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NoNwoveN CarboN Fibers with NaNometriC metalliC layers as a tool  
to moNitor regeNerative ProCesses

Still unsolved is the problem of monitoring the tissue regeneration with the use of implants (substrates) in in vivo conditions. 
the multitude of implant materials combined with their specific immanent often limit standard diagnostic methods, i.e. X-rey or 
computer tomography (ct). this is particularly difficult in therapies using polymeric high-resistance substrates for tissue engineer-
ing. the aim of this study was to fabricate a non-woven carbon fiber composed of carbon fibers (cF) which were then subjected 
to a surface modification by magnetron sputtering. a layer of iron (Fe) was applied under inert conditions (argon) for different 
time periods (2-10 min). it was shown that already after 2-4 minutes of iron sputtering, the voxel surface (cF_Fe2’, cF_Fe4’) was 
covered with a heterogeneous iron layer observed by scanning electron microscope (SEM) with energy dispersive X-ray analysis 
(EdS). the longer the modification time, the more uniform the layer on the fiber surface becomes. this can be seen by the change 
in the wettability of the nonwoven surface which decreases from 131° for cF_Fe2 to 120° for cF_Fe10. the fibers do not change 
their geometry or dimensions (~11.5 um). the determination of pore size distribution by adsorption and desorption techniques (bJh) 
and specific surface area by nitrogen adsorption method (bEt) have shown that the high specific surface area for the cF_Fe2’ fibers 
decreases by 10% with the increasing iron sputtering time. all the studied cF_Fe fibers show good biocompatibility with osteoblast-
like cells MG-63 cells after both 3 and 7 days of culture. osteoblasts adhere to the fiber surface and show correct morphology.
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1. introduction

Micrometric carbon fibers with an active surface (acF) 
are materials used both in environmental protection (pollutant 
absorbents) and medicine [1]. compared with traditional granular 
activated carbon, they have a smaller fiber diameter and a more 
concentrated pore distribution, a larger specific surface area, 
faster adsorption kinetics, and a bigger adsorption capacity. 
activated carbon fibers (acF) can be prepared from various 
precursors such as: synthetic polymers (ie. polyacrylonitryle 
Pan, cellulose acetate, ca), biopolymers (cotton, cellulose) and 
other materials, e.g. coal, rayon, phenolic resins and pitches [2]. 
depending on the precursor used to obtain acF but also on 
the activation conditions (temperature, activation time, special 
methods of surface modification ie.; PcV, cVd), the final fibrous 
materials differ significantly in texture and sorption proper-
ties [3,4]. the most common carbon fibers precursor used to 
obtain acF is polyacrylonitrile (Pan). this polymer precursor 

needs a two-step thermal treatment: oxidation and carbonization 
to convert a polymer structure to a carbon structure. it shows the 
excellent adsorption performance because of its nano-structure, 
abundant micrometer porosity, high specific surface area and 
narrow pore size distribution [5]. these textural parameters 
can be still improved by chemical (phosphoric acid, ammonia, 
nitric acid, potassium hydroxide, and ammonium persulfate), 
thermal or physical treatment (PVd, cVd method) [6-8]. non-
woven fabrics composed of micrometric fibers can be used as 
membranes or scaffolds for tissue regeneration thanks to their 
specific surface enabling particular and selective interaction 
with biological molecules and cells [9]. carbon fibers in the 
form of nonwoven fabrics are used in biomedical engineering 
as biomimetic substrates to fill bone or cartilage tissue defects. 
unfortunately, there is a problem with monitoring the process of 
tissue self-repair. available diagnostic techniques, such as X-ray, 
ct or Mri, do not always work well for cartilaginous defects. 
the low density of the implant relative to the surrounding tissue 
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(in ct) or total transparency to radiation (in X-ray) or the lack 
of a contrast agent (in Mri) make it difficult to track the defect 
regeneration. an alternative approach may be using activated 
carbon fibers to support a marker facilitating the visualization 
of the Mri technique. acFs have a high specific surface area 
and high electrical conductivity, which enables the iron film 
deposition process by methods based on physical vapor deposi-
tion (PVd). Magnetron sputtering is one of the methods in the 
PVd family that modifies a surface by coating it with a film or 
coating [10]. iron particles are deposited on the fibrous substrate 
so the morphology of the fiber surface plays an important role.

in our research we used classical low modulus carbon 
fibers dedicated for biomedical application, subjected to ap-
propriate physicochemical treatment, i.e. magnetron sputtering, 
and enriched in a nanometric layer of iron (Fe). the presence of 
a nanometric iron layer can help to monitor tissue regeneration 
using magnetic resonance imaging (Mri). the samples were 
modified using the magnetron sputtering system with metallic 
layers deposited in different time periods (from 1 to 10 min). 
the effect of the layer on physicochemical properties, such as 
specific surface area, contact angle and porosity, was evaluated. 
a biocompatibility test was performed by contacting cells with 
the scaffold.

2. materials and methods

carbon fibers were prepared by the two-step thermal 
conversion of a polymer precursor according to a procedure 
described previously [11]. the oxidation validity and carboniza-
tion process were verified by determining the material shrinkage 
after each step and the structural changes typical of the thermal 
conversion process (Ftir). the carbon fibers were modified by 
magnetron sputtering for different time period using the optimal 
chamber conditions (tablE 1). the surface morphologies of the 
carbon fibers and the iron-modified fibers were observed using 
scanning electron microscopy (SEM, nova nanoSEM). the 
fibers cross-sections were also obtained to determine the surface 
areas and the aspect ratio (tablE 2). the fibre diameter was 
determined from microscopic images using imageJ software. 
layer thickness was estimated using SEM microscope software 
that allowed measurement of the cross-sectional diameters of 
pristine and modified fibers. by comparing the diameters, it was 
possible to estimate the value of the layer thickness. compli-
mentary research was made for areas where the metallic layer 
was discontinuous, and layer thickness was measured there. the 
method of modification of the surface of fiber with a circular 
geometry does not allow to obtain a homogeneous and con-
tinuous layer an estimated value of the layer thickness is given, 
without assigning it to the iron deposition times (Fig. 2). the 
total porosity and pore size (inter-fibers area) were measured by 
means of mercury porosimetry (PoreMaster 60, Quantachrome 
instruments, uSa). also, the specific surface area of the fibers 
with and without the iron layer was determined using the bEt 
method (tablE 2). 

tablE 1

Parameters of magnetron sputtering processes  
for carbon substrates (cF)

samples
time 

sputtering, 
min

Chamber’s 
atmosphere

working 
pressure, 

hPa

Effective 
power,

kw
CF_Fe2’ 2

argon (4%) 2,9 ·10–3 1
CF_Fe4’ 4
CF_Fe6’ 6
CF_Fe8’ 8
CF_Fe10’ 10

the fibrous substrates were contacted with osteoblast-like 
MG-63 cells (European collection of cell cultures, Salisbury, 
uk), and the cell morphology and functional state were observed 
during the live-dead stain test. before staining, the culture was 
washed with 1 ml PbS, then the mixtures of dyes, i.e. propidium 
iodide (Pi) and calcian aM in a 1:1 ratio, both at a concentration 
of 1 mg/ml (Sigma aldrich, Germany) were added. the biologi-
cal studies were carried out using osteoblast-like cells MG-63 
(atcc). the cells were stored in an incubator under conditions 
of 5% co2 and 37°c until formation of a confluent layer and 
then passaged through scraping (5 times). Prior to the test, all 
the samples were cut into 12 mm discs (6 discs for viability tests 
and	6	discs	for	cytotoxicity	tests	after	3	and	7	days	–	a	total	of	
32 samples per variant), sterilized by uV irradiation. then the 
cells were diluted to obtain 10 000 cells/ml (counted using the 
bürker’s hemocytometer) and added to the samples containing 
discs. For both tests (viability and cytotoxicity) the tissue culture 
polystyrene (tcPS) discs were used as a control material and 
an cF substrate as a reference sample. the cell viability was 
determined by the Vialight®Plus assay (bioassay kit, lonza, 
basel, Switzerland) considered complementary to the cytotoxicity 
assay (toxilight) [12,13].

3. results and discussion

time is used as a variable to limit the impact of various 
application process parameters affecting the quality of the layer 
(i.e. working gas pressure, operating power and target-substrate 
distance). thus, the analysis of further results allows a compara-
tive approach to materials differing only in the amount of iron 
(layer thickness) on the surface of carbon fibers [10]. the initial 
carbon fibers are characterized by a smooth and homogeneous 
surface and a diameter of 11.57±1.23 µm (Fig. 1a). the iron layer 
causes a change in both the morphology and the fiber diameter 
size. after 2 minutes of iron sputtering, the fibers become rough 
and their diameter is reduced to a value of 11.36±1.22 µm. this al-
lows us to conclude that during the process of iron bombardment 
in a protective atmosphere, the fibrous surface disintegrates. as 
a result, furrows and irregularities are formed on the surface and 
the fiber diameter is reduced (Fig. 1b). the prolonged deposition 
time	results	in	an	increase	in	the	fiber	diameter	(up	to	11.96	μm	for	
cF_Fe10’) with the surface smoothed to a slight degree (Fig. 1f).
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the amorphous carbon is removed from the fiber surface, 
resulting in a change in the pore structure and its unevenness. 
Some authors report that increasing the time of thermal, chemical 
or other modification can lead enlargement of micropores, thus 
reducing the fibers absorption capacity [14,15]. the changes 
occurring on the surface of carbon fibers during the activation 
process should be under special supervision in the case of acti-
vated carbon fibers. uncontrolled processes on the acF surface 
disqualify the material from the planned use [16]. 

in all iron-modified fiber materials, the presence of this 
element was confirmed by the EdS analysis (Fig. 2). it was 
noted that the deposition time longer than 8 minutes results in an 
inhomogeneous and thicker iron layer. the images show cracks 
in the layer (Fig. 1e-f ). this is a factor that prevents the use of 
this material in clinical applications, where the amount of iron 
and its location must be under control [17].

on the basis of the microscopic analysis, it was found that 
taking into account the fiber shape and size before and after 
the modification, it can be concluded that the surfacing causes 
a change in the fiber surface, while the fiber aspect ratio does 
not change. the fibers after the iron modification change their 
diameter, which depends on the evaporation time and thus on 
the iron layer thickness (tablE 2). the presence of iron affects 
the fibers wettability which decreases relatively to the initial 
nonwoven ones (Fig. 3). this is a synergistic effect resulting 
from both the smoothing of the fiber surface and from the 
changing surface chemistry of the iron-coated fiber. the longer 
the evaporation time, the lower the wettability (for cF_Fe10’ 
it is about 120°, while for cF_Fe2’ it is 15 degrees higher and 
amounts to about 135°). the modification of acF surfaces has 
one	purpose	–	 to	 increase	 their	 attractiveness	 for	 subsequent	
applications [17,18]. it seems that in the case of magnetron 

Fig. 1. Morphology of reference carbon fibres cF and their cross-section (a,a’). Morphology of the surface of carbon fibers with an iron layer 
applied cF_Fe and their cross-section after 2 min (b, b’), 4 min (c, c’), 6min (d, d’), 8 min (e, e’) and 10 min (f, f’)
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sputtering it is possible to change the surface character making 
it more hydrophobic (by a short deposition time) and lowering 
the wetting angle (by extending the deposition time).

the textural studies (bJh/bEt) confirm that as the time 
of sputtering the fiber with iron increases, its surface becomes 
smoother. this fact is confirmed by the change in the size of the 
specific surface area, which for fibers sputtered for 2 minutes is 
37.4 m2/g (cF_Fe2’), while for fibers sputtered for 10 minutes it 
is 2.11 m2/g (cF_Fe10’). despite the 10-minutes iron deposition, 
the specific surface area of the modified fibers is still higher than 
that of the reference fibers (tablE 2). these changes confirm 
the existence of an iron layer on the fibers, not only changing 
the nature of the surface (wettability, specific surface area), but 
especially a layer about 100 nm (SEM observation). the porosity 
of the carbon fibers does not change (~78-82%), regardless of 
the time of iron deposition on the fiber surface (2-10 min). the 
determined	pore	size	(range:	50-100	μm)	refers	to	the	distance	

between fibers. neither micro nor mespores were found on the 
fiber surface. the pore size distribution is unimodal. the average 
distance between fibers is 5% larger in the reference nonwoven 
compared to cF_Fe2’ and 3% larger than in cF_Fe10’. Many 
authors working with acF confirm that exceeding the limit value 

Fig. 2. Morphology of the surface of the trawls after magnetron iron coating for 10 minutes together with EdS analysis confirming the composi-
tion of the layer (point2) and fiber (point 1)

Fig. 3. wettability of fiber surfaces determined for cF and cF_Fe materials tested

tablE 2

characteristic textural parameters of cF_Fe fibres

samples
shape 
factor, 
d1/d2

Pore size (inter- 
-fibres diameter),  

µm

Porosity, 
%

bet  
surface area,  

m2/g
cF 0.98 70-112 80.5 0.55 ± 0.05

cF_Fe2’ 0.98 60-85 82.4 37.64 ± 0.81
cF_Fe4’ 0.97 67-80 80.1 21.64± 0.45
cF_Fe6’ 0.95 69-98 79.3 12.34± 0.47
cF_Fe8’ 0.96 57-92 78.5 5.26± 0.21
cF_Fe10’ 0.96 54-98 78.2 2.11± 0.13
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of the modifier may destroy micro or mesopores by their collapse 
or/and expansion. as a result, the number of micropores and the 
specific surface area are usually reduced [18,19].

in the case of biocompatibility and surface-modified carbon 
fibre tests, the results of cytotoxicity and viability tests should 
be treated complementary [20]. a lot of information is also pro-
vided by staining which complements the knowledge about the 
active state of cells [21]. the cellular response improves due to 
changes in the surface chemistry caused by e.g. vaccination of 
protein compounds that facilitate cell adhesion [11]. as in the 
studied materials, cells are most willing to spread on surfaces 

characterized by submicrometric or nanometric roughness and 
such surface chemistry that facilitates the formation of chemi-
cal interactions between the substrate and the cell membrane. 
all the studied iron-modified carbon fibers are biocompatible, 
as evidenced by the high osteoblast survival rates after 3 and 
7 days of culture. with the increasing iron content, the cell vi-
ability rises and it is the highest for the cF_Fe8’ and cF_Fe10’ 
materials (Fig. 4a). interestingly, the iron layer applied over 
a short period of time (cF_Fe2’, cF_Fe4’) slightly decreases the 
cell viability during the first culture period (3 days). increasing 
the culture time accelerates the cell proliferation and after 7 days 

Fig. 4. Viability (a) and cytotoxicity (b) of MG-63 cells contacted with cF_Fe materials and reference in the form of a nonwoven fabric composed 
of unmodified cF carbon fibers and cells contacted with the tcPS (tissue culture polystyrene)

Fig. 5. image of MG-63 cells after 3 days in in vitro conditions contacted with a reference materials cF (a) and cF after magnetron sputtering 
with iron cF_Fe2’ (b), cF_Fe4’ (c), cF_Fe6’ (d), cF_Fe8’ (e) and cF_Fe10’ (f). images taken with a fluorescence microscope
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the MG-63 cell viability is identical to that in the culture without 
the material (tcPS). the cell proliferation growth also rises the 
materials cytotoxicity (Fig. 4b). in the case of the nonwoven 
cF_Fe2’, the cytotoxicity is low, which may be influenced by 
this material’s wettability value which is higher than the others’ 
one. the rapid increase in the number of cells on the cF_Fe8’ 
and cF_Fe10’ materials may be the reason for the increased 
cytotoxicity.	the	cells	from	the	first	layers	–	directly	in	contact	
with	the	material	–	detach	due	to	hypoxia	and	malnutrition.	at	the	
same time, the cells on the cF_Fe2’ and cF_Fe4’ materials are 
just starting to proliferate.

this suggestion is confirmed by the live-dead staining was 
performed on the cells contacted with the cF_Fe2’-cF_Fe10’ 
materials (Fig. 5). For the cF_Fe2, cF_Fe4 and cF_Fe6’ ma-
terials, the correct morphology of osteoblasts spread along the 
fiber can be observed (Fig. 5b-d). For the cF_Fe8’ and cF_Fe10’ 
fibers, both living cells (green) and red spots are visible, confirm-
ing the presence of dead osteoblasts detached from the surface 
(Fig. 5f-e). it seems that the iron presence allows the formation 
of local contact adhesion point. this is supported by the correct 
morphology of cells but also by their high viability in the studied 
time. longer sputtering time leads to the formation of a thicker 
layer of iron which can hinder cells adhesion or lead to detach-
ment of the layer together with the adhered cells.

4. summary and conclusion

the research confirmed that the modified non-woven 
carbon fibre can be effectively coated with an iron layer in the 
thickness range of about 100 nm. the layer thickness depends 
on	the	exposure	time	–	the	longer	it	is	(above	6	min),	the	more	
inhomogeneous the layer becomes and the more it cracks and 
falls off (based on the SEM observations). the surfacing process 
tidies up the fibre surface structure and affects its roughness. 
a short exposure time increases the surface development of the 
material, and as the exposure time increases, the surface becomes 
smoother (covered with a thicker homogeneous iron layer). the 
deposited iron layer is biocompatible with MG-63 cells. the use 
of the iron layer as a signal for magnetic resonance to control 
the tissue regeneration and simultaneous substrate degradation 
requires further studies.

to conclude: the magnetron method allows covering carbon 
fibers with a layer of iron; the quality of the layer affects the 
texture of the fiber surface and depends on the time of deposition, 
all the analyzed materials have a biocompatible nature, which 
allows us to think about their biomedical application
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