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Abstract
Critical size bone defects are orthopedic defects that will not heal without intervention or that will not completely heal 

over the natural life time of the animal. Although bone generally has the ability to regenerate completely however, critical 
defects need sort of scaffold to do so. In the current study, we proposed a method to get a Carbon NanoFibrous (CNFs) 
/ Hydroxyapatite (HA) bioactive scaffold. The CNF nonwoven fabrics were obtained by the use of the electrospinning 
process of the polymeric solution of  Poly Acrylonitrile (PAN) and next thermal treatment of both stabilization and 
carbonization processes, then the CNFs membranes were functionalized by (6.8 wt.%) HA by the hydrothermal process 
(130ºC for 90 min). The prepared membranes were in-vitro tested for bioactivity in Simulated Body Fluid (SBF) solution 
and for biodegradability in Phosphate Buffer Saline (PBS) solution. We have successfully prepared a bioactive and 
biodegradable membrane by immersing it in SBF and PBS solutions respectively for 14 days, where a bioactive layer of 
Hydroxy-Carbonated Apatite (HCA) was found on its surface. The formed layer of HCA has been characterized by XRD, 
FTIR, and SEM. The biodegradability of the membranes has been characterized by FTIR, SEM, and ICP for the PBS 
solution after different time intervals (1, 3, 5, 7 and 14) days. The membrane of (CNF/6%HA) is more biodegradable than 
other membranes of (CNF, and CNF/8%HA) (Figure 1).
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Introduction
There are several conditions in which hurt bone may not be capable 

of healing itself. In massive traumatic bone loss or primary tumor 
resection the bone defect may exceed a critical size and will not heal 
with the help of mechanical fixation alone, which may result in a non-
union. For such critical bone sized defects added material is necessary 
to fill the gap [1]. The current gold standard treatment for these critical-
sized defects is autogenous bone grafting. Autogenous bone grafts 
fulfill three main attributes: they are osteogenic, osteoinductive and 
osteoconductive.

Osteogenic means that they contain living cells which can 
differentiate into osteoblasts. Osteoinductive describes the ability 
to stimulate local or added cells to differentiate into osteoblasts and 
thereby increase bone healing. Bone grafts also act as scaffolds: on their 
surface new bone material can be generated (osteoconductive) [2].
The definition of bioactive materials (scaffolds) indicates that strong 
material / tissue bonding is the key to ensure a high success rate of 
an implantation. The bioactivity means that a HA-like layer has been 

formed on the membrane immersed in SBF, which is responsible for 
the interactions within hard and soft tissues [3]. Bioactive nanomaterials 
(Scaffolds) have well-defined nanostructures in terms of the size of the 
material, the shape, the channels, pore structure and the surface domain. 
They include nanoparticles, nanotubes, nanofibres, nanogels, nanofilms, 
and nanofoams [4]. Carbon nanofibers with diameters that fall into 
submicron and nanometer range have attracted growing attention in 
recent years due to their superior chemical, electrical, and mechanical 
properties that are combined with their unique 1-D nanostructures 

Figure 1: Graphical abstract.
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[5]. Composite Carbon nanofiber/Hydroxyapatite (CNF/HA) is used 
to solve bone critical bone sized defects. Hydroxyapatite coatings 
(HA, Ca10(PO4)6(OH)2) are used to promote rapid fixation and bone 
integration of  bone orthopedic and dental implants. HA is not only 
bioactive, but also osteoconductive, non-toxic, non-immunogenic, 
and its structure is crystallographically similar to that of bone and 
provides an ideal environment for cells adhesion, proliferation and 
differentiation [6]. The aim of the present study is to prepare CNFs/HA 
nanocomposite by the hydrothermal process and to study the in-vitro 
bioactivity and biodegradability of the prepared membranes for bone 
regeneration in the case of critical sized bone defects.

Materials and Methods
Materials

Poly acrylonitrile (PAN) was purchased from sigma Aldrich 
(USA) with average (M wt.=150000 g/mol, d=1.184 g/ml at 25°C), N, 
N-Dimethyl Formamide (C3H7NO) was obtained from El-Goumhouria 
Company with Mwt=73.10, minimum assay (GC) 99.0%. Sodium
hydrogen phosphate dibasic (Na2HPO4.2H2O) extra pure, assay: 99.5-
101%, was obtained from Sigma Aldrich Labor chemikalin. Potassium
dihydrogen phosphate (KH2PO4) was purchased from Oxford
laboratory, Mumbai, India. Potassium chloride (KCl) was produced
from Ranaxy- fine chemicals limited, Okhla Industrial area, assay 99.5%. 
Sodium Chloride (NaCl) was purchased from Raheja center, Mumbai,
assay 99.9%. Sodium bicarbonate (NaHCO3) was purchased from sigma 
Aldrich, ≥ 99.0%, pH (8.0-8.6). Potassium hydrogen phosphate dibasic
(K2HPO4.3H2O) was obtained from oxford laboratory reagent (India),
min. assay 98%. Magnesium chloride (MgCl2.6H2O) was purchased
from sigma Aldrich, BioXtra, ≥ 99.0% with sulfate as anion traces ≤
0.002 %. Calcium Chloride (CaCl2) was purchased from sigma Aldrich, 
≥ 99.0%, trace metal basis, mp=772°C. Sodium sulfate anhydrous
(Na2SO4) was purchased from El-Nasr pharmaceutical chemicals
company with min. assay 99%. (Tris (hydroxymethyl) aminomethane)
(CH2OH) 3CNH2)) was purchased from sigma Aldrich, ≥ 99.8%, ACS
reagent. All these compounds were used without further purification.

Methods

Electro spinning of poly acrylonitrile (PAN) nano fibers: The 
different concentrations of PAN solution were (3, 5, 7, 12 wt.%), 
they were loaded into a plastic syringe (10 mL). The electro spinning 
apparatus consisted of high voltage supply, a syringe infusion pump 
and a ground electrode “drum” as collector. The solution was constantly 
supplied using a syringe pump at a flow rate of 0.5 mL/h, the spinning 
distance between needle and the ground electrode was fixed to 10 cm 
with an applied voltage 30 kV.

Preparation of carbon nano fibers (CNFs): The prepared polymeric 
nanofibrous membranes were thermally treated by stabilization 
and carbonization processes which have performed using a furnace 
(Carbolite Tube Furnace) equipped with a tube (60 cm) length and (4 
cm) diameter with maximum pressure flow 0.2 bar. The stabilization
process was done by heating the prepared polymeric nanofibers at a
rate of 1.0°C/min from room temperature to 250°C, and then they were 
incubated at 250°C for 2 hours at air atmosphere [3]. This was followed 
by a carbonization step, which took place at 1000°C for 1 hour under Ar 
gas with heating rate of 5°C/min [7-9].

Functionalization of carbon nano fibers (CNFs) with 
hydroxyapatite (HA) hydrothermally: The naturally annealed HA, 
which has been prepared at our labs, it was dispersed in distilled water 
with two concentrations (6, 8 wt.%). The prepared CNF membranes (30 

× 20 mm2) were immersed in the as-obtained suspension or solution 
(40 ml), immediately placed into an autoclave and hydrothermally 
treated for 90 min at 130°C. The resulting samples were left to dry at 
room temperature and were then placed in a vacuum oven (10 mbar) at 
40°C for 72 h prior to further processing [10,11].

In vitro bioactivity study: The bioactivity tests were performed 
using SBF of pH 7.4, at the temperature of 37°C. Two types of membranes: 
(1) CNF (control) and (2) CNF/ 6, 8% HA were incubated for 14 days in
SBF fluid, in closed polyethylene containers. After 14 days of immersion,
the samples were washed with distilled water and then dried at room
temperature. The surface morphology and the chemical composition of
the samples were examined by SEM, EDX, and FTIR [12].

In vitro biodegradation study: The CNFs membranes were cut into 
(1 cm × 1 cm) (for each membrane) with an average weight of 3 mg. 
They were sterilized at an autoclave for 2 h, and were soaked with 5 mL 
PBS at 37°C in sterile 12-well plates. At predetermined time intervals 
(1, 3, 5, 7, 14 days), the remaining sample was carefully removed from 
the well, rinsed using deionized water, dried at 60°C until the mass 
remained unchanged, and then weighed. The mass loss % was plotted 
vs. time to get the degradation profile of the membrane [13,14].

Characterization of the prepared materials: Fourier Transmission 
– IR Spectrophotometer (FTIR -8400S, Shimadzu, Japan) with a
resolution of 2 cm-1 was used to explore the change in the functional
groups before and after the heat treatment and as a result of the
bioactivity on SBF functionalization. The samples (5 mg) were
mulled with dry potassium bromide (KBr) (20 mg) crystals at room
temperature. The spectrum was recorded in the wave number range of
4000-350 cm-1 with a resolution of 2 cm-1. To analyze the crystalline
structure of the bioactive layer which has been formed as a result of
immersion of the nanofibrous membranes on SBF, X-ray diffraction was 
performed using (X-ray 7000 Shimadzu-Japan) at room temperature.
The Bragg angle (2θ) in the range from 10 to 80 degree was measured
to determine the degree of crystallinity of the membranes. The X-ray
source is a Cu target generated at 30 KV and 30 mA with a scan speed
of 4 deg /min. The surface morphology of the electrospun fibers were
investigated by the field scanning electron microscopy (SEM, JEOL
JSM 6360LA, Japan), with an Electron Dispersive X-Ray unit (EDX).
The Inductively Coupled Plasma (ICP) optical emission spectrometry
(Agilant Technique 5100 (ICP-OES-VDV), Australia), is an analytical
technique what is used for the detection of trace metals. It is a type
of emission spectroscopy that uses the inductively coupled plasma to
produce excited atoms and ions that emit electromagnetic radiation
at wavelengths characteristic of a particular element. It was used to
determine the concentration of Ca, and P at the PBS solution after each 
time interval. High Resolution Transmission Electron Microscope (HR-
TEM, Tecnai G20, FEI, and Netherland) was used for the purpose of
imaging, crystal structure revelation and elemental analysis “qualitative 
and semi-quantitative” analysis. Two different modes of imaging
were employed; the bright field at electron accelerating voltage 200
kV using lanthanum hexaboride (LaB6) electron source gun and the
diffraction pattern imaging. Eagle CCD camera with (4 k × 4 k) image
resolution was used to acquire and collect transmitted electron images.
TEM Imaging and Analysis (TIA) software was used for the spectrum
acquisition and analysis of EDX peaks.

Results and Discussion
Preparation of carbon nano fibers (CNFs) 

Figure 2 shows SEM images of the electrospun polymeric 
nanofibrous membranes that have different concentrations of PAN 
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solutions (3, 5, 7, 12 wt.%). The massive increase in electrostatic repulsion 
tends to an increase in the surface area and leads to a decrease of the 
fiber diameters [5,12,15]. The average diameters of the fiber membranes 
with different concentrations are ranged from 70 nm to 150 nm. Figure 
3 shows the difference of the functional groups before and after the 
heat treatment of the polymeric nanofiber by FT-IR analysis. After the 
carbonization process, there were notable changes of the characteristic 
absorption peaks of the samples, the most prominent structural changes 
were observed. For the polymeric nanofibrous membranes, the strong 
absorption peak located in the 2260 cm−1, which was characteristic of a 
nitrile group C≡N, has completely disappeared after the carbonization 
process. It has been found that the peak intensity at 2243 cm−1 was 
largely decreased due to the nitrile groups, which was converted to 
C=N during the cyclization step to form conjugated groups, depending 
on the extent of the stabilization process [7]. The shoulder like peak at 
1000 cm-1, 1500 cm-1 are due to the (C=C, C=N, N=H mixed). There are 
two distinct observations at the following spectra. First, the reaction of 
nitriles has resulted in a conjugated C=N containing structures of the 
intermolecular cyclization or intermolecular crosslinking occurring at 
the stabilization process. Secondly, the generation of conjugated C=C 
structures that results from dehydrogenation or from imine and amine 
tautomerization and subsequent isomerization process which takes 
place at the carbonization stage.

Functionalization of CNF membranes with HA

Figure 4 shows the high resolution-TEM images of the prepared 
CNFs membranes after hydrothermal processing. The surfaces of 
hydrothermal-treated CNFs appear to be amorphous. Furthermore, 
nanosized pores, serving as the aforementioned nucleation sites, were 
observed (inset in Figure 4) [11,16]. From the high magnification CNFs 
image, we found that the diameter of the individual nanofiber has the 
size 140 nm. Figure 5 shows the SEM micrographs of HA agglomerates 
in the composite membranes. The HA appears as agglomerates white 

Figure 2: SEM images of the electrospun polymeric nanofibrous membranes.

Figure 3: The difference of the functional groups before and after the heat 
treatment of the polymeric nanofiber by FT-IR analysis.

Figure 4: High resolution-TEM images of the prepared CNFs membranes after 
hydrothermal processing.
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dots on the surface of CNFs membrane [9]. In the final stage of the 
nonwoven membranes production the stabilized mats were carbonized at 
1000°C in the inert Argon atmosphere. During carbonization, the carbon 
content has increased by at least 63 wt.% that is shown in Table 1 and 
formation of three dimensional carbonaceous structures with different 
percentages of (Ca, P) elements as a result of HA addition [7,12].

In vitro bioactivity of the CNFs membranes

To observe the role of HA incorporation into the CNF membranes 
for the formation of apatite-like materials after the incubation in 
SBF solutions, SEM, XRD, FTIR, and EDX analysis were performed. 
Figure 6 shows the SEM images of CNF, CNF-6% HA, and CNF-8%HA 
composite nanofibers before and after immersion into SBF solution for 
14 days. However, in the presence of HA into the CNF nanofibers, the 
formation of apatite-like materials has gradually started and their size 
which has increased monotonically with increasing the concentration 
of HA [17]. Figure 6B shows the SEM images taken after 14 days which 
revealed the intense formation of the apatite-like materials throughout 
the CNFs membranes. A prolonged immersion of 14 days resulted in 
dramatic changes in the morphology of the nanofiber; namely, pore 
spaces were clogged due to considerable crystal growth and overlapping 
of the spherical crystals [18]. To confirm the formation of apatite-like 
materials in the CNF mats after immersion into SBF solution, we 
performed the SEM-EDX analysis. Table 2 shows the atomic weight 
percent of Ca and P before and after immersion into SBF solution. In 
case of CNF-6%HA, the percentage of Ca and P have been increased 
after immersion into SBF solution, which confirms the formation of 
the apatite layer after immersion into SBF solution. Figure 7 shows the 
XRD of the CNFs membranes before and after the immersion on the 
SBF solution. Figure 7A shows that pure CNFs had two broad and weak 
diffraction peaks at 2θ=24° and 43°, corresponding to the graphitic 
crystallite planes (002) and (100), respectively [19,20]. However, there 
is a distinct difference in the peak intensities, which indicates that, the 
graphitization of the carbon nanofiber / HA structure is lower than 
the graphitization of the solid carbon nanofiber membranes [21]. The 
presence of HA on the nanofibrous membranes was not clear by XRD. 
This may be due to the small percentages of HA utilized in this study 
for preparation of the CNFs membranes. This may also be due to the 
amorphous nature of the CNF, which does not allow any such peaks 
of the HA to appear. This has been previously noted by Kanjwal et al. 
[22]. The diffraction patterns of all samples after 14 days incubation in 
the SBF solution showed two clear peaks at 32° and 46° corresponding 

to the (211) and (222) main reflection planes of apatite-like calcium 
phosphate (JCPDS No. 09-0432) as shown in Figure 7B. The XRD data 
clearly confirmed that the apatite was also formed on CNF membranes 
[17,23,24]. Figure 8A and 8B shows the FTIR of the carbon nanofibrous 
membranes before and after immersion in the SBF at 37°C for 14 days. 
It has been found that the peak intensity at 2243 cm−1 was largely 
decreased Figure7A due to the nitrile groups during the cyclization to 
form conjugated C=N groups 7. There is no obvious difference between 
the CNF and the membranes modified with HA. However, Figure 8B 
shows that the band observed at 3417 cm−1 is attributed to hydroxyl 
group (OH) stretching, but the band at 1592 cm-1 was attributed to V2 
bending mode of the water crystal that were adsorbed on the surface 
[25,26]. The resonance at 1290 cm-1 was attributed to the C-O in the 
CO3

-2 group. The range from 1000-1100 and 590 cm-1 corresponded 
to a calcium phosphate, P-O group [23]. All results indicated that the 
converted layer might be an amorphous calcium phosphate material 
that is a precursor to the formation of the crystalline HA phase.

In vitro degradability of the prepared membranes 

The degradation of the membranes was monitored by incubation 
in PBS at 37°C. The mass loss percentage of the scaffolds with different 
time intervals (1, 3, 5, 7, 14 days) is shown on Figure 9; the mass loss 

Figure 5: SEM micrographs of HA agglomerates in the composite membranes.

% mass CNF-6% HA CNF-8%HA
C 63.36 54.97
O 22.16 23.12
P 5.06 7.33

Ca 9.42 14.58

Table 1: Carbon content increased by 63 wt.% during carbonization.

Figure 6: (A) SEM images of CNF, CNF-6% HA, and CNF-8%HA composite 
nanofibers before and after immersion into SBF solution for 14 days; (B) 
SEM images taken after 14 days which revealed the intense formation of the 
apatite-like materials throughout the CNFs membranes.

Samples

%Atomic 

Ca P O

Before After Before After Before After

CNF-6HA 9.42 27.06 5.06 8.58 22.16 38.07

CNF-8HA 14.58 12.48 7.33 6.14 23.12 41.1

Table 2: Atomic weight percent of Ca and P before and after immersion into SBF 
solution.
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medium of the different incubation time for 14 days, as measured by 
means of (ICP- OES-VDV). For comparing between 3 samples (CNF, 
CNF-6HA, and CNF-8%HA), the Ca and P concentrations, which have 
been released from the samples were monitored. This has increased 
with increasing the percentages of HA. The releasing of Ca and P from 

Figure 7: XRD of the CNFs membranes before and after the immersion on 
the SBF solution. (A) Pure CNFs had two broad and weak diffraction peaks at 
2θ=24° and 43; (B) Diffraction patterns of all samples after 14 days incubation 
in the SBF solution. 

percentage has been calculated using the following equation:

WL= (wi-wt)/wi × 100

Where WL is the mass loss percentage of sample, and wi is the 
initial weight of the dry sample, wt is the weight of dry sample at 
any given time (1, 3, 5, 7, 14 days). The CNF and CNF/8HA have the 
strongest resistance to degradation as they held their initial weight after 
two weeks. In case of the CNF/6HA, the mass loss percentages have 
been decreased with the time intervals until the 7th day. After this period 
the degradation percentage has been constant and reached 20 wt.% of 
their initial weight. After 14 days’ incubation in PBS, most of the fibers 
were swollen and part of fibers was broken down as shown on Figure 
10; this was ascribed to the chain relaxation of the fibers in the medium 
and the hydrolytic cleavage of the chains 27. A small number of micro-
cracks and voids were observed on the nanofiber surface. The surface 
roughness has increased and fiber fractures were present, unlike that 
in the samples before. The smaller fiber diameters of the scaffolds can 
increase the surface to volume ratio of the scaffold and increase the rate 
of degradation that has been shown on Table 2 in case of CNF-6HA 28. 
Table 3 shows the change in the ion concentrations of Ca, P on the PBS 

Figure 8 (A, B): FTIR of the carbon nanofibrous membranes before and after 
immersion in the SBF at 37°C for 14 days.

Figure 9: Mass loss percentage of the scaffolds with different time intervals 
(1, 3, 5, 7, 14 days).
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Figure 10: After 14 days incubation in PBS, fibers were swollen and part of 
fibers was broken down.

PBS control solution contains (Ca=8.494 ppm & P=330.130 ppm).
After 0 Day After 14 days

Material Ca P Material Ca P
CNF 22.57 304.7 CNF 22.07 395.37

CNF-6%HA 16.92 337.25 CNF-6%HA 30 340
CNF-8%HA 21.356 308.58 CNF-8%HA 23.95 342.74

Table 3: Change in the ion concentrations of Ca, P on the PBS medium at different 
incubation time for 14 days.

the modified membranes is due to the degradation of HA 29. The 
mechanism of the HA degradation in the PBS medium is as follows.

Conclusions
• The functionalization of CNFs with hydroxyapatite (HA) did

not cause any change in the average diameter of the CNFs in
addition to the agglomeration of HA which appeared as white
dots on the fiber threads.

• The in vitro bioactivity and biodegradability results
demonstrated that CNF, which was modified with 6% HA was
a more biodegradable membrane than other membranes. The
membranes that were modified by HA (CNF-6HA, and CNF-
8%HA) proved to be more bioactive than the CNF membrane
without modification with HA.
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