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A B S T R A C T

Here, for the first time, a nanofibrous (NF) wound dressing comprising biomineralized polyacrylonitrile (PAN)
nanofibers is developed. In contrast to the majority of the currently available nanofibrous wound dressings that
are based on natural polymers, PAN is a synthetic, industrial polymer, which has been rarely considered for this
purpose. PAN NFs are first hydrolyzed to allow for tethering of biofunctional agents (here Bovine Serum
Albumin (BSA)). Later, the biofunctionlized PAN NFs are biomineralized by immersion in simulated body fluid
(SBF). As a result, core-shell, calcium deficient hydroxyapatite (HA)/BSA/PAN nanofibers form, that are me-
chanically stronger (elastic modulus; 8.5 vs. 6 MPa) compared to the untreated PAN NFs. The biomineralized
PAN NFs showed promising bioactivity as reflected in the cell biology tests with fibroblast and keratinocyte cells.
Hs68 fibroblasts and HaCat keratinocytes were found to be more viable in the presence of the biomineralized NFs
than when they were co-cultured with the neat PAN NFs. Such mechanical and biological characteristics of the
biomineralized PAN NFs are favorable for wound dressing applications.

1. Introduction

Wound dressings are an important sector of the medical and phar-
maceutical wound care market worldwide. The global market of these
products is expected to reach $20.4 billion by 2021 from $17.0 billion
in 2016, due to ascending of the aging population and related increase
of the incidence of chronic diseases such as diabetes [1].

Wound dressings must protect the wound, remove exudate, inhibit
exogenous microorganism invasion and improve wound appearance
[2]. An ideal dressing creates an optimal healing environment wherein
healing progresses at an acceptable rate with respect to recovery of the
wound appearance. Among the different categories of wound dressing
materials, electrospun nanofibers (NFs) can provide wound dressing
scaffolds suitable to promote cell attachment and proliferation. At the
same time, they offer anesthetic and antibiotic activity for pain relief
and healing, respectively [3].

In comparison to the golden benchmark for wound dressings i.e.

films, foams, fibrous and meshes, NF dressings are more porous thus
allowing more efficient oxygen and water permeability, nutrient ex-
change and removal of metabolic waste. In addition, their notably
higher surface area and biomimicry of the extracellular matrix favor
cell attachment, proliferation and differentiation during tissue re-
generation [4]. Meanwhile, nanoscale fibers, conferring the dressing
with small interstices and a high surface area can enhance hemostasis.
Not only does the small pore size of NF dressings protect the wound
against bacterial infection, but also can NF dressings provide excellent
conformability, thus offering a better coverage and protection of
wounds from infection [5].

While the majority of research on NFs for wound dressings has fo-
cused on the natural polymeric building blocks including collagen,
chitosan, etc., synthetic industrial NFs could offer distinct advantages
such as optimum physicochemical properties, low cost, easy processa-
bility, adaptability to industrial technologies, and scalability [6]. These
engineering aspects are of paramount importance considering the
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translation and the need for commercialization of such products.
In the literature, various NF wound dressings have been reported

based on synthetic polymers. In such systems, the polymer is either
blended with natural polymers or bio-derived compounds or is re-
inforced by incorporation of nanoparticles. Examples for the biohybrid
class include the NFs made of polyvinyl alcohol (PVA) blended with
chitosan [7] and with alginate and honey [8]. Ag nanoparticle in-
corporated polycaprolactone (PCL) NFs [9] are also an example of the
nanocomposite NFs proposed for wound dressing application. Despite
optimum structural properties, one main concern regarding the syn-
thetic polymers that can be suggested for NF wound dressings is the
lack of cellular interactivity and biocompatibility. Noteworthy, to ad-
dress the dynamic nature of wound healing, the wound care market is
transitioning from classic protective barriers to advanced, active wound
dressings, which interact with the wound by stimulating and managing
cell migration and the sequence of healing events. This bottleneck of
synthetic polymers can be addressed via biomineralization of their
surface to induce a bioactivity effect and biomimicry.

In nature, biomineralization is the process whereby living creatures
from prokaryotes to human induce the precipitation of minerals and
create multiplex inorganic structures. These structures are biohybrids,
composed of biologic (or organic) and inorganic compounds, in a given
ratio, depending on their formation medium [10]. Mimicking naturally
biomineralized systems, synthetic bionanohybrids are an emerging
class of nanostructured organic-inorganic materials. They are made of
biopolymers (e.g. proteins) and inorganic solids (e.g. minerals) with at
least one dimension on the nanometer scale [11]. The biocompatibility
of the biopolymer guarantees the applicability of such hybrid nanos-
tructures in the biomedical field. Also, the inorganic component adds
extra functionalities e.g. hydrophilicity, bioactivity, and optical, mag-
netic, etc. properties.

The multifunctionality of bionanohybrids is indeed a promising
research topic that exploits the advantage of the synergistic assembling
of biopolymers with an inorganic nanoscaled phase. Here, we devel-
oped a biomineralization process for polyacrylonitrile (PAN) NFs and
investigated the new hybrid structures with respect to structural
properties and biocompatibility when in contact with cells typically
found in the wound milieu. PAN is a synthetic thermoplastic polymer

with optimum solvent and chemical resistance, and high mechanical
properties [12]. PAN is commonly used to fabricate a plethora of pro-
ducts such as fibers for textiles, ultra-filtration membranes, etc. As fiber,
PAN is typically employed for production of high- quality carbon fibers
[13].

2. Materials and methods

2.1. Materials

PAN, with the molar mass of 200,000 g·mol−1, was purchased from
Dolan GmbH (Germany). The solvent N,N-dimethylformamide (DMF)
and NaOH were obtained from Merck (Germany). Bovine Serum
Albumin (BSA) (dried powder) with the molecular weight of 66,430
(A2153, dried powder, CAS No.9048-46-8) and Phosphate Buffered
Saline (PBS) were purchased from Sigma-Aldrich Co. All the materials
were used as received.

2.2. Sample preparation and modification

The PAN NF mats were produced via the electrospinning method.
Briefly, a prepared PAN solution (8 wt% (w/w) in DMF) was fed with a
constant rate of 0.8 ml·h−1 into a needle by using a syringe pump
(Harvard Apparatus, USA). By applying a given voltage of 15 kV
(Heinzinger Electronic GmbH, Germany), PAN was electrospun on an
aluminum foil, located at a distance of 25 cm from the needle. The PAN
NFs were collected after 8 h continuous electrospinning at ambient
temperature and ambient relative humidity of 70–75% and dried at a
temperature of 100 °C by a vacuum oven overnight to exclude any re-
sidual solvent.

In the next step, the PAN NFs were hydrolyzed in a NaOH aqueous
solution (1 N) for 2 h at 60 °C. Such a chemical post treatment was
aimed to functionalize the NFs by replacing their nitrile groups with
hydroxyl and carboxyl ones [14]. To raise biocompatibility of the hy-
drolyzed NFs, they were biofunctionalized. The induced –COOH groups
on PAN will readily enable formation of ionic and covalent bonds with
amine groups of protein ligands [15]. In order to biofunctionalize the
NFs, the hydrolyzed NFs were immersed in a BSA/PBS solution

Fig. 1. The sequences of chemical treatment, biofunctionalization and eventually biomineralization of PAN NFs.
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(5 mg·ml−1) and heated for 5 h at 50 °C. The as-treated NFs were left as
immersed in the BSA solution overnight, then washed with PBS three
times and air dried.

For the sake of biomineralization, the biofunctionalized NFs were
immersed in simulated body fluid (SBF) (10 ml) prepared according to
the standard procedure described by Kokubo et al. [16], and placed in a
shaking incubator (Heidolph Unimax10-10, Germany) at 37 °C for
2 days. Subsequently, the NFs were thoroughly washed by deionized
water and air dried at room temperature. Fig. 1 schematically illustrates
the procedure of chemical treatment, biofunctionalization and even-
tually biomineralization of the PAN NFs (hereafter called as c-PAN, b-
PAN, and bm-PAN, respectively).

2.3. Characterizations of structural properties

The morphology of PAN NFs as neat and biomineralized was char-
acterized by scanning electron microscopy (SEM) (LEO 1550VP Gemini
from Carl ZEIS, Germany). The exudate uptake capacity of the NF mats
as neat, functionalized and biomineralized was calculated based on
their weight gain at specific time intervals, when immersed in an
exudate mimicking solution. For this purpose, a solution simulating
wound exudate was prepared by adding 0.368 g calcium chloride
(Sigma Aldrich, USA) and 8.298 g sodium chloride (Sigma Aldrich,
USA) to water (1 l), following a standard protocol [17]. The solution
was vigorously stirred for homogenizing. Thereafter, the NF samples
were immersed in the solution at 37 °C and weighed after 1, 3, and 7 h
to determine their exudate uptake ability through the following Eq. (1):

=
−

×W W W
W

100g
t 0

0 (1)

where Wg, W0, and Wt are weight gain (uptake capacity), primary and
momentary weight of the NF samples before and after immersion in the
solution.

The tensile properties of the NF samples (1 cm × 2 cm × 0.1 cm)
were tested by a uniaxial tensile tester (Bose ElectroForce 5500, TA
instruments, Delaware, USA). At least 5 samples of each group were
tested. To calculate the porosity, 3 cuboid NF samples of each category
of the PAN NFs with given dimensions (thus volume) were weighed
using an electronic balance (precision of 0.1 mg). The apparent density
(ρ0) of the samples was determined from the obtained mass and volume.
The porosity (ε) was then quantified via the following Eq. (2) [18]:

=
−

×ε
ρ ρ
ρ

( )
100%0

0 (2)

where ρ is the bulk density of PAN (1.184 g/cm3 [19]).
Porosity of the bm-PAN NF mats was also determined by the ImageJ

software to compare with that obtained through the Eq. (2).
Surface chemistry of the PAN NFs was determined by ATR-FTIR

(ALPHA (ATR-Ge, ATR-Di) from BRUKER Optik GmbH, Ettlingen,
Germany). Structural analysis of the biomineralized PAN NFs was
carried out at room temperature using an X-ray diffractometer (Miniflex
600, Rigaku, Japan) with Cu-Kα radiation (= 0.15418 nm).

2.4. Characterizations of biological properties

Fibroblast viability was evaluated through the WST-1 assay. Hs68
cells (ATCC, Manassas, VA) were cultured in DMEM (ThermoFisher
Scientific, MA) supplemented with 10% fetal bovine serum and 1%
streptomycin/penicillin. The cell suspension was placed in the cell
culture incubator (95% relative humidity, 5% CO2 and 37 °C). After
trypsinization, Hs68 cells were re-suspended in DMEM, counted, and
seeded at a density of 20,000 cells·cm−2 in the 24-well tissue culture
polystyrene (TCPS) plates whose several wells were partly occupied by
the PAN NFs. Thereafter, 1 ml medium was added to each well. It is
worthy to note that the PAN and c-PAN NFs had been previously ster-
ilized by soaking into alcohol for 30 min and then drying in a laminar

flow hood while being UV irradiated for 1 h. The UV sterilization
method is commonly used for disinfection of polymeric nanofibers and
as reported in the literature, it minimally damages the nanofiber mor-
phology, mechanical properties, and water contact angle [20]. The as-
sterilized c-PAN NFs were subsequently biofunctionalized and biomi-
neralized carefully to avoid contamination. After 4 days of incubation,
the number of live cells adjacent to the samples was quantified through
the WST-1 assay (Roche Applied Science, Mannheim, Germany). The
absorbance value was read at 436 nm by a UV–visible absorbance mi-
croplate reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale,
CA).

Keratinocyte viability was determined through the Alamar Blue
assay (Invitrogen, Carlsbad, CA). In this regard, the above procedure
was repeated for HaCaT cells (ATCC, Manassas, VA). This time, the cell
number was quantified through the Alamar Blue assay. The reduction of
Alamar Blue was assessed by fluorescence spectroscopy at a fluores-
cence excitation wavelength of 560 nm and an emission of 590 nm.

The morphological characteristics of Hs68 cells adjacent to the PAN
NFs were determined by immunostaining. The cells were seeded on the
NF samples at a density of 20,000 cells·cm−2 and cultured in DMEM
supplemented with 10% fetal bovine serum and 1% streptomycin/pe-
nicillin for 4 days. The cells were subsequently fixed with a 4% paraf-
ormaldehyde (PFA) solution and permeabilized by a 1% Triton X-100
solution. Immunostaining of the cells was conducted sequentially with
rhodamine–phalloidin (RP, red) and DAPI to visualize the F-actin ar-
rangement and cell nuclei, respectively. The fluorescent images of the
stained cells were taken by a fluorescence microscope (Leica DFC360
FX).

2.5. Statistical analysis

One-way analysis of variance (ANOVA) was employed for statistical
analysis of the obtained biological data. In this regard, the p-values
smaller than 0.05 represented a significant difference between the
compared data.

3. Results and discussion

The morphology of the neat (SBF treated) and biomineralized PAN
NFs is demonstrated in Fig. 2a–c. While the neat PAN NFs are unable to
form biominerals, the b-PAN NFs are uniformly covered by a biomineral
shell. As seen in Fig. 2c, the biomineral domains spread across the NFs
uniformly, implying successful biomineralization of the NFs induced by
proper biofunctionalization and homogenous distribution of the protein
ligands within the nanostructure. The nanofibers are seen to be beadless
and their average diameter was measured to be 316 ± 55 nm (mea-
sured by the ImageJ software and based on 70 randomly selected na-
nofibers' diameter). The diameter does not grow significantly and is
measured to be 342 ± 69 nm after biomineralization. Fig. 2d shows
the diameter histogram for the two groups of NFs.

To identify the structural and elemental characteristics of the bio-
mineral shell formed on the surface of the PAN NFs, XRD and EDX were
employed as two standard related characterization techniques. The
XRD pattern of the biomineralized PAN NFs is shown in Fig. 3a. The
broad low intensity peak appearing at 2θ = 17.8° in the inset image,
implying a low order of crystallinity, is attributed to the (100) crys-
talline planes of PAN [21–24]. This peak can be also seen in the main
spectrum for bm-PAN NFs with a negligible intensity compared to that
of the new sharp peaks that appear after biomineralization. The peaks
emerging at 2θ = 16.5 and 25° are attributed to the crystalline plane of
(101) and (002), respectively, for hydroxyapatite (HA) [25,26]. Such
sharp, intense peaks confirm the existence of a large extent of HA
crystallites [27].

The HA shell was also characterized via EDX. Based on EDX ana-
lysis, Fig. 3b, a Ca/P ratio of ~1.51 can be recorded that implies that a
calcium deficient HA (CDHA) has formed on the surface of the NFs
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[28]. In a similar study, formation of CDHA on biomineralized poly(L-
lactic acid)/gelatin NFs has also been reported [29]. Compared to the
stoichiometric HA, calcium-deficient HA (Ca10−x (PO4)6−x(HPO4)x
(OH)2−x, 0 ≤ x ≤ 1) is of higher biological importance due to its close
resemblance to biological HA (seen in bone, e.g.) with the Ca/P ratio of
1.5 [30,31].

The formation process of HA crystals is driven by SBF's neutral pH
and thereby the corresponding BSA conformation. At this particular pH
condition, the protein is unfolded and Ca2+ and PO4

3− ions coexist.
Under the isoelectric point of BSA, i.e. 4.7 [32,33], the protein is in its
folded state, i.e. “α-helix” whose tryptophan and cysteine residue
groups that enable interaction with Ca2+, are mostly hidden within the
protein structure and not exposed [34,35]. Also, the peptide groups
form strong hydrogen bonds between each other, that render the amine
groups unexposed. When the pH rises to neutral, BSA undergoes a
conformational change and is unfolded as β-sheet with exposed active
groups on the surface. Accordingly, BSA's carboxyl and phosphorous
groups acquire highly negative dipoles chelating the free Ca2+ cations
in the SBF [36]. On the other hand, the PO4

3− ions bond with the
protein-reduced calcium, thereby generating the calcium phosphate
compound [25].

The different steps of functionalization of the PAN NFs including
chemical functionalization (hydrolysis), biofunctionalization and bio-
mineralization, can be tracked in detail through ATR-FTIR, Fig. 3c.

Comparing the graphs related to PAN and c-PAN, it is evident that
the intensity of the characteristic peaks at 2243 cm−1 (CN stretching)
declines for c-PAN, while that of the peak at 1355 cm−1 (OH bending)
and 1680 cm−1 (C]O stretching) rises [37]. On the other hand, the
new peaks at 625 cm−1 (OH) [38] and 1566 cm−1 (amide) emerge.
Such changes imply that the nitrile group of PAN is replaced with
carboxyl group through the hydrolysis process [39].

The IR graph of b-PAN also shows some alterations when compared
with that of c-PAN. The most notable one is the emergence of the amide

peaks typical to the protein compounds at 1535 (amide II; δN-H) and
1641 cm−1 (amide I; vC]O) [40] and the disappearance of the peak at
1680 cm−1 (C]O stretching) as well as the intensity decline of CN
group's peak at 2243 cm−1 and 1355 cm−1 (OH bending). All these
changes imply the successful biofunctionalization of the PAN NFs.

When the IR graph of b-PAN and bm-PAN NFs is carefully mon-
itored, it is seen that the characteristic peak of the CN group further
declines, the amid bond peak shifts (from 1641 to 1647 cm−1) and a
new peak emerges at 2375 cm−1 indicating CO2 adsorbed from the
atmosphere [41]. Such alterations could be correlated to the formation
of biominerals and the interaction (bonding) between Ca2+ and the
protein or PAN's functional groups [25]. While the absorption peak at
1641 cm−1 is associated with the α-helix structure of the protein, a new
shoulder peak appears at 1626 cm−1 that represents BSA β-sheet
structure [40] and enables biomineralization, as explained before.
Normally, dehydration switches back the structure of the protein to its
folded one, unless the secondary structure is frozen by interaction and
bonding with other elements. This situation is seen in this study and the
beta sheet structure partially remains permanently, as indicated in the
low intensity shoulder peak.

Thanks to their desirable bioactivity and biocompatibility, bioma-
cromolecules are well-known as modulators of nucleation and growth
of biominerals and further for formation of biomineral–polymer com-
posite biomaterials [25]. The BSA protein used in this study is a com-
mercial, inexpensive biomacromolecule, derived from cow blood, a
widely available byproduct of the cattle industry, thus holding promise
for large scale production and application. Exposure (immersion) of
BSA to SBF i.e. a metastable solution with inorganic ion concentrations
almost equal to those in human blood plasma [16] can potentially lead
to formation of hydroxyapatite. This phenomenon has been previously
reported for silk sericin, for instance [40].

HA nucleation is triggered by the surface functional groups such as
carboxyl which are abundant thanks to hydrolysis and

Fig. 2. SEM images imply the morphology of the neat (SBF treated) (a) and biomineralized PAN NFs at two different magnifications (b & c) (the scale bars represent
1 μm (a and b) and 200 nm (c)) (note the uniform biomineral shell formed on the NFs). d) NF diameter histogram for the neat and biomineralized PAN NFs.
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biofunctionalization of the NFs. The latter factor, particularly after
conformation change of BSA to β-sheet structure, induces the surface
functionality of the NFs and affects the arrangement of carboxyl groups.
Possessing a β-sheet structure, protein's functional groups in the side
chains are trans-arranged top and bottom of the sheet, thereby facil-
itating HA nucleation [40].

The mentioned functional groups formed through the different
functionalization strategies adopted by us could potentially optimize
the mechanical properties of the NFs. The inter- and intra-molecular
secondary bonding including hydrogen bonding taking place between
the functional groups challenges molecular mobility and even move-
ment of NFs relative to each other when subjected to mechanical

stresses.
Fig. 4a shows that the elastic modulus of the PAN NFs significantly

rises after chemical treatment and biofunctionalization. Especially, the
latter approach due to the existence of protein domains between NFs
that act as cross-linkers confers the NFs with a notable improvement in
stiffness. Such a behavior has been previously reported for a poly(ac-
rylonitrile-co-glycidyl methacrylate) (PANGMA) NF membrane bio-
functionalized by BSA [35]. In fact, nanometer protein wires inter-
connect the NFs, thereby increasing the netting points of the web and
interfiber bondings, leading to a higher mechanical stability [42,43]. As
mentioned earlier, this effect is stressed when the PAN molecules are
cross linked within the NFs after functionalization. Thus,

Fig. 3. Chemical analysis of the biomineralized PAN NFs via XRD (a), EDX (b) (Na and Mg originate from SBF. The inset images show distribution of Ca and P
elements across the bm-PAN NF mat; the scale bars represent 100 μm), and ATR-FTIR (c). In the latter analysis, a comparison of the spectra for the biomineralized
NFs versus those for the neat and functionalized ones confirms successful biofunctionalization and biomineralization of the PAN NFs (the emerging shoulder peak,
marked by a circle, represents the remaining β-sheet structure frozen after biomineralization).
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synergistically, inter/intrafiber bondings lead to a notably higher
elastic modulus as 69% (c-PAN), 173% (b-PAN), and 39% (bm-PAN)
increase, compared to that of the neat PAN NFs. The reason for the less
significant increase of elastic modulus for the biomineralized NFs could
be occupation of many functional groups with apatite nuclei and thus
the lower contribution of such functional groups to the cross-linking
process.

An optimum dressing material should be pliable, elastic and me-
chanically strong to inhibit additional destruction of the wounded
tissue [44,45]. The mechanical properties of wound dressing material
also affects cellular activities, owing to high dependency of the cell-
matter interplays to the applied shear stresses and mechanical signaling
channels that control the migration, proliferation and differentiation of
cells [46]. The mechanical characteristics of a wound dressing must
match those of the underlying skin tissue to provide analogous bio-
mechanical signals [47]. According to the literature [48], the tensile
elastic modulus of human skin ranges from 0.1 to 10 MPa. The elastic
modulus of bm-PAN NF dressing is 8.55 ± 2.5 MPa, that optimally lies
in this range.

Porosity of the NF mats can largely depend on the extent of bio-
functional agents incorporated and the biominerals formed. While ac-
cording to idealistic calculations done via Eq. (2) and demonstrated in
Fig. 4b, the porosity of the PAN NF mat does not decline drastically
after hydrolysis and biofunctionalization and remains almost in the
same range of 80–85%, it drops down to 63% after biomineralization.
However, the actual porosity values of the biofunctionalized and bio-
mineralized NF mats could be lower than those reported here, if we
consider the mass fraction of the protein and biomineral, according to
the following Eq. (3) [49], and apply the obtained average density in
Eq. (2):

= +
+

+
ρ

φ
ρ

φ
ρ

1 PAN

PAN

BSA or BSA Biomineral

BSA or BSA Biomineral (3)

Given the difficult determination of such quantities in practice, the
reported values for both groups of biofunctionalized and biominer-
alized NFs could be quasi larger than the real values. To validate such a
postulate, SEM images of the bm-PAN NF mats were analyzed in terms
of porosity by using the ImageJ software. The selected images either
indicated presence of the biomineral aggregates (a common observation
in the biomineralized nanofiber structures, as will be discussed later) or
were free of aggregates. While the porosity measured for the first type
of the NF mats was 63–65.5%, the aggregate-free mat showed a large
porosity of up to 90%. To be realistic and taking into account the
presence of the biomineral aggregates, the lower porosity should be
reported, which is surprisingly quite close to the value determined
through Eq. (2). However, the porosity calculated by the SEM image
analysis is hardly reliable, due to the fact that the selected image shows
solely a partial 2D anisotropic surface and cannot accurately represent
the 3D porous structure of the entire sample.

The discrepancy between theoretical and practical porosity values is
clearly reflected in the exudate uptake capacity of the NF mats. Fig. 4c
shows that the highest uptake capacity belongs to the PAN NF mat. In
this regard, c-PAN stands in the second place, followed by b-PAN and
bm-PAN NF mats.

There is a significant difference in the exudate uptake capacity of
the PAN NFs which are surface decorated with protein and biominerals
with that of neat or even hydrolyzed PAN NFs. Given the notably high
hydrophilicity of all PAN NFs (data not shown here), such a decline in
the exudate uptake capacity is mainly associated with the growth of the
NFs' diameter due to coating of their surface with protein and bio-
mineral phases. Fig. 5a shows the biomineral shell formed on the

Fig. 4. Structural characteristics of the PAN NFs after hydrolysis (c-PAN), biofunctionalization (b-PAN), and biomineralization (bm-PAN), including elastic modulus
(a), porosity (b), and exudate uptake capacity (c).

Fig. 5. SEM images show a) the morphology of the bm-PAN NFs as core-shell nanostructures. Here, the uniform distribution of the tiny biominerals across the
nanofibers and formation of a shell made of a biomineral phase covering the NFs, marked with arrows, are evident. b) Aggregation of biominerals in some regions can
potentially lower the porosity of the NF mat, thereby reducing the exudate uptake capacity (the scale bars represent 1 μm (a) and 10 μm (b)).
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surface of the NFs and explicitly implies their diameter expansion. As a
result, the pores become smaller in size and porosity drops, leading to a
lower exudate uptake capacity. Such a behavior is supplemented by the
presence of some dense areas made from biomineral aggregates, that
clog the pores. This fact is clearly demonstrated in SEM images, Fig. 5b.
The apatite crystals first form on the surface of the NFs, then grow and
fill the gap between the fibers. A similar behavior has been reported for
k-carrageenan/polyhydroxybutyrate (PHB) NFs after immersion in SBF
[50]. This process continues until large micro-sized apatite zones
emerge on the NF mats. Formation of the micro-sized biomineral ag-
gregates across nanofibrous mats immersed in SBF for various incuba-
tion times has been commonly reported in various relevant researches
[27,29,50,51].

The as-developed biomineralized nanofibrous mat comprises nano-
fiber building blocks with two distinct components of PAN core and
CDHA shell. While the biocompatibility of the biomineral phase is
widely known in the literature [52–55], the polymer core's effect and in
general the synergistic behavior of core-shell materials should be in-
vestigated in terms of cell activity and viability. As mentioned earlier,
PAN is a rarely studied material for biomedical applications, despite its
various merits for industrialization and large scale production.

The morphology and cytoskeletal structure of Hs68 cells adhered on
the PAN NFs were imaged by a fluorescence microscope, Fig. 6a–d.
According to these images, a larger number of fibroblast cells adheres
on the neat and biofunctionalized PAN NF scaffolds than on the bio-
mineralized one. The c-PAN NFs are hydroxylated and thus negatively
charged. Considering the same charge for cells, it is plausible that the
cells are repelled from these nanofibers [18,56]. Later, upon bio-
functionalization, the presence of BSA on the nanofiber surface enables
protein-protein interaction and further adhesion of serum proteins, that
induces cell adhesion. Moreover, the surface charge shifts to positive
thanks to the abundant presence of amine functional groups of the
protein component. This charge transition leads to large attraction of
the negatively charged cells [57]. Similarly, Kim et al. [57] have ver-
ified that a positively charged PCL nanomatrix facilitates adhesion of
NIH 3T3 fibroblast cells in comparison with its negatively charged
counterpart.

As reported by Keselowsky et al. [58], as one of the major binding
sites for adhesion-mediating proteins of the cells surface receptors, fi-
bronectin adsorbs preferably on the surfaces functionalized with
NH3

+ > CH3 > COO− > OH. As a result, aminated or carboxylated
surfaces show a different behavior in terms of biomolecule adsorption,

and thereby tune cell adhesion at different levels [59].
Living cells are also sensitive to the surrounding nanoscale topo-

graphy and respond accordingly in terms of adhesion and shape [60].
Accordingly, a series of environmental factors such as nanotopography,
electrostatic attraction/repulsion, and serum protein absorption mod-
ulate cell morphology and adhesion. In the case of the bm-PAN NFs, all
the mentioned factors play a role. While the presence of protein endows
the nanofibers with a positively charged surface, as seen also for the b-
PAN NFs, the calcium phosphate phase is mainly hydroxylated [61] and
hides the protein ligands. Thus, a partially negatively charged surface is
created that could be slightly repulsive to the cells. On the other hand,
formation of the film shaped biomineral aggregate on the surface of the
bm-PAN NF mat, even insignificantly, can harm the ECM biomimicry of
the NF structure, thus renders it less attractive for cell adhesion.

The morphology of the Hs68 cells seeded onto the PAN NFs was also
monitored by SEM after 4 days co-culture. As shown in Fig. 6e–h, the
extent of cell coverage for the b-PAN and bm-PAN NFs was higher than
that on the neat and c-PAN NFs. The cells exhibited spindle shape and
they were shown to stretch across the nanofibrous mats. With respect to
the shape of the adhered cells, again the surface charge is decisive. As
seen in Fig. 6e–h, the cells take an elongated shape on the negatively
charged NFs including c-PAN and bm-PAN, while they are circular and
widely spread on the positively charged NFs, i.e. b-PAN NFs. This ob-
servation has also been reported by Kim et al. [57]. As schematically
shown in Fig. 7a, thanks to the negative charge of the cell membrane,
imposing either attractive or repulsive electrostatic interaction with the
NF mats with different surface charges, the cells adhere to the surfaces
distinctly.

Two main cells involved in the wound healing process are fibro-
blasts and keratinocytes. The fibroblasts present in the wound area and
those derived from blood proliferate and migrate, thereby creating
wound granulation tissue and a new ECM. Within the course of wound
healing, particularly in the mid and late stages, the interplay of fibro-
blasts with keratinocytes governs the cellular interactions and transi-
tion or upgrade the microenvironment from its inflammatory state to a
granulation tissue [62]. Keratinocytes in fact stimulate fibroblasts to
synthesize and secrete cytokines and growth factors including kerati-
nocyte growth factor (KGF)/fibroblast growth factor-7 (FGF7), IL-6,
and GM-CSF, that play a key role in the wound healing process [62].

In our study, we investigated the viability of such important cells in
proximity of the biomineralized PAN NFs. Figs. 7b & c show the via-
bility level of the Hs68 (fibroblast) and HaCaT (keratinocyte) cells co-

Fig. 6. Merged fluorescent (cellular F-actin (red) and nuclei (blue)) images of Hs68 cells seeded on the PAN NFs as: a) neat, b) hydrolyzed, c) biofunctionalized, and
d) biomineralized. SEM images of the Hs68 cells cultured on the PAN NFs as: e) neat, f) hydrolyzed, g) biofunctionalized, and h) biomineralized (the scale bars
represent 10 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cultured with the PAN NFs with different functionality, respectively.
After 4 days co-culturing, it is evident that the bm-PAN NFs show a
significantly higher cell viability (p < 0.05) compared to the neat PAN
NFs. In the case of the HaCaT cells as well, such a significant im-
provement in cell viability (even after 1 day) is observed when com-
paring bm-PAN NFs with b-PAN and c-PAN NFs.

The ECM comprises an amorphous complex of proteins (collagen,
mainly) and polysaccharides, whose interplay leads to establishment of
an interconnected nano- or micro-fibrous network. Additionally, the
protein fibrilar structure provides a plethora of cell adhesive peptide
moieties facilitating cell anchorage [63]. The NF dressing material we
synthesized is aimed to mimic the ECM and thereby provoke the cells
activity. In terms of structural features, the protein (collagen) fibrils in
the natural ECM are as thin as 30–300 nm in diameter [64]. Interest-
ingly, the PAN NFs synthesized in our study are in a similar size range
and show an anisotropic arrangement and thus they are able to bio-
mimic the ECM structure and thereby to enable cellular activities.

Despite the fact that the nanofibrous meshes resemble the natural
ECM in terms of topography, they need to be equipped with biochem-
ical cues. This prerequisite is met either inherently due to their com-
position or via biofunctionalization and biomineralization, to induce
cellular responses such as adhesion, proliferation, migration, and dif-
ferentiation. Therefore, a combination of ECM mimicking topography
and cell adhesive proteins such as collagen, fibronectin, and laminin
can ideally support cell adhesion and proliferation. In contrast to the
mentioned proteins, BSA is a non-adhesive protein that is unable to
support cell adhesion. However, it can adsorb adhesive proteins such as
fibronectin (even at low level) and stimulate cell adhesion and pro-
liferation [65,66]. The adsorbed fibronectin subsequently binds to a
certain integrin receptor of cell, α5β1, through its RGD sequence [66].
As reported in the literature [67], the cell adhesion mediated by in-
tegrin receptors optimizes cell viability and raises cell proliferation.

This behavior was also observed in our study, and the fibroblast cells
showed an increased viability in adjacent to the biofunctionalized NFs.

The association of biomineralization of biomaterials (in SBF or after
implantation in animal models) to their bioactivity has been widely
reported in the literature [68–70]. In this study, the as-formed biomi-
neralized NFs are able to release calcium cations into the cell culture
medium, thereby promoting cell proliferation. Positive impact of Ca2+

ions on proliferation of hMSCs has been reported by Barradas et al.
[71], as well. Ca2+ is involved in diverse cellular functions, yet its
contribution to such activities has remained elusive [71]. One relevant
assumption is that cells sense the extracellular Ca2+ through their re-
ceptors and respond accordingly, as reflected in their higher activity,
gene expression and proliferation [72].

4. Conclusions

Synthetic polymers that can easily be processed through industrial
production technologies are promising for development of temporary
wound dressings. However, they need to be upgraded with respect to
biocompatibility and bioactivity. As mentioned earlier, PAN is a rarely
studied material for biomedical applications, despite its various merits
for industrialization and large scale production. In this study, we syn-
thesized PAN NF mats that biomimic the natural ECM topographically.
Additionally, they were biofunctionalized and then biomineralized to
enhance their cell responsiveness. The BSA protein used in this study
for the sake of biofunctionalization was a commercial, inexpensive
biomacromolecule. The biomineralized PAN NFs stimulated cellular
activities and showed improved mechanical properties. Accordingly, a
combination of cost-effective and straightforward processing and
functionalization as well as optimum biological and mechanical char-
acteristics hold great promise for further study and development of the
system investigated here.

Fig. 7. a) Schematic illustration of the cell adhesion mechanism on NF mats with different surface charges (re-drawn based on a relevant schematic in [57]), b) Hs68
cell viability after 4 days co-culture with PAN NFs with different functionalities, determined via the WST-1 test, c) HaCaT cell viability after 1 and 4 days co-culture
with PAN NFs with different functionalities, determined via the Alamar Blue test (the data represent means ± SD (n = 3), *: p < 0.05). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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