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Abstract: Nanofiber mats can be produced by electrospinning from diverse polymers and polymer
blends as well as with embedded ceramics, metals, etc. The large surface-to-volume ratio makes such
nanofiber mats a well-suited substrate for tissue engineering and other cell growth experiments. Cell
growth, however, is not only influenced by the substrate morphology, but also by the sterilization
process applied before the experiment as well as by the chemical composition of the fibers. A former
study showed that cell growth and adhesion are supported by polyacrylonitrile/gelatin nanofiber mats,
while both factors are strongly reduced on pure polyacrylonitrile (PAN) nanofibers. Here we report
on the influence of different PAN blends on cell growth and adhesion. Our study shows that adding
ZnO to the PAN spinning solution impedes cell growth, while addition of maltodextrin/pea protein or
casein/gelatin supports cell growth and adhesion.
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1. Introduction

Electrospinning is a simple method to prepare nanofiber mats from diverse polymers and
polymer blends [1-3]. Several polymers can be electrospun from aqueous solutions, making the
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spinning process itself relatively simple and environmentally-friendly, but necessitating a subsequent
crosslinking step if the nanofiber mats should be used in humid environments [4-6]. Most
waterproof polymers have to be spun from toxic or corrosive solvents, while only some can also be
electrospun from low-toxic solvents like dimethyl sulfoxide (DMSO) [7]. Being spinnable from
DMSO is one of the reasons why polyacrylonitrile (PAN) is often used in electrospinning [8-10].
Another reason is the possibility to use PAN as a precursor for carbon nanofibers [11-13].

Nanofiber mats are applicable in a broad range of engineering and science areas, e.g. for air or
water filtration [14-16], batteries and solar cells [17-19], biotechnology and medical
purposes [20-25]. Although most eukaryotic cell culture bioprocesses consist of the cultivation of
cells in suspension, certain processes involve the cultivation of adherent cell lines and primary cells.
These bioprocesses cover the production of viral vaccines and viral vectors for gene therapy and
oncology as well as regenerative medicine or recombinant protein production. The cultivation of
adherent cells can be carried out in classical roller bottles or multilayer cell culture trays. However,
production costs are relatively high [26].

Microcarriers and hollow fibers represent an alternative to these systems since they allow their
implementation in bioreactor systems [27,28]. They can be made of various polymers [29,30].
Modern single use fixed bed bioreactors enable batch to batch constant product quality which is
indispensable in pharma processes. Continuous bioprocessing allows for smaller production volumes
and higher product concentration. These ready-to-use bioreactors are filled with non-woven
macroporous carriers or rolled membranes. The fabric is often made of polyethylene-terephtalate
(PET) microfibers which are surface-treated to render them hydrophilic and biocompatible for cell
attachment [31-33].

In contrast, nanofibers display fiber diameters that are a hundred times smaller. The
development of microcarriers that consist of nanofibers could lead to even higher cell densities in
adherent cell culture bioprocesses. Pure PAN nanofibers are known to prevent cell adhesion.
Blending PAN with certain additives could improve cell binding [34]. Blends were chosen which
showed in pre-tests good morphological stability under oxidative stabilization and carbonization
which can be used to make such nanofiber mats conductive. Electroconductive fibers present
interesting substrates for myocardial and neural tissue engineering [35-37].

Here we report on cell growth on different nanofiber mats electrospun from pure PAN and PAN
blends, thus modifying chemistry and morphology of the fibers in different ways. On the one hand,
we used ZnO, an inorganic, heat stable compound which is typically used in dye-sensitized solar
cells or photocatalytic degradation of dyes [13]. The second blend partner is maltodextrin, a
carbohydrate, combined with pea protein, which can be used in the food industry [38]. Finally, first
tests were performed combining milk casein, a globular protein which is used in cheese or as food
additive [39], and gelatin which was used in the previous test [34].

Since the previous study underlined the strong influence of the sterilization process [34], all
nanofiber mats were autoclaved. Experiments were performed with adherent Chinese hamster ovary
(CHO) cells which are often used to produce therapeutic proteins as well as in general
biotechnological investigations [40-42] and are thus a typical model system for these tests.
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2. Materials and methods
2.1. Nanofiber mats

Nanofiber mats were produced with the needleless electrospinning machine “Nanospider Lab”
(Elmarco, Liberec, Czech Republic), using the following spinning parameters: high voltage 80 kV,
nozzle diameter 0.8 mm, carriage speed 100 mm/s, substrate speed O mm/min (static),
ground-substrate distance 240 mm, electrode-substrate distance 50 mm, relative humidity in the
spinning chamber 33%, temperature 22 °C.

For the spinning solutions, X-PAN (Dralon, Dormagen, Germany) was dissolved in DMSO
(min. 99.9%, S3 Chemicals, Bad Oeynhausen, Germany) by stirring for 2 h at room temperature.
Some of the spinning solutions were blended with ZnO (nano powder < 100 nm particle size,
Sigma-Aldrich, Germany), casein (according to Hammersten) and gelatin (Abtei, Marienmunster,
Germany). These blends were found to result in larger fiber diameters than pure PAN nanofiber mats
and thus to retain their morphology and their mechanical properties better during stabilization and
carbonization [13,34,39]. In addition, a maltodextrin/protein blend was added which was prepared as
follows: 0.63 g of pea protein isolate (Pisane C9, Cosucra, Pecq, Belgium) (corresponds to a protein
mass of 0.5 g) was mixed with 8 g maltodextrin with dextrose equivalent (DE) 2 (Eliane MD 2,
Avebe, Veendam, Netherlands) and with 1 g maltodextrin with DE 21 (Glucidex 21 D, Roquette,
Lestrem, France) [38]. Table 1 gives an overview of different samples under examination. Overall
masses of the spinning solutions always add up to 10 g.

Table 1. Samples under examination, indicating the spinning solution and whether
samples were also investigated after carbonization.

Sample PAN ZnO Maltodextrin/ Casein  Gelatin DMSO  Also
name mass/g mass/g  pea protein mass/g mass/g mass/g  mass/g carbon.
PAN 1.6 8.4 Yes
PAN/ZnO 1.5 0.5 8.0 Yes
PAN/MP 15 0.75 7.75 Yes
PAN/CG 1.3 0.1 0.1 8.5 No

Some of the samples were additionally carbonized since many studies reveal advantages of cell
growth and orientation on conductive nanofiber substrates [35-37]. These samples were firstly
stabilized in a muffle oven B150 (Nabertherm, Lilienthal, Germany) for 1 h at a temperature
of 280 °C, approached with a heating rate of 1K/min. Afterwards they were carbonized in a furnace
CTF 12/TZF 12 (Carbolite Gero, Neuhausen, Germany) for 1 h at 500 °C, approached with a heating
rate of 10 K/min in a nitrogen flow of 150 ml/min.

2.2. Investigations

Images of the nanofiber mat were taken with a confocal laser scanning microscope (CLSM)
VK-8710 (Keyence, Neu-Isenburg, Germany), using a nominal magnification of 2000x.

Nanofiber diameters were calculated from 100 fibers per sample using the software
ImageJ 1.51j8 (from National Institutes of Health, Bethesda, MD, USA) which was also applied for

AIMS Bioengineering \Volume 7, Issue 1, 43-54.



46

fast Fourier transform (FFT) evaluations. Such FFT images show radially diffuse patterns for
non-aligned fibers, while oriented fibers can be identified by single lines in the FFT images [43,44].

2.3. Cell growth

Dulbecco’s Modified Eagle’s medium (DMEM)/Ham’s Nutrient Mixture F12 (1:1 DMEM/F12)
(SAFC Biosciences, Irvine, UK) was used as a base for cell cultivation. Glucose (Roth, Karlsruhe,
Germany) and L-glutamine (Applichem, Darmstadt, Germany) were added to reach a final
concentration of 4 g/L and 4 mM, respectively. After setting the pH value to 7.4, the medium was
sterile filtered (Sartolab P, 0.45 um/0.22 pum, Sartorius, Gottingen, Germany). Subsequently, 10%
sterile donor horse serum (biowest, Nuaillé, France) were added.

CHO DP-12 cells for this study (LGC Standards GmbH, Wesel, Germany; ATCC no.
CRL-12445) grow in vitro to form a monolayer if using a serum containing medium.

Before cell growth experiments, the nanofiber mats were washed three times with highly
purified water. Nanofiber mats of 2 cm x 2 cm were glued with Elastosil E41 RTV-1 silicone rubber
(Wacker, Burghausen, Germany) on cover slips (21 mm x 26 mm) (Carl Roth, Karlsruhe, Germany)
to keep them inside the medium during cultivation. 24 h after gluing, they were washed with water
and left for drying in air for another 24 h. Afterwards they were sterilized by autoclaving for 20 min
at 121 °C in a VX-75 autoclave (Systec, Linden, Germany) and then placed in 6-well plates
(Labsolute, Th. Geyer, Renningen, Germany) inside a safety cabinet Safe 2020 (Thermo Electron
LED GmbH, Langenselbold, Germany). Into each well 5 ml medium with 20,000 cells were pipetted.
Cultivation was carried out during 4 days (96 h) in a HERAcell 240i incubator (Thermo Electron
LED GmbH, Langenselbold, Germany) at 37 °C and 7.5% COs..

After cultivation, the medium was pipetted out of the wells, and 1.5 ml glyoxal solution was
added to fix the cells [45]. 3 vol% glyoxal solution (containing 34 ml highly purified water, 9.5 ml
ethanol (abs., VWR BDH Prolabo, Langenfeld, Germany), 3.75 ml 40% glyoxal (Roth, Karlsruhe,
Germany) and 0.36 ml acetic acid p.a. (VWR BDH Prolabo, Langenfeld, Germany)) with a pH value
between 4 and 5 were used for this. The well plate was then cooled on ice for 30 min and afterwards
incubated for 30 min at room temperature before the glyoxal solution was pipetted out of the wells.
Afterwards the nanofiber mats were washed with phosphate buffered saline for 5 min and another 5
min with highly purified water. Subsequently, the cells were dyed with hematoxylin eosin (H&E)
Fast Staining Kit (Roth, Karlsruhe, Germany). The dyeing was based on the protocol by Roth. At
first the samples were incubated in H&E solution 1 (modified hematoxylin solution) for 6 min. After
the incubation, the samples were washed with tap water for 10 s and then with 0.1% hydrochloric
acid for 10 s. For bluing, the samples were washed again with tap water for another 6 min. Finally
the samples were incubated in H&E solution 2 (modified eosin yellow solution) for 30 s and for
another 30 s washed with tap water. The nanofiber mats were taken out and dried in the air.

For the quantitative cell growth investigation, a Cedex™ MS20C cell counter (Innovatis,
Bielefeld, Germany) was used. After washing the nanofiber mats with PBS (phosphate-buffered
saline), they were treated with a sterile trypsin/EDTA (ethylenediamine tetraacetic acid) solution
(biowest, Nuallié, France), resulting in cell detachment. Trypsinization was stopped by diluting the
fluid with culture medium in a ratio of 1:10 after incubation at 37 °C for 5 min. 1 ml cell suspension
were automatically mixed with 1 ml trypan blue (a vital stain coloring dead cells blue). The cell
counter measures dead and living cells with an accuracy of £5% [46].
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All experiments were verified in subsequent, independent test series to avoid possible
contaminations or other undesired environmental influences.

3. Results and discussion

Firstly, Figure 1 depicts CLSM images of nanofiber mats after sterilization, revealing the
influence of the blending materials. In all cases, the fiber diameters become larger than those of pure
PAN nanofibers where the spinning parameters used here resulted in a diameter distribution
of (144 + 40) nm [47]. The diameter distributions for the samples depicted in Figure 1 as well as the
FFT evaluations are presented in Figure 2.

Figure 1. Nanofiber mats from PAN/ZnO (a), PAN/MP (b) and PAN/CG (c).
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Figure 2. Diameter distributions (left panels) and FFT evaluations (right panels) of
nanofiber mats prepared from different PAN blends.
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All nanofiber mats show very similar average nanofiber diameters and standard deviations,
approximately 4x the average fiber of pure PAN fibers [47]. This effect was also found in the
previous investigation of cell growth on PAN/gelatin nanofiber mats [34].

The FFT analysis shows radially diffuse patterns, indicating non-aligned fibers [43]. Future
experiments should be made on aligned fibers [44] to investigate differences in cell growth due to a
possible fiber orientation in the substrate.

Figure 3 depicts CLSM images of dyed CHO cells adhered on a cover slip in different
magnifications. The shape of the adhered cells is similar to long, stretched lenses, while the dead or
not adhered ones are round. In this way, optical differentiation is possible between the states before
fixation of the cells grown on nanofiber mats.

Figure 3. CHO cells adhered on glass cover slips in different magnifications.

The results of cultivation of CHO cells on pure PAN nanofiber mats (as spun and carbonized)
are shown in Figure 4. Generally, the hematoxylin eosin staining shows cell nuclei (and other acidic
structures) in blue or brown color, depending on the pH value of the dye solution, while basic
structures (such as the cytoplasm) are depicted in red. It should be mentioned that images taken on
the (black) carbonized nanofiber mats can show reduced or shifted colors, as usual on dark
undergrounds.

Figure 4. CHO cells on pure PAN nanofiber mats, electrospun (a) and carbonized (b).

While in some areas of the electrospun PAN nanofiber mat, only nuclei are visible, other areas
show also living, adhered cells (Figure 4a). For the carbonized PAN nanofiber mat, besides the
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brown cell nuclei, also reddish cytoplasm is visible, and the lens-shaped typical form of adhered
CHO cells becomes partly visible, while again other cells seem to be dead (Figure 4b). Nevertheless,
cell proliferation on this carbon nanofiber mat seems reduced as compared to cell growth, e.g., on
PAN/gelatin nanofiber mats [34].

Next, PAN/ZnO nanofiber mats were tested as substrates are shown in Figure 5. While a slight
pink undertone is visible in the raw nanofiber mat, probably due to staining of the ZnO by eosin
yellow, neither cell nuclei nor cytoplasm can be recognized in both images. This is in contrast to the
earlier experiments on PAN/gelatin nanofiber mats which also had increased fiber diameters and
showed good cell adhesion and proliferation [34].

Figure 5. No adherent CHO cells visible on PAN/ZnO nanofiber mats, electrospun (a)
and carbonized (b).

This finding indicates that ZnO is a problematic blending partner for cell growth experiments on
nanofiber mats. Indeed ZnO nanoparticles are known to have cytotoxic effects, although differences
are reported for different cell lines [48-51] which may also suppress the growth of CHO cells on
PAN/ZnO nanofiber mats. Since ZnO is not decomposed at a temperature of 500 °C, it stays inside
the carbonized nanofiber mats so that its negative impact on cell growth and adhesion persists.

This is opposite for the PAN/MP nanofiber mats depicted in Figure 6. On both the original and
the carbonized PAN/MP nanofiber mats, cell adhesion and proliferation are visible. Apparently,
similar to the PAN/gelatin nanofiber mats in the previous study, the chemical composition of these
nanofiber mats supports cell growth and adhesion.

Figure 6. CHO cells on PAN/MP nanofiber mats, electrospun (a) and carbonized (b).
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Figure 7 shows first results on newly developed PAN/CG nanofiber mats [38] which will be
investigated more in detail in the near future. Unlike PAN/MP or PAN/gelatin [34] nanofiber mats,
here the mat morphology changes stronger during autoclaving and the following cultivation
procedures. This suggests testing different sterilization methods, such as ozone or UV irradiation, to
avoid thermal damages of the nanofiber mats. On the other hand, nanofiber mats with smaller
amounts of biopolymers should be tested to enable autoclaving without too strong changes in the
fiber structures.

Figure 7. CHO cells on PAN/CG nanofiber mats.

Finally, to underline the aforementioned qualitative findings, the results of the quantitative study
are given in Figure 8.
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Figure 8. Numbers of CHO cells on diverse nanofiber mats (raw, stabilized or
electrospun). Significance levels of p < 0.05, p < 0.01 and p < 0.001 are marked with *,
** and ***, respectively.

Figure 8 clearly shows that PAN/ZnO is not suitable for growth of CHO cells, while PAN/CG
shows the best results in terms of cells per nanofiber mat as well as in terms of viability (number of
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living cells per overall cells), while the CLSM images showed thicker cell agglomerations for
PAN/MP nanofiber mats.

To statistically analyze the results, a one-way ANOVA was used. Homogeneity of variance was
verified by Levine’s test. The Bonferoni method was used for the comparison of means. For the
numbers of living cells, only the comparison of the samples PAN and PAN stab. show no significant
difference, while comparing the overall numbers of cells shows significantly differing pairs in all
cases.

4. Conclusion

Comparing the nanofiber mats under investigation, it can be stated that PAN/ZnO is not suitable
for cell growth, although the ZnO nanoparticles can be expected to be mainly located inside the
fibers without contact to the environment [13]. On pure PAN, used after electrospinning, stabilization
and carbonization, some cell growth and adhesion were observed, opposite to a previous
investigation [34]. The PAN/CG nanofiber mats were stronger influenced by the preparation process,
including autoclaving, which resulted in a fully modified morphology most probably due to
denatured casein and molten gelatin during heat treatment. Nevertheless, they enabled cell growth
and adhesion. The best cell proliferation and adhesion, however, comparable to PAN/gelatin
nanofiber mats [34], was found in PAN/CG nanofiber mats. In the next steps, both these nanofiber
blends should be optimized by additional studies of cell proliferation for different blend ratios and
compared to further experiments on PAN/gelatin nanofiber mats to find the ideal growth conditions
for the CHO DP-12 cells.

The utilization of the blended PAN nanofibers as microcarriers in batch and continuous
bioprocessing will be evaluated. Moreover, the electroconductivity of carbonized and non-treated
blended PAN nanofibers will be investigated to assess their suitability as scaffolds for neural and
myocardial tissue engineering.
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