of Si-DND/PPHMDS (Fig 14-3), definite 
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peaks at around 500, 1200-1300, 1470 and 1600 cm-1 point for an increased content of 
amorphous carbon due to the silanization of DND particles. The appearance of intensive 
peak at 550 cm-1 in the spectrum of Ag-DND/PPHMDS (Fig 14-4) , the splitting of the peak 
at 1550 cm-1 into two peaks and the appearance of a broad band at 1800 cm-1 confirmed the 
location of Ag ions at the grain boundaries of diamond nanoparticles (Pramatarova et al., 
20100. 
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Fig. 14. FTIR spectra of (1) PPHMDS; (2) 6-DND/PPHMDS; (3) Si-ND/PPHMDS;  (4)  Ag-
DND/PPHMDS;  
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Fig. 15. FTIR spectra of (1) PPHMDS/NH3; (2) 6-DND/PPHMDS/NH3; (3) Si-
DND/PPHMDS/NH3; (4) Ag-DND/PPHMDS/NH3; 

The comparison of the spectra of the corresponding NH3 plasma treated composites (Fig. 15) 

revealed that the surface functional groups of the composites are significantly modified. 

This is proved by the decrease in intensity of the bands for methyl groups, broadening and 

intensification of the bands in the region 3000 -3440 cm-l, diminishing of the corresponding 
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1630 cm-l and the bands in the region of surface functional groups. We affirm that the 

composite surface is with increased hydrophilic properties.   
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Fig. 16. FTIR Deconvolution spectra in the range 1800 – 1500 cm-1 for the 6-DND_PPHMDS 
(a) and 6-DND_PPHMDS /NH3 (b). 

An overlay of the calculated contour of FTIR spectrum in the region of surface functional 

groups of 6-DND/PPHMDS and the corresponding spectrum after NH3 treatment as 

determined by a curve fitting analysis is shown in Fig. 16. The comparison of the 

corresponding composites spectra proved the significant modification the surface functional 

groups.  

3.3.5 Raman of DNDs/PPHMDS composites 
For detailed analysis of characteristic bands, associated with bonding between the DNDs 
and PPHMDS, Raman microspectroscopy is used. In the Figure 17-a, b, c Raman spectra of 
DNDs/PPHMDS composites are presented. The assignment of characteristic vibrational 
bands is based on a comparison with the results in (Borjanovic et al., 2009, Pihan et al., 2009).  
The repeating unit of PPHMDS is –(Si(CH3)2-O)- with an Si-O-Si backbone and methyl side 
group attached to Si atoms. The Raman shift related to CH3 vibration bands are as follows: 
2967 and 2906 cm-1 (stretching) (Fig 17-c), 1413 and 1260 cm-1 (deformation) (Fig 17-b) and 
865,756, and 688 cm-1 (rocking) (Fig 17-a). Raman spectra related to the C-Si-C groups are 
845 and 790 cm-1 (asymmetric stretching) and 706 cm-1 (symmetric stretching). All 
characteristic Raman vibration bands of PPHMDS are also present in DNDs/PPHMDS 
composites. A new relatively intensive band at 1450 cm-1 is observed in all composites 
containing DND (Fig.17 b), To appreciate the possibilities of DNDs to modified the structure 
and the nature of chemical bonding of the polymer matrix (PPHMDS) further analysis of 
relative intensities of normal modes was performed following procedure described in 
(Borjanovic et al., 2009). The ratio of relative intensities I2967/I2905 of CH3 was lower in the 
composites (DNDs/PPHMDS) in comparison with PPHMDS. It was pronounced in the 
composites containing DND particles without any modification (6-DND and 7-DND). Such 
a tendency of decrease was also present in the vibrations of side chains (C-Si-C). The 
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observed changes in Raman and FTIR spectra (presented in 3.4.2.) of DNDs/PPHMDS 
verify the expected bonding between PPHMDS and DNDs nanoparticles.  
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Fig. 17. (a) Raman spectra (600 – 900 cm-1) (1) PPHMDS; (2) 6-DND/PPHMDS; (3) 7-
DND/PPHMDS(2); (4) Ag-DND/PPHMDS; (5) Ag-DND/PPHMDS/NH3; 
(b) Raman spectra (1000 – 2000 cm-1) (1) 6-DND/PPHMDS; (2) 7-DND_PPHMDS(2); (3) Ag-
DND/PPHMDS; (4) Ag-DND/PPHMDS/NH3;  
(c) Raman spectra (2700– 3200 cm-1) (1) PPHMDS; (2) 6-DND/PPHMDS; (3) 7-
DND/PPHMDS(2); (4) Ag-DND/PPHMDS; (5) Ag-DND/PPHMDS/NH3; 

3.3.6 XPS of PPHMDS and DNDs/PPHMDS composites 
The effect of the DNDs fillers on PPHMDS properties is studied by XPS technique. The XPS 
core level of C1s, O1s, Si2p, N1s, Ag3d as well as the Auger C KLL peaks are registered (Fig, 
18 a, b). The samples surface composition is determined by the area of the corresponding 
components peaks, corrected with the photo-ionisation cross sections (Table 3).  
 

No according 
XPS 

Nomenclature 
C 

[at%] 
O 

[at%] 
Si 

[at%] 
N 

[at%] 
Ag 

[at%] 
1 6-DND/PPHMDS 45.8 22.9 29.5 1.8 - 
3 Si-DND/PPHMDS 53.1 15.5 31.4 - - 
5 Ag-DND/PPHMDS 23.9 45.8 29.3 1.0 - 
9 PPHMDS 6.8 54.9 38.2 - - 

Table 3. PPHMDS and DNDs/PPHMDS surface composition. 
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As seen from the table, the Ag3d peaks for Ag-DND/PPHMDS composites are not 
registered even after 10 min sputtering with 3 keV Ar + ions, which is probably due to the 
deep encapsulation of Ag ions. The peaks Si2p and O1s are recorded for all samples with 
energies at 103.5 and 533.2 eV, respectively, which are similar to the characteristic SiO2 
values. In Figure 1, the C1s spectra of the different samples were presented 
The PPHMDS C1s peak (N9) is characterized by an energy of 284.6 eV, which is in 

accordance with the value published in the literature (Radeva et al., 1997). For the 

DNDs/PPHMDS composites, significant displacement of the binding energy of C1s peak to 

285.7 eV is found Figure 18-a. These values are comparable with the values in the literature 

for sp3 carbon energy in nanodiamonds (about 286.0 eV) (Merel et al., 1998). The high 

calculated semi-width of 2.3 eV, it could be suggested an existence of sp3 carbon bounded to 

the polymer surface. The composite Si-DND/PPHMDS (N3) is characterized by a C1s peak 

at 285.8 and a semi-width of 1.7 eV that denoted an existence of sp3 carbon on polymer 

surface. Ag-DND/PPHMDS composite (N5) is characterized by a broad peak with two 

similar maxima at about 286.0 and 284.6 eV that confirm an existence of carbon in different 

allotropic forms as sp3 for the  nanodiamond and sp2 for the polymer. Important 

information, for the composites surface layers at about 1 nm depth, can be obtained from the 

analysis of C KLL Auger peak (Fig. 18-b). As it is seen, the PPHMDS’s (N9) C KLL Auger 

peak is with a high kinetic energy of around 270.0 eV, a value characteristic for a C-Si bond.  

In the spectra of all composites two peaks are registered with maxima at about 265.0 and 

272.0 eV., associated with sp3 nanodiamond carbon (in the diamond it is at 262.2 eV) and 

carbon of the polymer chain. On the base of these two peaks correlation, an information for 

the composites surface is obtained. 
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Fig. 18. XPS core level C 1s  (a) and C KLL Auger peak (b) of (N9) PPHMDS; (N1) 6-
DND/PPHMDS; (N3) Si-DNS/PPHMDS; (N5) Ag-DND/PPHMDS; 

The most intensive peak 272 eV is measured for 6-DND/PPHMDS composite (N1), which 

evidence for an increases nanodiamond concentration in polymer layer depth. The same 

was confirmed by the C1s peak. The measured value for Si-DND/PPHMDS composite (N 3) 

illustrates an enriched surface layer with nanodiamond particles.  

The recorded peaks Si2p and O1s with energies at 103.5 and 533.2 eV, respectively, for all 

samples are similar to the characteristic SiO2 values. 
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3.4 Biocompatibility studies  
3.4.1 Cytotoxicity of DNDs 
Recently it is reported that DND is less cytotoxic than other carbon materials (Schrand et al., 

2009). However, the cytotoxicity of DND could be affected by its further chemical 

purification or modification. Hence, we have examined toxicity and biocompatibility of the 

DNDs used as fillers in PPHMDS. The results from this study are shown in Figure 19. As 

can be seen, the exposure of the cells to the supernatant (Fig.19, low panel) did not influence 

cell viability in a significant manner, suggesting an excellent biocompatibility. The 

osteoblasts formed nearly identical monolayers in all samples and we did not find any 

significant difference in the cell viability and the overall cell morphology after the 

incubation period of 3 days. When the cells were exposed to DNDs suspension, containing 

bigger nanoparticles and agglomerates (see sections 2.5.1. and 2.5.7) a slight reduction in the 

number of viable cells compared to supernatant (Fig.19, upper panel) was observed. 

Nevertheless, the attached cells were well spread suggesting unaffected cell functions. These 

results indicate that in the presence of DNDs the cells survive and grow well and thus 

confirm the literature data (Zhang et al., 2011). 

 

 

Fig. 19. Overall morphology of MG63 osteoblast incubated for 72 hours with suspension 
(upper panel) and supernatant (low panel), 6-DND (b); Si-DND (c);Ag-DND (d); 7-DND (e), 
respectively; culture medium+10% FCS was used as a control (a); bar, 100 μm. 

3.4.2 Overall cell morphology on DNDs/PPHMDS  
For a comprehensive characterization of the biocompatibility of the DNDs/PPHMDS 

coatings the initial interaction with osteoblast-like MG63 cells in vitro was studied. 
Osteoblasts are the principal cells in the bone matrix therefore their successful interaction 

with a material provides insights on its osseointegration. We examined the overall cell 

morphology, the organization of actin cytoskeleton and the focal adhesion complexes when 

cells adhering onto composite surfaces. In addition, we studied the effect of fibronectin (FN), 

which is the major adhesive protein in biological fluids and play significant role for the 

initial interaction of cells with biomaterials.  

The change in the overall cell morphology and in the number of attached cells on composite 
is demonstrated in Fig. 20. When cells were cultured on plain (FN non-coated) surfaces they 
were small and round in shape (Fig.20, upper panel) and no significant organization of actin 
was detected (data not shown). As expected, FN pre-coating improved the cellular 
interaction to all surface.  On non-coated surfaces, the number of attached cells was highest 

a b c d e 
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on Si-DND/PPHMDS (Fig. 20-c, upper panel), whereas within FN pre-coated surfaces cells 
adhered more readily on Ag-DND/PPHMDS (Fig. 20-d, low panel). Interestingly, on FN-
coated 6-DND/PPHMDS layers (Fig.20-b, lower panel), the cells represented varying 
morphology suggesting different stages of adhesion. On Si-DND/PPHMDS and especially 
on Ag-DMD/PPHMDS the osteoblast were well spread and exhibited an organized 
cytoskeleton with well expressed actin fibers (Fig. 20, low panel and Fig. 21 c, d, upper 
panel). Further, we study the distribution of vinculin as a prominent component of focal 
adhesions (Zamir et al., 2001, Geiger et al., 2001) that links the cytoskeleton, plasma 
membrane, and ECM (Katz et al., 2000).  
 

 

Fig. 20. Overall morphology of MG63, cultured for 2 hours on control glass coverslips (a); 6-
DND/PPHMDS (b); Si-DND/PPHMDS (c) and Ag-DND/ PPHMDS (d). Materials were 
studied as plain (upper panel), or pre-coated with FN (low panel); bar 100µm. 

As shown in Fig. 21, low panel, on Si-DND/PPHMDS and Ag-DND/PPHMDS composites 
vinculin was arranged in streaks at cell periphery, similarly to control. In contrast, on 6-
DND/PPHMDS vinculin was limited to the edge of osteoblast lamellipodia and rather 
diffuse distribution throughout the cell body (Fig. 21-b low panel).  
The improved cell morphology, cytoskeleton organization and focal adhesion formation on 

Si-DND/PPHMDS and Ag-DND/PPHMDS composites was believed to be a result of the 

composites surface properties that depend on DNDs filler. However, not only the chemistry, 

but the wettability and nanotopography are the factors that are changed in these 

composites. As we showed in section 3.3.3, introducing Ag-cations into composite material 

resulted in an increased surface hydrophilicity as well as surface roughness. Many papers 

demonstrated that hydrophilic surfaces support cellular interaction in comparison to 

hydrophobic ones (Grinnell, Feld, 1982, Altankov et al., 1996, 1997), which is in accordance 

to our results. It is known however (Barrias et al., 2009) that the surface properties of 

biomaterials influence cell behaviour through the adsorbed serum proteins and proteins 

secreted by cells themselves. It is not only the adsorbed quantity, but also the protein 

conformation will determine the cellular interaction. Therefore, in our future experiments 

we plan to study in details FN conformation upon adsorption of DNDs/PPHMDS 

composite layers.  
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Fig. 21. Actin (upper panel) and Vinculin  (low panel) staining of MG63, cultured for 2 hours 
on FN coated plain glass coverslips, used as a control (a), 6-DND/PPHMDS (b); Si-
DND/PPHMDS (c) and Ag-DND/PPHMDS (d); bar  50µm  

3.4.3 Biocompatibility study of DNDs/PPHMDS treated by NH3 plasma  
We further studied the effect of NH3 plasma treatment of Si-DND/PPHMDS and Ag- 
DND/PPHMDS on the initial osteoblast adhesion (Fig. 22 and 23). We used NH3 plasma , 
because it has been demonstrated [Chen et al., 2003, Yang et al., 2002,  Krasteva et al., 2010] 
that such treatment is an easy way to render a hydrophobic surface into hydrophilic and 
thus to derive substrates that support the attachment and growth of anchorage dependent 
cells. Here, we studied the overall cell morphology and the development of the specific 
adhesive structures  - focal adhesion contacts.  
We observed a poor spontaneous osteoblast adhesion on all non-coated samples, treated by 
NH3 plasma (Fig.22, upper panel), similar to those without any plasma treatment (Fig.20, 
upper panel). Again, more cells were detected on Si-DND/PPHMDS/NH3 as on glass 
control, compared to Ag-DND/PPHMDS/NH3. Following FN pre-adsorption, the number 
of attached and spread cells (Fig. 22, low panel) as well as the organization of actin 
cytoskeleton and focal adhesion contacts as can be seen on the next figure (Fig. 23) improved 
dramatically. In general, NH3 plasma treated composite layers seems to promoted osteoblast 
adhesion making it indistinguishable from the “golden control” – glass surface. The 
biological effect of NH3 plasma treatment presumably is associated with the generation of 
hydrophilicity. However, our studies did not revealed direct correlation between the 
increased hydrophilicity and the observed biological effects. Ammonia plasma introduces 
polar amine functional groups onto PPHMDS films, as evidenced above by FTIR records 
(Fig. 2. section 3.1.1.) and thus changes both surface chemistry and surface hidrophilicity. 
Many studies reported increased FN adsorption on NH2-functionalized surfaces 
(Gustavsson et al., 2008). Thus, the increased osteoblast affinity to FN pre-coated NH3 
plasma treated layers could be explained also by increased binding of FN. The observed 
high spontaneous cell adhesion but not cell spreading on non-coated, Si-DND/PPHMDS 
treated by NH3 samples was probably due to a combination of increased adsorption of 
newly synthesized adhesive proteins by the cells and from the fact that the cells could easily 
overcome the electrostatic barrier-effect that could promote both faster adhesion and cell 
spreading.  
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Fig. 22. Overall morphology of MG63, cultured for 2 hours on control glass coverslips (a); Si-
DND/PPHMDS/NH3 (b) and Ag-DND/PPHMDS/NH3 (c) viewed by actin staining; 
Materials were studied as plain (upper panel), or pre-coated with FN (low panel);  bar 
100µm. 

 

 

Fig. 23. Actin (upper panel) and Vinculin  (lower panel) staining of MG63, cultured for 2 
hours on FN coated plain glass control glass coverslips (a), Si-DND/PPHMDS/NH3 (b) and 
Ag-DND/PPHMDS/NH3 (c); bar 50µm. 

4. Conclusions 

The plasma polymerization of the well know hexamethyldisiloxane monomer is used for 
deposition of PPHMDS layers with excellent adhesion on different substrates and 
remarkable properties. For the first time, composites of the type DNDs/PPHMDS are 
obtained and precisely characterized by different physicochemical methods.  
The most important result of the study is that by varying DNDs particles type, it is possible 
to alter the morphological and chemical nature, as well as the biological performance of the 
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resultant composite layers. The treatment of composites surface by ammonia plasma reduce 
its surface hydrophobisity.  
The cytotoxicity test indicates that the cells survive and also grow well in presence of DNDs. 
The biological studies performed under short term cultures of osteoblast-like MG63 cells 
proved that on the plain surface of Si-DND/PPHMDS composite, the number of the 
attached cells is the highest.  FN pre-coating improved the celular interaction to all surface, 
but the cell adhered more readily on Ag-DND/PPHMDS. The same effect is observed after 
treatment by ammonia plasma.  
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