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Abstract.

This study presents a detailed evaluation of the impact of carbon fibrous materials on the physicochemi-

cal properties of polysulphone (PSU) membranes and their preliminary osteoblast-like cells response in vitro. Multi-
walled carbon nanotubes (MWCNTs) and short carbon fibres (SCFs) were incorporated into PSU and membranes
were produced by the phase inversion method. Then, the physicochemical properties of the membranes’ surface
were investigated. Scanning electron microscopy (SEM) was used to evaluate microstructure and porosity. Surface
properties such as roughness, wettability and surface energy were evaluated using atomic force microscopy (AFM),
contact profilometry and a goniometer, respectively. The presence of carbon fibrous additives in the PSU matrix
improved its hydrophilicity. Porosity and topography of the PSU membranes were also changed upon incorpora-
tion of carbon additives. The mechanical properties of the PSU membranes were improved after SCF addition. All
physicochemical properties of the obtained composite membranes had significant impact on the osteoblast-like cells

response. Preliminary viability tests indicated biocompatibility of all membranes.
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1. Introduction

One of the interesting areas of polymer application in
biomedicine is the fabrication of membranes. Membranes
produced for medical purposes require similar production
steps like those produced for industrial purposes; however,
they have a much higher financial value [1]. In biomedicine,
membranes are applied in artificial organs, such as artificial
livers, artificial kidneys or pancreas systems. They are also
used in drug delivery systems [2]. Another flourishing field
of membrane application is tissue engineering [3].

The idea of creating a space in which healing is promoted
is not a new one. This concept was introduced for mem-
branes about half a century ago, when researchers used cellu-
lose acetate filters in nerve regeneration. Other experiments
revealed the formation of new bone tissue under polymer
cages placed in dogs’ femoral defects [4]. The principle of
guided tissue regeneration (GTR) was first introduced in the
1980s. Then, on the basis of these principles, a more detailed
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technique — guided bone regeneration (GBR) — was devel-
oped. Since membranes act as barriers, they can assist in
the bone regeneration process in GBR, protecting the bone
defect from soft tissue invasion [4-6].

Non-resorbable as well as resorbable membranes are used
in GBR [7]. One of the non-resorbable polymer with the
potential to be used as membrane material for GBR is poly-
sulphone (PSU). The reactivity of PSU opens the possibil-
ity for its functionalization and modification [8]. One of the
approaches to improve the properties of pure PSU is its mod-
ification using different types of additives in the micro- and
nanoscale, which results in obtaining micro- and nanocom-
posite membranes. Among the many types of additives in
the micro- and nanoscale, carbon fibres and carbon nan-
otubes (CNTs) are promising candidates for modification of
polymer membranes for biomedical applications.

Carbon fibres have been applied as bone substitutes and
as a reinforcement phase of polymer composites for a long
time. In recent approaches, carbon fibres were modified with
ceramic particles to improve their bioactivity [9-12]. It is
important to note that the biocompatibility of the carbon
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fibres depends on their structure, crystallinity, morphology
and surface chemistry [9].

Nanotechnology provides completely new possibilities,
and carbon-based nanotechnology has been developing
rapidly since the discovery of CNTs by Iijima in 1991 [13].
These cylinder-shaped nanotubes made of sp> bonded carbon
atoms have extraordinary mechanical and electrical proper-
ties, which make them suitable particularly for biomedical
applications [14].

Opinions on the toxicity of carbon nanomaterials, espe-
cially CNTs, are divided. However, many researchers have
shown that there is substantial evidence of their biocompati-
bility in contact with, e.g., bone cells [15-20]. Applications
of CNTs as modifiers in polymer composites for regenera-
tion or reconstruction of bone are popular [15,18-20]. In a
biostable polymer such as PSU, CNTs influence the physico-
chemical properties and morphology [21]. Researchers have
found an improvement in the hydrophilicity of composite
membranes. Also, the addition of up to 1.5 wt% MWCNTs
increased the pore size of membranes, and an addition of 4 wt%
multi-walled carbon nanotubes (MWCNTSs) into PSU increa-
sed rejection and flux of membranes [21]. Stankova et al [20]
fabricated PSU composites with both MWCNTs and single-
walled carbon nanohorns (SWCNHSs). Research revealed a
higher Young’s modulus and increased tensile strength val-
ues of these materials when compared with pure PSU sam-
ples. Moreover, these nanocomposites improved adhesion
and viability of MG-63 osteoblast-like cells.

CNTs and fibres are interesting materials with the abil-
ity to modify polymer properties for biological applications.
In this work, we compared two composite membranes based
on PSU modified with two types of fibrous carbon materi-
als obtained by phase inversion. This method is very popu-
lar to obtain PSU membranes for various applications, e.g.,
in haemodialysis, water and gas purification, etc. [8,22,23].
However, the nature of the solvent used to dissolve the poly-
mer, type of anti-solvent and the process conditions of the
phase inversion have a significant effect on the properties of
the membrane and could be changed in a large range [24,25].

Despite a similar chemical composition, these carbon
additives have significantly different properties and dimen-
sions. While information on the preparation of PSU
membranes with CNTs using phase inversion exists in the lit-
erature [8,24,26,27], the information on the membranes rein-
forced with short carbon fibres is very limited [28], especially
in reference to biological application. The main purpose was
to verify whether and how the existence of two phases of
carbon additives with different properties affects the physic-
ochemical, mechanical and preliminary biological properties
of the composite membranes.

2. Materials and methods

2.1 Investigated materials

e PSU (Aldrich Chemical Company Inc.) in the form of
pellets (M, ~26.000) was used in the studies. The choice
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of PSU was due to its good mechanical properties, high
chemical resistance, the ability to form membranes and
especially because of its proven biocompatibility.

e Low Young’s modulus carbon fibres (Soficar) in the shape
of long yarns were sectioned and then milled.

e MWCNTs were produced by chemical vapour deposition
(CVD) described elsewhere [29], using toluene (C;Hg) as
a carbon source and ferrocene (FeCp,) as a catalyst pre-
cursor. As-grown samples were nitrided and oxygenated.
The MWCNTs had a mean diameter of 65 nm and a length
of 1.4 um.

PSU membranes and composite membranes were fabricated
by phase inversion. Dimethylformamide (DMF) (POCH SA)
was used as a solvent for the polymer. Pure polymeric
membranes were initially fabricated as control samples. The
concentration of PSU was 15%. Additionally, a solution
of polyvinylpirrolidone (PVP, Sigma-Aldrich) in DMF was
added to the PSU solution. PVP is commonly used in mem-
brane production and allows controlling pore size and dis-
tribution in the material; it also increases permeability and
hydrophilicity and reduces fouling [30]. The proportion by
volume of PSU/DMF to PVP/DMF was 3:1. The solution
was homogenized with a magnetic stirrer for 15 min.

Figure 1 shows a diagram of the preparation of compos-
ite membranes. The appropriate amount of carbon additive
(in reference to the dry PSU mass) was mixed with the sol-
vent and sonicated using an ultrasonic tip for 3 min to obtain
good dispersion and homogenization. After dispersion of car-
bon additives in DMF, PSU was added and the solution was
mixed for 24 h on a magnetic stirrer. The proposed process of
CNTs homogenization in the polymer, preceded by disper-
sion in solvent, results from previous experience of authors
in the preparation of nanocomposites based on these nanoad-
ditives [31,32]. A similar procedure for the preparation of
nanotubes—PSU solutions has been proposed in other pub-
lications [24]. The suggested method of the preparation of
solutions and the application of phase inversion method for
obtaining membranes with the short carbon fibres (SCFs)
have not been published so far.

Membranes were fabricated with the use of a doctor blade
with water as the coagulation bath. The thickness of the pro-
duced membranes was 550 pm. Membranes were rinsed sev-
eral times in water to remove the solvent and dried for 3 days
at room temperature. For further studies, the following three
materials were chosen:

e PSU — pure PSU membrane (15% PSU in DMF), used as
a reference material;

e PSU + 2% SCF — PSU membrane (15% PSU in DMF)
modified with 2 wt% SCFs;

e PSU + 2% CNT — PSU membrane (15% PSU in DMF)
modified with 2 wt% functionalized MWCNTs.

2.2 Methods of samples characterization

Microstructure and morphology of SCFs, MWCNTs and the
obtained membranes were examined using scanning electron
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Figure 1.

microscopy (SEM, Nova NanoSEM 200, FEI). The porosity
of the samples was analysed on the basis of SEM micropho-
tographs using the Imagel software. For each material, the
diameters of several dozen pores were measured from images
with a magnification of 350x. Additionally, the topogra-
phy of the PSU+2%SCF membrane was examined using an
inverted microscope with phase contrast (Axiovert 40, Zeiss)
to observe the alignment of SCFs in the polymer.

Measurements of surface morphology were carried out
using the profilometry technique (Hommel Tester T1500 and
atomic force microscopy (AFM XE120, Park Systems, South
Korea). The surface was imaged with a triangular, silicon
nitride cantilever MLCT-D (Bruker AFM Probes) with a
spring constant of 0.03 N m~' and a nominal resonant fre-
quency of 15 kHz. Measurements were performed in contact
mode, with a scanning rate of 1.5 Hz. Maps of randomly cho-
sen regions with scan size of 60 pm x 60 pum, i.e., 256 x 256
pixels, were chosen. Six images were recorded for each sam-
ple type, which were analysed using the XE Image Pro-
cessing Program. Surface morphology was quantified using
the following parameters: average roughness (R,) and ten-
point average roughnesses (R,), determined for four maps
recorded for each studied sample type.

Contact angle was measured by the sessile drop method
using the automatic drop shape analysis system DSA 10Mk2
(Kruss, Germany). UHQ-water (produced by Purelab UHQ,
Elga, Germany) drops of a volume of 0.2 pl were put onto
each sample and the contact angle was calculated by averag-
ing the results of 10 measurements. A pure PSU membrane
was used as a reference sample.

Surface energy of membranes was determined using
the Owens—Wendt method [33]. This procedure involves
measuring the contact angle of the two liquids of known

The process of composite membranes preparation.

surface tensions (water and diiodomethane) on the samples.
Values of polar and dispersive energies for water were y, =
51 mJ m—2 and Y, = 21.8 mJ m~2, respectively, and for
diiodomethane y, = 2.3 mJ m™2 and y, = 48.5 mJ m~?,
respectively.

Tensile mechanical tests of the membranes modified with
SCFs and MWCNTs were performed using samples with
a fixed dimension of 5 x 40 x 0.1 mm?. Tensile strength
and Young‘s modulus were determined with a universal test-
ing machine (Zwick, model 1435) controlled by the TestX-
pert v.8.1 software, with a crosshead speed of 5 mm min~!.
Tensile modulus was evaluated from the slope of the ini-
tial, linear part of the force—strain function. The quantitative
results were presented as mean =+ standard error of mean
(SEM), calculated from six individual measurements. Mea-
suring changes in the mechanical properties of the mem-
branes is a particularly useful method for the evaluation of
the effectiveness of the dispersion process.

Preliminary in vitro test was performed using human
osteoblast-like MG-63 cells (ATCC, UK). The cells were
cultured in Eagle Minimum Essential Medium (ATCC,
UK) supplemented with 10% inactivated fetal bovine serum
(HyClone, Germany) at 37°C in a humidified air atmosphere
containing 5% of CO,.

For in vitro tests, membranes were immersed in 70%
ethanol and sterilized with UV radiation for 0.5 h on each
side. Sterile disks cut out from membranes were placed into
24-well culture plates and MG-63 cells were seeded on their
surface at a density of 2x10°> ml~! per well. The cells were
cultured in contact with the membranes for 3 and 7 days.

To determine cell viability, a CellTiter 96® AQucous
One Solution Cell Proliferation Assay (Promega GmbH,
Germany) was used. This reagent is responsible for the
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bioreduction of a tetrazolium salt to a coloured product
(formazan), which is soluble in the culture medium. The
quantity of formazan, which is proportional to the number
of living cells, was measured spectrophotometrically in the
POLARStar Omega (BMG LABTECH, Germany) reader.
Results were expressed as mean £ SD obtained from 5-8
samples for each experimental group. Significant effects
(p<0.05) were determined using the unpaired Student’s
t-test.

3. Results and discussion

3.1 Microstructure and topography

The morphology of SCFs and MWCNTs is presented in
figure 2a and b, respectively. The morphology of pure PSU
membranes indicated the presence of a bimodal pore distri-
bution in the membrane. Pores in the micrometre size range
and below could be observed in the material (figure 3a and b),
where smaller pores were placed between bigger pores and
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around their edges. Figure 3¢ shows microphotographs of the
membrane’s cross-section. Parallel, tubular pores that allow
ion transport from one side of the membrane to another are
observed. PSU membranes have a hierarchical structure that
mimics the structure of natural bones and results in a better
match of material applied in GTR; it also allows the trans-
port of both nutrients and waste products to the interior and
exterior of the tissue.

Morphology of PSU+4-2%SCF membrane is presented in
figure 4a and b. Similar to the pure PSU membrane, a lot
of micrometric spherical pores (figure 4a) can be observed;
however, for PSU+2%SCEF, some of these pores were partly
closed compared with the pure PSU membrane. Smaller
pores (below micrometres), shown in figure 4b, were also
present between bigger pores and around their edges. A
cross-section of a PSU+2%SCF membrane revealed a net-
work of parallel pores in which the carbon fibres can be seen
(figure 4c, arrows).

Microphotographs shown in figure S5a—c exhibit the
microstructure of the PSU4+2%CNT membrane. Porosity
was similar to that observed for PSU and PSU+2%SCF

Figure 3. SEM microphotographs of PSU membrane surface: (a) magnification 350x and (b) magnification 5000 x and (c) cross-section

of PSU membrane, magnification 5000 x.
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Figure 4. SEM microphotographs of PSU42%SCF membrane surface: (a) magnification 350x and (b) magnification 5000x and

(¢) cross-section of PSU+2%SCF membrane, magnification 2000 x.

Figure 5. SEM microphotographs of PSU+2%CNT membrane surface: (a) magnification 350x, (b) magnification 5000x and

(¢) cross-section of PSU+2%CNT membrane, magnification 5000 x.

membranes, but the fraction of bigger pores was greater in
comparison with other samples as shown in figure 5a. Higher
magnification images revealed the presence of MWCNTS in
the material (figure 5b, arrows). Similar to the two other
samples, pores were connected to each other and formed a
network of channels (figure 5c). However, the tubular pores
extending perpendicularly to the surface of the sample were
more irregular in this membrane than in pure PSU samples.

Figure 6 presents the pore size distribution in tested mate-
rials. For this evaluation, only pores bigger than 1 pm were
analysed, as small pores are not relevant either for the trans-
port of nutrients or cell ingrowth. According to the litera-
ture, the smallest size of microspores, where ingrowth of the
neighbouring bone tissue is possible, lies between 100 and
150 pum. Nevertheless, osteoconduction can occur occasion-
ally when the pores size is only 50 um [34]. The optimal pore
size, according to Chang et al [35], is 300 pm.

In general, the smallest pores could be observed for pure
PSU membranes. About 60% of their pores had diameters
in the range of 14.01-19 pm. For PSU+2%SCEF, this range
contained less pores, only about 42%. Simultaneously, for
these membranes, more than twice the amount of pores with
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Figure 6. Pores distribution in PSU, PSU+2%SCF and PSU+
2%CNT membranes.

diameters in the range of 19.01-24 pm was observed com-
pared with pure PSU membranes. The addition of CNTs into
polymer resulted in a slight increase of pore diameter; with
nearly 30% of pores in the range of 24.01-29 um.
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The increase in pore size of the PSU membrane mod-
ified with CNTs was also observed in the work of other
authors [8]. Differences in pore size distribution can be
caused by changes in the rheological properties of polymer
solutions containing the carbon phase. In particular, this can
be observed for the solution containing CNTs with a high
specific surface area (192 m? g~!). CNTs can reduce molec-
ular mobility of polymer chains and also phase separation
at different temperatures compared with the pure polymer
[21,36,37]. Bose et al [36] reported that a concentration of
2 wt% MWCNTs clearly reduced macromolecular mobility of
the blend components and induced phase separation at lower
temperatures compared with the neat blends. In a similar
study, the porosity growth for polymer membranes modified
with CNTs was a result of the hydrophilic character of these
nanomaterials [21]. This result might be explained by the
fast exchange of solvent and non-solvent in the phase inver-
sion process due to the hydrophilic properties of MWCNTSs
[21,38].

Although pore size values in obtained samples were
smaller than reported elsewhere [34,35], the existence of
these pores creates a hierarchical membrane structure and
changes their roughness, which can positively influence
adhesion and proliferation of bone cells. Moreover, the pres-
ence of hierarchical pores in the range of 5-70 um allows for
blood and interstitial flow in the space of biomaterials [39].
It is well known that bone tissue would not be viable without
these fluid movements.

3.2 Topography and surface roughness

Bimodal pore distribution on the membrane surface allows
different levels of roughness. Surface topography and roughness

Figure 7.
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have a significant impact on cell adhesion to the surface of
the material, especially in the case of bone cells [40]. In addi-
tion, several studies have proved that the existence of gradi-
ent roughness on the surface of membranes allows for better
interaction between cells and the material [41,42].

AFM and contact profilometry were used for analysis of
surface topography and roughness of composite and pure
PSU membranes. The use of AFM and profilometry allows
obtaining surface roughness at the micro- and submicrome-
tre scale. Figure 7a presents the surface topography of a rep-
resentative pure PSU membrane using AFM. The maximum
pore depth, calculated from a line profile analysis, is about
4 pm (figure 7b). AFM analysis of the membrane surface
between large pores revealed a morphology composed of
smaller pores featuring much smaller diameters and depths
(figure 7c).

The surface of the PSU+2%SCF membrane showed a
morphology similar to that of pure PSU membranes (figure 8a).
Both micrometric pores and smaller pores were observed
here. The depth of the micrometric pores (2-3 pum) seemed
to be smaller than the depth of this kind of pores in the PSU
membrane (figure 8b).

The presence of 2%CNT in PSU introduced only small
changes in membrane morphology compared to membranes
containing 2% SCF. Although micrometric pores had a sim-
ilar depth in the range of 2-3 pum, the surface between these
pores seemed to be less regular compared with PSU+2%SCF
(figure 9b). Such a relatively small change surface morphol-
ogy can be driven by the presence of MWCNTSs. Such sur-
faces were also more difficult to be measured because during
scanning, the AFM tip displaced some surface material. The
most probable cause of this effect was the interaction of the
AFM tip with a single nanotube protruding on the surface

[15]]
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(a) Topography of pure PSU membrane surface (60 pm x 60 pum), (b) line profile

of the PSU surface with the large pore included (red line on the topography image) and (c¢) line
profile of the PSU surface showing its morphology between the large pores (green line on the

topography image).
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(a) Surface topography of PSU+2%SCF membrane (60 pm x 60 um), (b) line

profile of the PSU+2%SCF surface with the large pore included (red line on the topography
image) and (c) line profile of the PSU+2%SCF surface between the big pores (green line on the

topography image).

Figure 9.
profile of the PSU+2%CNT surface with the large pore included (red line on the topography
image) and (c) line profile of the PSU+2%CNT surface between the large pores (green line on
the topography image).

from the volume of material. This effect was visible as a
horizontal line overlapping with the scan direction (figure 9a).

In order to evaluate the surface morphology in a quan-
titative way, two roughness parameters have been deter-
mined from the studied area, i.e., the average roughness value
(R,) and ten-point mean height (R,). In the case of AFM,
these parameters were calculated only for the sample surface
between large pores, whereas in the case of the profilome-
try, they were calculated for the entire surface. A compari-
son of the surface roughness of all membranes is presented
in figure 10a and b.

(a) Surface topography of PSU+2%CNT membrane (60 pm x 60 pm), (b) line

AFM results analysis showed that the largest roughness
values were obtained for PSU+2%CNT membranes and the
smallest for PSU+2%SCF (figure 10a). It should be noted
here that both parameters describing surface morphology
showed similar trends for all samples. The large experimen-
tal errors (determined here as standard deviations) of the
R, parameter denote the magnitude of variations within a
given sample type. Thus, a large error of a surface morphol-
ogy value for a given PSU membrane also indicates a large
variability in surface morphology. The addition of SCFs to
PSU leads to decreased roughness, indicating that the surface
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Figure 10. Comparison of roughness parameters determined for the studied membranes.

of PSU+2%SCF is smoother and more homogenous than
that of a pure PSU membrane. The results obtained using
contact profilometry also show that highest roughness
values were observed for samples containing CNTs
(PSU+2%CNT) (figure 10b). The surface roughness ten-
dency of analysed samples using the profilometer and AFM
was maintained, but in the case of profilometry, obtained
values were about 5-6 times higher than those obtained
from AFM. This is due to the areas of the analysed surface;
for AFM, only surfaces without large pores were analysed,
whereas in the case of the profilometer, the entire surface
of the sample, containing also large pores, was investigated.
Thus, the results confirm the existence of gradient roughness
in the analysed samples.

The highest roughness both in terms of the parameter
R, and R, was observed in membranes containing CNTs
(PSU+2%CNT), which is in accordance to the results
obtained from the porosity analysis of these samples. In con-
trast to these results, Khalid et al [26] have observed a reduc-
tion of surface roughness of PSU membranes after addition
of the CNTs (about 30%) as compared with pure PSU mem-
brane. They explained these results by the fact that a high
CNTs’ loading leads to an increase in viscosity of the casting
solution and the exchange rate of solvent and non-solvent dif-
fusion during immersion precipitation. However, these mem-
branes have a much smaller number and size of pores than
those shown in this publication, which results from different
conditions of the phase inversion process proposed in these
publications.

The differences in the roughness of PSU+2%CNT mem-
brane in micro- and submicrometre scale, compared with the
pure PSU membrane described in this publication, are lower
than in our previous article [20]. This is primarily due to
the surface chemistry of MWCNTs. In the present publica-
tion CNTs have chemical groups such as —OH and -COOH,
which significantly impact on dispersion of these additives in
DMF and PSU.

3.3  Wettability and surface energy

Microstructure, topography, roughness and the surface chem-
istry of biomaterials have a significant impact on the cell

-
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Figure 11. Contact angles and average surface energy of PSU,
PSU+42%SCF and PSU+4-2%CNT membranes.

response. Among these parameters, wettability and surface
energy play major roles in interaction with cells. The results
of wettability and surface energy measurements are shown
in figure 11. Average contact angles for PSU+2%SCF and
PSU+42%CNT membranes were lower than for pure PSU
membrane. Thus, the addition of carbon material resulted in a
decrease of the water contact angle, which is consistent with
the data obtained by other researchers [41,42]. In the case of
PSU+2%CNT, the contact angle decreased by about 15%.
Lower contact angles of these membranes are connected with
the presence of chemical groups such as —OH and -COOH on
MWCNTs surfaces, which were created during the oxygena-
tion process of these materials. This effect was confirmed in
the work of de Lannoy et al [24] In our previous work [20]
we did not observe any significant impact of CNTs on value
of water contact angle as compared to the control sample
(pure PSU), which results from the other type of nanotubes
applied (non-functionalized) and a non-porous structure of
the obtained nanocomposites.

The surface wettability of PSU+2%SCF membranes was
insignificantly higher compared to the pure PSU, but lower
than for PSU containing MWCNTSs. The main atomic con-
stituent of the carbon fibre surface is carbon, but other ele-
ments, including oxygen, nitrogen, sulphur and silicon can
also be present [43]. In a previous study, oxygen was present
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Table 1. Surface energy and its components’ values in examined
membranes.

Surface energy (mJ m~2)
Material Yp 12 y
PSU 0224+0.07 4471114 4493 +1.20
PSU+2%SCF 1.70 £0.31 3633 +194 38.02+225
PSU+2%CNT  3.04 £030 4525+1.68 48.29+1.99

on the fibre surface in four forms: carbonyl, phenolic, ether or
lactone structures [44]. The presence of these groups, espe-
cially the phenolic, which contains a hydroxyl group (-OH),
may have a negligible impact on the wettability of membrane
surfaces modified with SCFs (PSU+2%SCF). However, it
should be noted that the concentration of surface functional
groups on fibres that are not chemically oxidized is low,
being about 0.045 to 0.075 mol g~! [45].

Table 1 presents the values of the polar component (y;)
and the dispersive component (y,) of the surface energy and
also an average surface energy (y) of all investigated materi-
als. The values of average surface energy are also presented
in figure 11.

The surface energy of pure PSU practically consists of
only one dispersive component. This is connected with the
fact that PSU has a hydrophobic nature. Modification of
the polymer with carbon additives changes the proportions
between the dispersive and polar components: the polar com-
ponent grows, while the dispersive component decreases.
The significant increase of the polar component of surface
energy for PSU+2%CNT, in comparison with the rest of
the membranes, indicates and confirms a more hydrophilic
character of this membrane type. The average surface energy
for PSU+2%CNT was higher than for pure PSU and
PSU+2%SCF. Moreover, the growth of surface energy was
interrelated with the decrease of the contact angle (figure 11).
These parameters have a great meaning in bone applications
of materials. Researchers suggest that hydrophilic surfaces
with higher surface energy promote osteoblasts growth and
mineralization [46].

3.4 Mechanical properties of composites

Membranes used in the GTR technique should have appro-
priate physicochemical, biological and mechanical proper-
ties in order to play a decisive role in tissue healing. The
ability to control the mechanical properties of biomateri-
als allows researchers to tune membranes, depending on the
intended application. For example, flexible membranes are
needed for mechanical conditioning of cells in compression;
however, membranes need to be stiff enough to fill a load-
bearing defect and to be handled during surgery [47]. PSUs
are thermoplastic polymers with very good mechanical prop-
erties and therefore ideally suited for bone cells regeneration.
The main aim in the addition of different kinds of carbon
additives to PSU was to verify to what extent they affect
tensile strength and the Young’s modulus of the composites.
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Figure 12 displays tensile strength (Ry,,) and Young’s mod-
ulus (E) of the studied membranes. The highest recorded
value of tensile strength was featured by the PSU+2%SCF
membrane. As expected, the parallel alignment of the fibrous
reinforcement phase (figure 13) had a significant influence on
the mechanical parameters of the final composite. This sit-
uation specifically refers to long-fibre composites; however,
in this case, where short fibres exist, reinforcement was also
observed (figure 13).

Tensile strength for PSU+2%SCF was approximately
14 and 21% higher compared with pure PSU and
PSU+2%CNT, respectively. For PSU+2%CNT membranes,
tensile strength was similar and even insignificantly lower
compared to pure PSU. The lack of reinforcement for this
sample can be connected to the tendency of CNTs to agglom-
erate. Agglomerates of CNTs, in contrast with the pure poly-
mer, can be considered as a defect, which can cause lack of
reinforcement or even loss of tensile strength. The adverse
effect of CNTs agglomerates on the mechanical properties
of PSU has been also observed by other researchers [27,48].
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Figure 12. Tensile strength and Young’s modulus of examined
membranes.

Figure 13. Microphotography of PSU+2%SCF membrane,
showing parallel asignment of short fibres in the polymer.
Magnification 10x.
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Moreover, a more likely reason of insignificant reduction of
tensile strength could be connected to higher pore amount
compared with the rest of the samples. Analysing the results
of our previous studies of nanocomposites based on PSU
containing 2% of CNTs, the growth of the mechanical prop-
erties in the range of 20-30% compared with pure PSU
was observed despite a significant amount of agglomerates
of CNTs and lack of chemical groups of their surface [20].
These results may confirm more substantial impact of the
porosity on the mechanical properties of PSU+2%CNT than
the presence of CNTs agglomerates. However, the addition
of CNTs (PSU+2%CNT) did not significantly deteriorate
mechanical properties of the membrane for the regeneration
of bone tissue.

Figure 12 also presents values of the Young’s modu-
lus for all samples. The highest value of Young’s modulus
(E) was measured for PSU+2%SCF membranes. Young’s
modulus for this sample increased over 36% and almost
28% compared with pure PSU and PSU+2%CNT sam-
ples, respectively. The increase in the Young’s modulus for
PSU+2%SCF membranes can be connected to the direc-
tional orientation of the fibres along the axis of the breaking
force. Moreover, it is an indirect evidence of a good inter-
action at the interface between fibres and matrix. The elas-
tic modulus measured for PSU+2%CNT membranes was
similar to that measured for PSU membranes.

3.5 Preliminary in vitro study

PSU membranes without carbon additives and those modi-
fied with SCFs and MWCNTs were cultured with MG-63
osteoblast-like cells for 3 and 7 days. Analysis of cell viabil-
ity after 7 days revealed significant differences between the
samples (figure 14b).

Cell viability after 7 days of culture in contact with pure
PSU and PSU+2%SCF membranes was higher compared
with the positive control (polystyrene culture dish), whereas
cell viability for PSU+2%CNT was insignificantly lower
compared to the control sample. Addition of SCFs to PSU
significantly increased cell viability (30%) compared with
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pure PSU samples. This effect was not observed with 2 wt%
of MWCNT; here, cell viability decreased about 20% com-
pared with the PSU sample. PSU is a biostable polymer;
therefore, the release of nanotubes into the culture medium
does not occur. For this sample, CNTs were observed both
on the surface of membrane as well as inside the pores,
anchored in the polymer, in contrast with SCFs, which were
completely immersed in the PSU. In this situation, factors
such as length, concentration, tendency to agglomerate and
transport of nanotubes through the cell membrane directly to
individual organelles inside the cell should not be taken into
consideration during the interpretation of these results. These
factors are usually taken into account when assessing the tox-
icity of CNTs [49-54]. Moreover, the purity of these samples
was rather high (the concentration of metal catalyst (Fe) was
0.06 wt%). Surface chemistry (type of functional groups)
is another factor frequently mentioned in the literature; it
may affect the biocompatibility of nanotubes [51,55]. In this
study, the factor associated with nanotubes may be the most
important one when interpreting the results of biological
research. The carboxyl and hydroxyl groups are probably
the most popular functional groups on CNTs. The presence
of these groups changes the hydrophilicity of CNT, which
allows this material to be well dispersed in aqueous solu-
tions, including culture media, as well as in other polar
solvents, and enables further functionalization of nanotubes
[13,21,56]. However, studies often indicate the positive influ-
ence of these functional groups on biocompatibility, particu-
larly in contact with bone cells [57-59]. Surface development
of CNTs is another factor that could have an influence on the
cells response. High surface development of CNTs causes an
increase in the amount of active sites ready for adsorption
and/or binding to other molecules or substances. Thus, the
combination of high surface development of nanotubes and
the presence of functional groups on the surface may cause
binding and adsorption of nutrients from the culture medium,
thereby depleting these components. This may have an
indirect effect on the number of cells adherent to the substrate
containing the nanotubes (figure 14a) and, consequently, on
cell viability (figure 14b). Moreover, the decrease of MG-63
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viability in contact with PSU4+2%CNT can be connected
to the porosity of this membrane. For this sample, pores
sizes were larger compared with the rest of the samples
(figures 5 and 6). The presence of pores with diameters in
the range of 2440 pm for PSU4+2%CNT membrane allows
the penetration of single cells into the materials (the MG-
63 cell size is about 2040 pum) and partially reduces their
growth. Moreover, impregnability of membranes containing
2 wt% of MWCNTs increased over 40% compared with
pure PSU membranes (data not shown). As a result, nutri-
ents are retained in the pores of the composites and cannot
be accessed by the cells. The measurement of cells viability
may also be affected by an error resulting from the difficult
access of tetrazolium salt to the interior of the material and
the consequent lack of reduction of this salt to formazan.
Compared with a cultivation period of 3 days, cell via-
bility increased after a period of 7 days in all samples. A
lack of inhibition of cell proliferation and the continued
growth of cell viability vs. time may indicate that all anal-
ysed membranes are biocompatible in contact with bone
cells. In our previous work we also observed acceleration of
cells proliferation from one day to another in contact with
PSU/MWCNTs, although the method of composites prepara-
tion and surface chemistry of nanotubes were different [20].
Biological studies carried out in the earlier work [20] demon-
strate that CNTs presence in the PSU did not significantly
stimulate production of markers responsible for cell immune
activation in MG-63 cells. These results showed relatively
good support for the adhesion and growth of osteogenic cells.

4. Conclusions

Three types of PSU-based membranes, obtained using the
phase inversion method, were analysed in terms of physic-
ochemical and biological properties as potential materi-
als for bone cells growth. Two of them were modified
using carbon fibrous additives, i.e., MWCNTs and SCFs.
The presence of different kinds of carbon fibrous materials
in the PSU matrix can influence the physicochemical and
biological properties of the obtained composite membranes
in different ways. These changes can be observed in mi-
crostructure, topography, wettability, surface energy and
mechanical properties of the obtained composite samples.
The differences in dimension, surface chemistry and surface
energy of SCFs and CNTs have a crucial impact on physic-
ochemical properties of the composites, and simultaneously
on the MG-63 cells response.

The presence of hydrophilic groups, especially on the
surface of CNTs, can change the mechanism of solvent
exchange on non-solvent during the phase inversion, which
could imply a different porosity composite containing CNTs
when compared with pure PSU membrane. Also, wettabil-
ity of composite membranes was lower in comparison with
membranes without carbon additives. Directionally arranged
SCFs in PSU membranes had a positive impact on the
mechanical properties of the composite samples. A lack of
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strengthening effect and even a decrease of the mechani-
cal properties were observed for membranes modified with
2 wt% of MWCNTs; this could be due to the agglomeration
of the carbon nanostructures within the polymer matrix. The
preliminary in vitro study indicated that all membranes were
biocompatible in contact with MG-63 cells, but the mecha-
nism of interaction between cells and composites was differ-
ent and strongly depended on the porosity of membranes, the
presence of carbon additives on the membrane surface and
the surface development of carbon fillers and their chemistry.
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