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The aim of this work was to develop a method for the manufacture of carbon nanofibers in the form of mats containing silicon and
calcium compounds with potential biomedical application. Carbon nanofibers (ECNF) were prepared from the electrospun
polyacrylonitrile (PAN) nanofibers. The electrospun polymer nanofibers were heat treated up to 1000°C to obtain carbon
nanofibers. The surface of ECNF was covered with a silica-calcium sol (ECNF+Si/Ca) by dip-coating technique followed by the
stabilization process. Both types of carbon nanofibers, i.e., the as-received and covered with the sol, were tested to confirm their
osteoconductive properties. Biological tests were performed, including genotoxicity, cytotoxicity, and alkaline phosphatase
(ALP) activity. Morphology of adhering cells to nanofiber surface was described. The nanofibers were subjected to a bioactivity
test in contact with SBF artificial plasma. Biological tests have revealed that the nanofiber-modified ECNF+Si/Ca in contact with
osteoblast cells were biocompatible, and the level of cytotoxicity was lower compared to the control. The ALP activity of the
modified nanofibers was higher than nonmodified nanofibers and indicates potential applications of such carbon materials in
the form of mats as a substrate for bone tissue regeneration.

1. Introduction

Carbon nanofibers are of interest to many fields of applica-
tions, such as energy storage, fuel cells, electronics, and
catalysis, as well as in environmental protection and medi-
cine [1–4]. They are a product of carbonization of polymer
nanofibers, which are often electrospun in the form of mats,
membranes, or threads. This method allows obtaining, among
others, polyacrylonitrile nanofibers, which are the most popu-
lar precursor of carbon nanofibers with controlled diameter
and complex chemical composition. Depending on the type
of nanofibrous precursor and the processing variables of the
carbonization process, materials with diverse structure and
different surface parameters can be obtained [5–7].

Polymer nanofibers due to their large specific surface
resulting from high surface to volume ratio and small diam-
eter may act as an extracellular matrix for tissue engineering.
Such nanofibers in the form of porous mats can be used as
membranes for reconstructive medicine, as substrates for
bone and cartilage development in the posttraumatic tissues
[8–12]. A key issue is the fact that these nanofibers possess
diameters slightly different from those of the collagen fibrils
of bone tissue. Carbon nanofibers, like polymer nanofibers,
thanks to their physical properties, become candidates for
many medical applications; these materials are considered
to be used in the construction of biosensors and electrodes
to stimulate the nervous system as well as for the manufac-
ture of scaffolds for regenerative medicine. In the form of
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nonwovens, membranes, or various kinds of nanocompos-
ites, they can be used in many fields of medicine [13–19].

Carbon fibers can be modified at the level of the organic
precursor by selecting the appropriate processing parameters,
i.e., during the carbonization process of the precursor, and also
by the chemical surface treatment of the carbon fibers
themselves [20–22].

Carbon micro- and nanofibrous materials obtained by
heat treatment of the polymer precursor (carbonization)
at low temperatures (about 1000°C) integrate well with tis-
sues and can undergo a slow oxidation in the biological
environment, turning into organic forms that do not pose
a threat to the body [23, 24]. Our research shows that both
the micro and carbon nanofibers have a potential in the
treatment and regeneration of the cartilage [25, 26].

Fibrous implants made from nanofibers can also be can-
didates for applications in laryngology. This field particu-
larly needs to develop a new generation of implants, whose
wider use could contribute to a reduced number of opera-
tions using patient tissue. In laryngology, biomaterials are
used in the ossicles, the reproduction of the posterior wall
of the external auditory canal, the electrodes for cochlear
implants, the reconstruction of the craniofacial elements, in
nasal reconstructive surgery, and nasal septum [27–33].
Therefore, in this field, there is a need for materials with
osteogenic and chondrogenic potential, as well as materials
for the construction of medical electrodes. Low carbonized
carbon nanofibers may be a valuable substrate, on the sur-
face of which bioactive molecules and organic and inorganic
substances can be introduced. The open microstructure of
carbon nanofibers, devoid of the high-ordered near surface
region characteristic for carbon microfibers, makes them
exceptionally easy to modify not only limited to their sur-
face. In our earlier studies, we modified carbon nanofiber
surface with carbon and hydroxyapatite nanoparticles, thus
preparing the nanofiber material for contact with bone tissue
[34, 35]. Such modified nanofibers can be a starting point for
the design and manufacture of materials intended for the
treatment and regeneration of tissues.

A new approach of modifying carbon nanofibers is to
cover the carbon structure with silicon-containing com-
pounds. This allows obtaining a new bioactive biomaterial that
can be used in osteochondral and bone tissue surgery.

The aim of the work was to develop a method for the
modification of carbon nanofibers with silicon and calcium
compounds for applications in bone regenerative medicine.
Carbon nanofibers (ECNF) were prepared from the polyac-
rylonitrile precursor, and their surface was modified with a
silica-calcium sol (ECNF+Si/Ca), functionalized in such
way carbon nanofibers were tested to confirm their biocom-
patibility and osteoconductive properties. Biological tests
were performed, including genotoxicity, cytotoxicity, and
the alkaline phosphatase (ALP) activity. Morphology of
adhering cells to nanofibers surface was described. The
nanofibers were subjected to a bioactivity test in contact with
SBF artificial plasma. So far, such approach to functionalize
surface properties of carbon nanofibers has not yet been
described in literature. The combination of carbon nanofi-
bers doped with silica and calcium may be an interesting

solution for the use in tissue therapy. The potential of this
material in osteoblast cell culture is discussed.

2. Experimental

2.1. Material Preparation. Copolymer Mavilon Zoltek Com-
pany (Hungary) consisting of 93–94wt% of acrylonitrile
mers, 5–6wt% of methyl acrylate mers, and approximately
1wt% of sodium alilo-sulfonate mers was used to manufac-
ture polymer nanofibers. The PAN nanofibers were spun
from the polymer solution using the electrospinning
method. The transformation of the polymer nanofibers into
carbon nanofibers consisted of two steps. The first step was
the stabilization, during of which the polymer nanofibers
were oxidized in air at 250°C-300°C. The second step was
annealing the oxidized samples in a nitrogen atmosphere,
preventing oxidation of the nanofibers to 1000°C, at a heat-
ing rate of 5°C/min, without holding the samples at final
temperature. Subsequently, the carbon nanofibers were sub-
jected to a two-stage surface modification. In the first stage,
the nanofibers were chemically treated with concentrated
nitric acid at 60°C for one hour. Then, the carbon nanofi-
bers were covered with a silica-calcium sol-gel solutions
by dip-coating technique. The modifying medium was a
mixture of two sols made on the basis of two precursors,
i.e., tetraethoxysilane (TEOS) (Sigma-Aldrich product)
and Ca(NO3)4H2O (Sigma-Aldrich product). First, a silica
sol was prepared by adding the TEOS to a determined vol-
ume of distilled water, ethyl alcohol 99.5%, and hydrochlo-
ric acid as a catalyst for the hydrolysis process. The sol was
stirred at 50°C, for two hours. Then, the sol prepared from
calcium nitrate and ethyl alcohol was added to the TEOS-
based sol. The carbon nanofibers were then incubated in a
mixture of sols for one hour, and subsequently, they were
dried at 70°C, for 24 hours. The last step of the process
was washing the nanofibers in distilled water and redrying.
During this preparation, a thin polymer layer containing
calcium and silicon atoms on the surface of the nanofiber
was formed. More details of the preparation of the slurry
sol and coating conditions on the nanofibers are described
elsewhere [36, 37]. The following types of nanofibers were
prepared for the study: the initial nanofibers (the as-
received carbon nanofibers) denoted as ECNF (electrospun
carbon nanofibers) and nanofibers modified with silica-
calcium sol denoted as ECNF+Si/Ca. These samples were
incubated in simulated body fluid (SBF) to determine their
bioactivity. The incubated nanofibers in SBF were denoted
as ECNF+HA [38].

2.2. Microscopic and Spectroscopic Study. The AFM measure-
ments were conducted using the MultiMode VIII (Bruker)
atomic force microscope in TappingMode (semicontact
mode) using antimony-doped silicon probes with 8 nm
nominal tip radius, 300 kHz cantilever resonance frequency,
and 40N/m spring constant. Infrared (FT-IR) spectra were
recorded using a Bio-Rad FTS 165 spectrometer with a res-
olution of 2 cm-1 within the range of 4000-400 cm-1. The
morphology of the nanofibers was studied using the Nova
NanoSEM 200 microscope connected to an EDAX EDS
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point analyser. The obtained SEM images were analysed
using the ImageJ freeware program, which measured the
fibers’ diameters. Using the segmental method, the overall
porosity of the samples in the form of mats from the
SEM microphotographs was determined.

2.3. In Vitro Biological Studies. Prior to biological testing,
samples of carbon mats in the form of discs (12mm in diam-
eter) were washed in 70% ethanol and sterilized under UV-C
light for 30min on each side. For estimation of potential
genotoxicity of the samples (ECNF, ECNF+Si/Ca), the nor-
mal human skin fibroblasts from cell line CCL-110 (Ameri-
can Type Culture Collection, ATCC) were used. The cells
were cultured in MEM medium at 37°C and 5% CO2. The
studied nanomaterials (7.5mg/4ml PBS) were mixed by
means of the ultrasonic probe (Palmer Instruments) for
2min. Nanomaterial’s suspension (500μl) was added to well
containing cells in 2ml culture medium. Fibroblasts were
contacted with nanomaterials at 37°C for 1 h or 24h; next,
the cells were washed in PBS and analysed by the comet
assay procedure. The analysis of DNA damage levels after
in vitro treatment was performed using the alkaline version
of the comet assay [39, 40].

The suspension of in vitro treated fibroblasts was embed-
ded in agarose on microscope slides. The cells and nuclear
membranes were then lysed for 1 h in the agarose by deter-
gent (1% Triton X-100) in alkaline pH> 13. Next, the
DNA was subjected to alkaline electrophoresis (30min,
4°C, 30V, and 300mA). After ethidium bromide (17mg/ml)
staining of cells, cellular DNA was visualized using the epi-
fluorescence microscope Olympus BX-50 (Olympus, Tokyo,
Japan). For the analysis of the comet pictures, the Komet 3.0
program from the Kinetic Imaging Company (Liverpool,
UK) was used. DNA damage was quantified by the T-DNA
(tail DNA) (DNA percentage in the comet tail), where the
changes in the distribution of tail DNA are considered as a
sensitive indicator of initial DNA breakage and DNA repair.
Two independent experimental replicates were performed
for each aliquot; 200 cells were analyzed for each data point
(2 slides per dose, 100 cells analysed from each slide). The
data were presented as mean values and standard error.
The statistical analysis was performed using the Student t
-test from Excel software. The p values equal to or less than
0.05 were considered significant.

Besides genotoxicity study and cytotoxicity tests includ-
ing cell viability, ALP levels were carried out with bone cells.
The cell morphology assessment after contact with carbon
nanofiber mats was also determined. The normal human
osteoblast cells (NHOst; Lonza, USA) were expanded in
75 cm2 tissue culture flasks (Nunc™, Denmark) in the osteo-
blast growth medium (OGM™; Lonza, USA) supplemented
with 10% fetal bovine serum (FBS; Lonza, USA), 0.1% ascor-
bic acid (Lonza, USA), and 0.1% gentamicin (GA-1000;
Lonza, USA), at 37°C in a humidified, 5% CO2 atmosphere.
Medium was changed every 3 days until a 70% confluent cell
monolayer was developed. Then, cells were detached from
culture flasks using 5% trypsin-EDTA (HyClone, USA).
The prepared sterile thin films were then placed at a bottom
of 48-well culture plate wells (Nunc™, Denmark) and held

by polycarbonate inserts (Scaffdex, Finland) to prevent the
samples from floating. The cells were seeded on the material
surface at a density of 2·104 cells/ml/well and cultured for 3
and 7 days. The bottom surface of tissue culture polystyrene
(TCPS) wells served as a positive control. The cells were cul-
tured in the differentiating conditions in the osteoblast
growth medium (OGM™, Lonza, USA) supplemented with
200 nM hydrocortisone-21-hemisuccinate (Lonza, USA)
and 10mM β-glycerophosphate (Lonza, USA). In order to
determine the number of NHOst cells and cytotoxic effect
of obtained materials after 3 and 7 days of culture, Toxi-
Light™ BioAssay Kit and ToxiLight™ 100% Lysis Reagent
Set (Lonza, USA) were used. The kit was used to quantify
adenylate kinase (AK) in both supernatant (representing
damaged cells) and cell lysate (representing intact adherent
cells). Luminescence was measured using a microplate
reader POLARstar Omega (BMG Labtech, Germany). The
results were expressed as mean ± standard deviation (SD)
from 8 samples for each experimental group. The alkaline
phosphatase (ALP) activity was determined using 4-
methylumbelliferyl phosphate (4-MUP). ALP cleaves the
phosphate group of the nonfluorescent 4-MUP substrate
into the soluble highly fluorescent substance methylumbelli-
ferone. The hydrolysis of MUP was determined by fluores-
cence detection on a POLARStar Omega microplate reader
(BMG Labtech, Germany) with settings for excitation at
360 and emission at 440nm. The ALP activity was measured
as relative fluorescence units (RFUs) after 3, 7, and 21 days
of culture. Besides the ALP test, bioactivity of ECNF+Si/Ca
samples was evaluated by the microscopic analysis of the
samples before and after maintaining them in SBF at 37°C,
for 3 and 10 days.

For evaluation of the cells’ morphology and their
attachment to the fibrous biomaterials, the cell cultures were
stained with 0.01% acridine orange (AO) solution (Sigma-
Aldrich, Germany) for 1min, washed in PBS, and observed
under the fluorescence microscope Olympus CX41 (Japan).
Photographic documentation was made by the E-520
camera (Olympus, Japan).

3. Results and Discussion

3.1. Characterization of Carbon Nanofibers. Figure 1 shows
SEM images of three types of carbon nanofibers with EDS anal-
ysis, i.e., initial nanofibers, modified in a silica-calcium sol and
the nanofibers after incubation in SBF for 3 and 14 days.

The SEM microphotographs of ECNF show randomly
oriented nanofibers creating a mat about 50nm thick
(Figure 1(a)). The average parameters characterizing nanofi-
brous samples are collected in Table 1.

The overall porosity of the fibrous samples is ranging
between 0.47 and 0.76, depending on the type of samples
(Table 1). Since biomaterials for tissue engineering purposes
should have high porosities enabling cell culture, this parame-
ter seems to be favourable for such applications. Carbon nano-
fibers obtained by the carbonization of the polyacrylonitrile
precursor form a 3D isotropic system with different diameters
ranging from 150 to 300 nanometers, with a mean diameter of
190nm. The modification in the SiO-Ca sol does not change
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Figure 1: Continued.
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distinctly the morphology of the fibrous mats, whereas the
diameter of individual nanofibers increases ranging from 190
to 420 nanometers. The three-day incubation of nanofibers
covered with the ceramic layer in SBF causes a number of
needle-like precipitates to appear on their surface. Prolonging
the incubation to 14 days in SBF makes the surface of the
nanofibers completely covered with a layer of tightly adherent
new phase forming a fibrous carbon-ceramic system with a
characteristic nanotopography. The mean diameter of nanofi-
bers in the mat after the 14-day incubation increases up to
about 1200nm. Figure 2 shows images of the nanofibers made
by means of AFM.

The X-ray point microanalysis, EDS, shows the differ-
ences in the elemental composition of all types of nanofi-
brous mats. After the oxidative pretreatment, on the
surface of the nanofibers (ECNF), only oxygen is present,
in addition to carbon, while their treatment in the SiO2-
CaO sol causes the appearance of the bands in the spectrum
corresponding to the presence of silicon and calcium. The
infrared spectrum of CNF+Si/Ca samples incubated in SBF
for 3 days contains, in addition to the strong bands attrib-
uted to the presence of oxygen and silicon, also bands asso-
ciated with the presence of phosphorus and calcium. Such
bands are not observed in the initial carbon mat (ECNF).

A 14-day incubation leads to the formation of two intense
bands brought about the presence of phosphorus and cal-
cium, whereas the remaining bands, especially those attrib-
uted to silicon or carbon, have a low intensity.

FTIR spectra of samples are shown in Figure 3.
The initial carbon nanofibrous mats (1) obtained by the

carbonization of the PAN precursor (ECNF) are character-
ized by a relatively low degree of structural ordering, typical
for the turbostratic carbon structure, in which strongly
defected crystallites occur [41]. The infrared spectrum of
such nanofibers is characterized by carbon crystallites con-
taining heteroatoms including oxygen, hydrogen, and nitro-
gen, as evidenced by a broad-band boundary corresponding
to the single carbon bonding with oxygen, hydrogen, and
nitrogen. The band at 1574 cm-1 is attributed to vibrations
of C=C bonds. The immersion of the ECNF in the silica-
calcium sol changes the spectrum of carbon nanofibers (2).
Bands present in the spectrum indicate the formation of a
silicon-oxygen layer on the nanofiber surfaces. Characteristic
bands for this structure occur at 462 cm-1 (-Si-O-Si bending),
802 cm-1, the band corresponding to not fully condensed sil-
ica network O-Si-O, and the band at 1090 cm-1 assigned to –
O-Si stretching vibrations. The spectrum also shows the
bands associated with the organic component, i.e., stretching
vibrations of bonds in which the silicon forms the bonds in
hydrocarbon systems at 1200-1400 cm-1 and 2880-2900 cm-1.
The band at about 1130cm-1 (the inflexion clearly visible on
the band edge at 1090 cm-1 band) may indicate the formation
of Si-O-C bonds. After 3-day incubation in SBF, in the spec-
trum (3) of nanofibers, low-intensity bands appearing in the
range of 460-560 cm-1 indicate the presence of apatite on the
sample surface [42, 43]. The spectrum contains bands indicat-
ing the presence of an amorphous phase associated with the
presence of silicon-oxygen moieties on the sample surface.
The wide envelope of the band, especially in the range between
800 and 950 cm-1, may indicate the presence of silanol groups.
It can be assumed that reaction between the groups containing
oxygen and silicon in the incubation fluid environment leads
to the formation of silanol groups that promote nucleation
of apatite. It is known that the role of silicon is extremely
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Figure 1: SEM images with EDS analysis of (a) ECNF and (b) ECNF-Si/Ca nanofibers functionalized in SiO2-CaO sol (c) after 3-day
incubation and (d) after 14-day incubation in SBF.

Table 1: Microstructure parameters of nanofibrous mats.

Type Fiber diameter, d (nm) Material porosity, p

ECNF 190 ± 27 0 76 ± 0 02
ECNF+Si/Ca 231 ± 34 0 71 ± 0 02
ECNF+HA 1234 ± 112 0 47 ± 0 03
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Figure 2: Continued.
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important in the regeneration process of the osseous and con-
nective tissues [44, 45]. The formation of silanol groups is
accompanied by the transfer of calcium to the incubation solu-
tion, causing local saturation in the SBF environment. After
the 14-day incubation of nanofibers, a solid layer of apatite
appears on their surface and, in the spectrum, the bands (4)
originating from silicon-oxygen groups become invisible.
Bands in the area of 1400 cm-1 indicate that apatite containing
carbonate groups is formed on the carbon surface.

The results obtained frommicroscopic and spectroscopic
studies clearly indicate that the treatment of nanofibers in the
silica-calcium sol leads to significant changes in the structure

of their surface; as a result, it becomes the nucleation sites of
apatite in contact with SBF.

Already after three days of interaction of the nanofiber
surface with SBF, crystallites with the specific needle-
shaped apatite crystallites having nanometric dimensions
are visible (Figure 2). After longer incubation, the morphol-
ogy of the apatite layer on the surface changes and the apa-
tite needles connect to each other with their surfaces and
completely cover the carbon surfaces to form a solid
carbon-ceramic composition.

Biological tests are aimed at evaluating the samples’ bio-
compatibility and bioactivity. Genotoxicity of the carbon
nanofibers was assessed by means of the comet test, in terms
of the tail DNA, and the results are collected in Table 2. The
ECNF sample induces a significantly higher level of the
DNA damage level in comparison to the control. After func-
tionalization, however, these nanomaterials (ECNF-Si/Ca)
are better tolerated by the cells and have significantly lower
genotoxicity, comparable to the control.

The results of cytotoxicity test are presented in Figure 4.
Cell cytotoxicity of pure carbon mats determined on day

3 after seeding is higher compared to both ECNF+Si/Ca and
control. On day 7 after cell seeding, a significant increase in
cytotoxicity for initial carbon nanofibers can be observed.
The difference is observed between both types of carbon
mats and between the initial carbon mat and control. The
modified carbon nanofibers are not cytotoxic for a short
period of time (3 and 7 days) in NHOst cultures. The initial
carbon nanofibers (ECNF) perform the highest percentage
ratio of relative cytotoxicity compared to the control.

The cells’ viability results of the sample materials are
shown in Figure 5. The viability of both carbon nanofibers
is compared to the control (TCPS). The number of cells
cultured on ECNF+Si/Ca samples is comparable to the con-
trol and higher than that obtained for pure ECNF after 7
days of incubation.
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Figure 2: AFM images of (a) ECNF and (b) ECNF-Si/Ca functionalized nanofibers in SiO2-CaO sol (c) after 3-day incubation and (d) after
14-day incubation in SBF.
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In vitro experiments reveal differences between the ini-
tial and modified nanofibers. Both tests indicate that the
results are more favourable for the modified nanofibers
compared to the initial ones. Experiments conducted by
numerous workers have shown that the degree and methods

of functionalization strongly affect carbon nanofiber cyto-
toxicity. In our experiments, the cells were incubated on
electrospun mats for a relatively short time. Some effects
could not have been visible while prolonging cell culture
may reveal further differences in materials studied. The
results of ALP activity are summarized in Figure 6.

There are statistical differences in the ALP activity
between unmodified carbon mats and the mats containing
silicon and calcium compounds (Figure 6). Already after 3
days, the test shows significant differences between both
types of samples. The highest difference in ALP activity
between the samples is noted on day 21 of the test; the RFU
parameter for ECNF is about 50% higher compared to ECNF.
These results indicate that additional surface functionaliza-
tion of carbon nanofibers improves their osteoinductivity.

Fluorescence microphotographs displaying adhesion and
morphology of osteoblasts on carbon samples cultured from
3 to 7 days are shown in Figure 7.

The analysis of the NHOst’s morphology shows the cells
covering uniformly and densely the materials’ surfaces. These
findings indicate that expanding cells on nanofibrous layers
are not affected by the scaffold after 3 day culture. The shape
of the cells is uniform and they are flattened, mostly well
spread on the sample surfaces. The differences are observed
in the number of cells between ECNF and ECNT+Si/Ca.
The number of cells on unmodified ECNF is significantly
lower in comparison with modified samples. Moreover, on
the ECNF+Si/Ca sample, the numerous intercellular connec-
tions are observed, creating a dense cellular web (Figures 7(b)
and 7(d)). For this sample, a certain directional arrangement
of cells both after three and seven days of culture can also be
observed, indicating the preferential direction of cell growth
on the nanofibrous substrate. Such image is especially
observed after longer time of cell culture on the ECNF+Si/Ca
sample. Moreover, for the ECNF+Si/Ca sample, the cells
form a lot of contacts with each other; they are well spread

Table 2: Genotoxicity of carbon mats in fibroblast cell line
estimated by the t-DNA comet assay parameter.

Control ECNF ECNF-Si/Ca

1 hour

T-DNA 3 59 ± 0 21 8 51 ± 0 43 4 33 ± 0 32
Significance vs. control — 0.00 0.24

24 hours

T-DNA 3 32 ± 0 26 8 52 ± 1 05 6 27 ± 1 07
Significance vs. control — 0.01 0.06
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indicating the existence of a number of contact points
between the cells and the substrate (Figures 7(b) and 7(d)).

A good cell adhesion to the surface is important factor
in terms of further cellular functions such as proliferation,
secretion, and production of the extracellular matrix. In
the case of ECNF+Si/Ca mats, the cells additionally pene-
trated into the scaffolds’ depth. This observation indicates
that the modified nanofibers display a suitable 3-D archi-
tecture for cell culturing. A nanoscale size carbon mats
have a relative high specific surface area and specific pore
structure. The microstructure of carbon mats obtained in
this work is characterized by high amount of intercon-
nected open pores up to 76%, and the pore sizes are in
micron scale (Figure 2) and expected to be large enough
to allow cell adhesion and migration within the material
space and to maintain the proper cell morphology. An opti-
mal porosity and pore size of tissue supporting structure
are important factors affecting migration of cells through
the material. Additional functionalization of the carbon
mat surface in which silanol groups are formed seems to
be an effective way to obtain a biomaterial that can activate
the regeneration of bone tissue due to the presence of sili-
con. Silicon is known to play a key role in improving bone
regeneration and increasing bone mineral density.

Our biological tests are aimed at evaluating biocompati-
bility and bioactivity of the carbon samples in the form of

mats. In vitro experiments show differences between
unmodified (initial) and modified carbon nanofibrous mate-
rials. The tests indicate that the results are more favourable
for the modified nanofibers compared to the initial nanofi-
bers. In our experiments, the cells were incubated on electro-
spun mats for a relatively short time. Some effects could not
have been visible, and prolonging cell culture can reveal fur-
ther differences in materials studied.

One of the objectives of the surface modification of
carbon nanofibers is to develop an active material that
could be used to regenerate osteochondral tissue, e.g., for
laryngology. The previous literature reports indicate that
carbon materials, including carbon fibers and carbon nano-
tubes, may act as substrates with chondrogenic properties
[25, 26]. Thus, the modified carbon nanofibers with a Si/Ca
sol may be suitable substrates for osteochondral tissue.

4. Conclusions

A method for the surface modification of carbon nanofibers
by impregnating them with the silica-calcium sol has been
developed. It has been shown that the modified nanofibers
with such treatment already after 3-day incubation in SBF
activate the deposition of hydroxyapatite much stronger
as compared to the unmodified carbon nanofibers. Prolong-
ing the incubation to 14 days makes the surface of the

(a) (b)

(c) (d)

Figure 7: Microphotographs of NHOst morphology cultured for (a, b) three days and (c, d) seven days on the surface of fibrous samples. (a, c)
ECNF, (b, d) ECNF+Si/Ca (mag. 40x).

9Journal of Nanomaterials



nanofibers completely covered with a hydroxyapatite layer
of tightly adherent deposit forming a fibrous carbon-
ceramic system with a characteristic nanotopography. Bio-
logical tests have revealed that modified carbon nanofibers
(ECNF+Si/Ca) in contact with osteoblast cells were bio-
compatible, and the level of their cytotoxicity was lower
compared to the control. ALP activity of the modified
nanofibers was higher than unmodified nanofibers and
indicates potential applications of such carbon materials
in the form of mats as a substrate for bone tissue regener-
ation. Carbon nanofibers subjected to appropriate modifica-
tions may be a material with osteogenic properties.

Carbon nanofibers obtained by controlled heat treat-
ment of the nanometric fibrous PAN precursor constitute a
suitable material for the surface functionalization and can
be considered as a useful material for fast and effective bone
tissue regeneration. Moreover, such materials, due to their
unique structure, can be valuable substrates to be modified
by the use of the bioactive agents. Laryngology is a field of
special interest for implants displaying both osteogenic and
chondrogenic properties. Carbon micro- and nanofibers
proved to have a potential in the treatment and regeneration
of the cartilage. This fact combined with the possibility of
the carbon material functionalization, and material combi-
nation indicates that such fibrous biomaterials may be a
valuable constituent for the construction of materials for
medical therapy and diagnostics, including laryngology.
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