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Implant materials used in orthopedics surgery have demonstrated some disadvantages, such as 
metallic corrosion processes, generation of wear particles, inflammation reactions and bone reabsorption 
in the implant region. The diamond produced through hot-filament chemical vapour deposition 
method is a new potential biomedical material due to its chemical inertness, extreme hardness and 
low coefficient of friction. In the present study we analysis two samples: the microcrystalline diamond 
and the nanocrystalline diamond. The aim of this study was to evaluate the surface properties of the 
diamond samples by scanning electron microscopy, Raman spectroscopy and atomic force microscopy. 
Cell viability and morphology were assessed using thiazolyl blue tetrazolium bromide, cytochemical 
assay and scanning electron microscopy, respectively. The results revealed that the two samples did not 
interfere in the cell viability, however the proliferation of fibroblasts cells observed was comparatively 
higher with the nanocrystalline diamond.
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1. Introduction
All implants intended for use in the human locomotive 

system must be resistant to corrosion, fatigue and wear. 
Studies aimed at developing new materials and tests for 
biocompatibility are common in literature and are needed to 
evaluate the behavior of the material in contact with internal 
environment, the fluid and cellular components that will 
interact with the bone implant interface1,2.

Currently, aluminum-titanium-vanadium, titanium 
aluminum niobium, titanium and molybdenum alloys 
are used during clinical practice due to the excellent 
combination of biomechanical properties and resistance to 
corrosion that these materials present3,4. However, numerous 
studies in vivo and in vitro, suggest that degraded products 
released by these alloys trigger inflammatory processes that 
cause damage to adjacent tissues4-6.

Similarly alloy steels such as cobalt-chromium, 
cobalt-chromium-molybdenum and ceramics release 
degraded products causing an increase in the amount of 
inflammatory mediators responsible for bone reabsorption 
and therefore, leading to unfastening and loosening of 
prostheses7.

These alloys, consisting of nickel, cobalt, chromium, 
tantalum, titanium and vanadium, when in contact with the 

biological system suffer corrosion and release metal ions 
reducing the service life of the implant7-9. Studies in vivo 
and in vitro demonstrated that these ions can be found in 
various parts of the body causing depression of specific 
cellular activity, local and systemic hypersensitivity, and 
activation of the inflammatory cascade10,11. Furthermore, 
these ions are increasingly associated with the development 
of malignant neoplasms in animal models12.

There is therefore a need to get more inert material 
when in contact with the internal environment. The diamond 
obtained through hot-filament chemical vapour deposition 
method (HFCVD) presents extreme hardness, a high thermal 
conductivity, a low coefficient of friction and chemical 
inertia, characteristics that can be used in the manufacturing 
of orthopedic implants13,14.

The purpose of this study was to characterize the 
microcrystalline diamond (MD) and nanocrystalline 
diamond (ND) by scanning electron microscopy (SEM), 
Raman spectroscopy and atomic force microscopy (AFM) 
and to analyze the behavior of samples during culture of 
Vero fibroblast-type cells, using cell viability tests (MTT 
assay and cytochemical analysis) and SEM to assess cell 
morphology.
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2. Material and Methods

2.1. Preparation and characterization of the 
microcrystalline and nanocrystalline 
diamond

Two diamond samples were produced by HFCVD 
method: MD diluted in hydrogen and ND diluted in 
hydrogen with 65% of Argon. The surface topography 
of MD and ND was viewed and photographed with a 
JEDL 5800 SEM. Raman spectra were acquired using the 
Renishaw Model in Via Raman microscope. MD spectra 
were obtained using a helium-neon laser at a wavelength of 
633 nm, 2 µm spot size and a power of 8 mW. ND spectra 
were obtained with an argon laser at a wavelength of 514 nm, 
spot size of 2 µm and power of 6 mW.

AFM imaging and roughness average (Ra) measurements 
of the MD and ND surface morphologies were measured 
by AFM AutoProbe CP Park Scientific Instruments using 
silicon pyramidal tips operating in non-contact mode and 
a resonance frequency of 157 kHz. Representative surface 
scans (20 × 20 µm2 each) at three different locations were 
obtained for MD and ND samples.

2.2. Fibroblast cell cultures

Fibroblastic cells are recommended for studies 
of cytotoxicity and cell-substratum interactions in 
biomaterial15. The Vero fibroblast-type cells used were 
obtained from the Adolfo Lutz Institute, São Paulo, Brazil. 
The cells were cultivated in F10 Ham medium (Nutricell) 
supplemented with 10% fetal calf serum (FCS, Nutricell) 
and 1% penicillin/streptomycin (PS, Hyclone) at 37 °C in 
an atmosphere with 5% CD

2
. The cells were cultured until 

80% confluence before cytotoxicity assay.

2.3. Cytotoxicity assay

The modified Mosmann method was used16. Extracts 
of the tested materials (MD and ND) were obtained by 
incubating them in Ham’s F-12 medium containing 10% 
FCS at a proportion of 0.2 g.mL–1 medium for 48 hours at 
5% CD2 and 37 °C. This method is in accordance with the 
standards for evaluation of biomedical devices15.

For the indirect cytotoxicity assay, Vero cell suspensions 
(3 × 106 cells/mL) were inoculated into a 96-well cell culture 
plate (n = 5) and incubated at 37 °C for 24 hours. After this, 
the culture medium was replaced by the extract obtained 
from the tested materials, and the cells were maintained 
under these conditions for 24 hours. Ham’s F-12 medium 
with 0.5% phenol was used as the positive control toxicity 
(PCT) and polystyrene extract as the negative control 
toxicity (NCT) in both tests.

After incubation, the medium was removed and the wells 
were washed with 200 µL PBS. Next, 200 µL of Ham’s F12 
medium with 10 mM of Hepes buffer and 50 µL of thiazolyl 
blue tetrazolium bromide solution (MTT, Sigma) were 
added, and the plate was incubated in darkness for 4 hours 
at 37 °C. After that, the medium with MTT was removed, 
and 200 µL of dimethyl sulphoxide (DMSD) was added. 
The absorbance curve was determined in a microplate reader 
(Bio-Rad 550 microplate spectrophotometer) at λ = 540 nm.

Commercial software (Microcal TM Drigin® version 6.0) 
was used for statistical calculation. Student’s t-test was 
employed for assessing statistical differences between each 
sample and the NCT and PCT, while the one-way analysis 
of variance (ANDVA) was employed for assessing statistical 
differences between all samples. P < 0.05 was considered 
statistically significant.

2.4. Scanning electron microscopy of cell 
morphology

The vero cells (3 × 106 cell/mL–1) were inoculated in 
100 µL of Ham’s F12 medium supplemented with 10% FCS 
in a 96-well plate containing the MD and ND and incubated 
at 37 °C in 5% of CD

2
 for 24 hours. After this incubation 

time the MD and ND were fixed in 2.5% paraphormaldehyde 
(Sigma) and 2.5% glutaraldehyde (Sigma), the samples were 
post-fixed in a 1% solution of osmium tetroxide (Sigma) for 
1 hour  at room temperature in darkness, washed in distilled 
water, dehydrated in ethanol, critical-point dried in CD

2
 

(Balzers, CDT 030), coated with gold in a sputter coater 
(Balzers CTD 050) and viewed with electron microscopy 
(JEDL 5800).

2.5. Cytochemical analysis

The Vero cells were cultivated in contact with MD and 
ND. A 3 × 106 cell/mL in Ham F-10 medium with 10% FCS 
cell suspension was inoculated into the materials, and the 
plate was cultivated for 24 hours at 37 °C. After this, the 
cells were fixed in Karnovisky (4% paraformaldehyde/2.5% 
grutaraldehyde in 0.2M phosphate buffer, pH 7.2) for 
24 hours and stained with toluidine blue (TB) at pH 4.0 to 
detect nucleic and glycosaminoglycan acids.

3. Results

3.1. Characterization of the microcrystalline and 
nanocrystalline diamond

The evaluation by SEM demonstrated that the surface 
of MD and ND are different. The MD surface was formed 
by triangular shaped grains and the ND surface had a 
cauliflower-like aspect (Figure 1a, b).

The ND Raman spectra showed spectrum typically of 
the nanocrystalline diamond CVD doped with hydrogen and 
argon due peak superior 1332 cm–1. As seen in Figure 2a, it 
is evident the diamond peak at 1335 cm–1 and other features 
characteristic of small structured diamond grains (including 
nanograins) for samples of ND prepared by Hot-Filament 
CVD. The Raman spectrum of MD demonstrated one peak 
in 1331,6 cm–1 in Figure 2b, which indicates high purity 
of this diamond evidenced by the absence of other peaks.

Figure 3 demonstrates a typical 3-D AFM image of the 
ND surface with several aligned triangular features, are 
in fact image artifacts due to the pyramidal shape of the 
probe tip. The average roughness of the ND sample, based 
on three 20 × 20 μm2 scanned areas, was calculated as 
455 nm. Concerning the MD sample it was not possible to 
obtain images and roughness measurements as it presented 
a peak-valley height beyond the resolution of the equipment 
used (~8 µm).
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3.2. Cytotoxicity assay

The results of the cytotoxicity of Vero cells by MTT 
assay against samples of MD and ND were similar to 
the results obtained for NCT (Figure 4). According to 
the Student’s t-test, there were statistically significant 
differences (* p < 0.05) between the readings obtained for 
all samples and those obtained for PCT.

3.3. Scanning electron microscopy of cell 
morphology

Through SEM it was possible to observe after 24 hours 
of culture, that cells had adhered well and spread on the 
substrate, indicating good interaction between the fibroblasts 
and the surface of MD (Figure 5a). The formation of a thin 
cell layer was also identified, formed from the cell-cell union 
initiating the stage of cell confluence, which demonstrates 
the proper development of fibroblasts (Figure 5b).

In ND it was observed that after 24 hours of culture the 
formation of a thick cell layer (Figure 5c) was identified 

Figure 1. SEM micrographs of the topography of: a) Microcrystalline Diamond surface was formed by triangular shaped grains and 
b) Nanocrystalline Diamond surface had a cauliflower-like aspect. Scale bar = 50 µm and b).

Figure 2. Raman spectrum of a) Nanocrystalline Diamond and b) Microcrystalline Diamond.

Figure 3. Surface morphology of the Nanocrystalline Diamond 
sample (3-D imaging with tip artifacts).
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and, in some regions it was possible to observe even the 
synthesis of fibrous matrix (Figure 5d). Upon analyzing the 
images obtained by SEM the MD and ND demonstrated a 
good cell interaction with the substrate’s surface.

3.4. Cytochemical analysis

The images obtained in the cytochemical analysis 
presented appropriate standard. It was observed that cells 
cultured in the conditions of NCT presented a semi confluent 

Figure 5. SEM micrographs cells on the MD after 24 hours of culture was observed: a) cell adhesion on the substrate; b) beginning of 
cell confluence phase. SEM cells on the ND after 24 hours of culture was observed: c) thick layer formation, intense cell confluence and 
d) synthesis of fibrous matrix.

Figure 4. Indirect cytotoxicity assay of Microcrystalline and 
Nanocrystalline Diamond with Vero cells. There are no statistically 
significant differences (p > 0.05) between the samples and the 
negative control of toxicity (NCT).

cellular monolayer with mild basophilia at nuclear and 
cytoplasmic levels. The PCT cells had numerous points of 
degenerated cells with cellular debris and fragments. The 
cells cultured in the presence of MD and ND demonstrated 
a similar pattern to the NCT (Figure 6). Comparing the PCT 
and NCT to the other experimental situations, we found no 
signs of toxicity through cytochemical analysis.

4. Discussion
The introduction of an implant produces a local 

inflammatory reaction in the receptor tissue which depends 
on several factors such as the surgery, the type of tissue and 
the physic-chemical and geometric characteristics of the 
implant. The intensity of this reaction can even determine 
the over life of the implant and its integration during the 
long term1.

The in vitro tests represent a valid method to specifically 
analyze the tolerance and cell proliferation although they 
do not mimic all the events that occur when an implant is 
placed in the living organism17. Moreover, this kind of assay 
provides faster results and with less cost, when compared to 
evaluations in vivo. In this study the culture of fibroblasts 
was chosen because these cells are present in the initial phase 
of the scarring process and the integration of the implant 
to the tissue8,18,19.
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cells stained with TB; the color for nucleic acids and 
glycosaminoglycans20-22. In addition it was observed that 
the XP, at pH 2.5, stained total proteins, confirming the data 
obtained with the TB20,21.

The viability of the cells were observed in two samples 
of the diamond, being more intense in samples of ND. 
This behavior is similar to the diamond-like carbon23. 
However, there was a synthesis of stringy elements, like the 

The two compositions of diamond CVD, as assessed 
in cytotoxicity tests, were considered non-toxic. There was 
no change in the behavior of adhesion and the cell viability 
after contact of the culture means with the tubes of ND 
and MD. Furthermore, through the cytochemical analysis, 
the ND and MD did not interfere in cellular metabolism, 
since the used cells continued synthesizing protein and 
glycosaminoglycans, indicated by the presence of basophil 

Figure 6. Cytochemical analysis of fibroblastic cells cultured in different experimental conditions: a) NCT; b) PCT; c) MD; d) ND. From 
a1 to d1 staining with TB. From a2 to d2 staining with XP.
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Deligianni et al.29 observed a higher concentration of bone 
marrow cells adhered on Ti6Al4V alloy with high roughness 
indicating a significant influence of the materials surface in 
the response of bone cells.

Anselme30 reported that cultures of osteoblast cells 
preferably adhere to surfaces with roughness relatively 
high. These results have been cited previously by Curtis31. 
It is therefore suggested that the different performances of 
the diamonds should studied here. Yet this differentiated 
performance can undoubtedly assist in indicating the use of 
one or the other as an orthopedic implant. Clinical situations 
that demand greater cell proliferation such as the filling 
of bone cavities or cartilaginous replacement can best be 
assisted with the use of ND. Furthermore, situations where 
this proliferation is undesirable, as in guiding the growth of 
nerve fibers, the MD maybe better indicated. The evaluation 
in vivo is now a crucial step in the continuation of this study.

5. Conclusion
The cytotoxicity tests performed with fibroblasts way 

demonstrated that the two compositions of diamond CVD 
known as MD and ND are not toxic because they had the 
same performance as NCT. However, the diamond ND 
with an average surface roughness of 455 nm stimulated 
the proliferation of fibroblasts more significantly than 
MD, which suggests that the former could be suitable for 
situations that demand tissue proliferation, whereas the later 
would be better suited to situations where this proliferation 
is undesirable.
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extracellular matrix around the tubes of ND, which suggests 
according to relevant literature, that there is better interaction 
of this material with the cells24-26.

It is interesting to note how the chemical composition 
of the two types of diamond CVD are identical; the factor 
that could have influenced that different response cell 
could be surface finishing of MD (formed by triangular 
shaped grains) and ND (cauliflower-like surface aspect). 
The surface roughness of the samples was estimated by 
AFM. The average value obtained for the ND samples 
(455 nm) approaches that of the roughest samples used by 
Kalbacova27. As it was impossible to measure the roughness 
of MD samples, because their peak-valley height was beyond 
the resolution of the equipment, it can only be affirmed that 
their roughness was above 8 µm. As the two forms of CVD 
diamond used had similar chemical composition, the surface 
finishing should be the main factor of ND influencing more 
strongly the proliferation of fibroblasts even with production 
of elements of extracellular matrix.

The initial stages of adhesion, spreading and interaction of 
cells with the implant are influenced by the physicochemical 
characteristics of the surface of the implant in contact with 
the receptor tissue. The adhesion phase happens rapidly 
through physical and chemical connections between the 
cells and the implant, involving ionic forces and van der 
Walls forces. The scattering phase is longer and depends on 
the presence of molecules to link the extracellular matrix 
proteins such as transmembrane (integrins and cadherins) 
and the cytoskeleton proteins that interact to induce the 
signal of transduction, promoting the action of transcription 
factors and gene expression that determines the quality of 
cellular interaction1,8,24,25,28-31.

Numerous studies have assessed the influence of 
roughness of materials on the initial cellular response to 
adhesion and spreading. Eisenbarth et al.28 evaluated the 
adhesion of fibroblasts on Ti6Al4V alloy with different 
degrees of roughness. After two days of cell incubation 
higher adherence was observed on the rough surfaces. 
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