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Biomimetic biohybrid nanofibers containing bovine serum albumin as a
bioactive moiety for wound dressing
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ARTICLE INFO ABSTRACT

Keywords: For the first time, a biohybrid nanofibrous wound dressing is developed via green electrospinning of a blend
Protein solution of bovine serum albumin (BSA) (1 and 3 wt%) and polycaprolactone (PCL). In such a system, the
Polycaprolactone components are miscible and interact through hydrogen bonding between the carbonyl group of PCL and the
Bwhybrld. . amine group of BSA, as verified by ATR-FTIR. As a result, the biohybrid nanofibers show a superior elastic
Electrospinning

modulus and elongation (300% and 58%, respectively) compared with the neat PCL nanofibers. The included
protein induces a hydrophilicity effect to the PCL nanofibers, notably at the higher BSA content (3 wt%). In
contrast to the neat nanofibers, the biohybrid ones are bioactive and encourage formation of biominerals (made
of amorphous calcium carbonate) on the surface, after immersion in simulated body fluid (SBF). Based on the
WST-8 cell viability tests, NIH3T3 fibroblast cells were seen to properly interact with the biohybrid mats and to
proliferate in their proximity. SEM images show that the cells largely adhere onto such nanofibers even more
than they do on the neat ones and adopt a flattened and stretched shape. In addition, the live/dead assay and
phalloidin/DAPI staining assay confirm large cell viability and normal cell morphology on the biohybrid
nanofiber mats after 4 days incubation. Taken together, BSA/PCL nanofibers are able to offer optimum me-
chanical properties (elasticity) as well as mineralization which can potentially stimulate the wound healing

Wound dressing

process, and can be considered a suitable candidate for wound dressing applications.

1. Introduction

Biomimicry or biomimetics is related to the nature-inspired devel-
opment of new artificial systems. This goal is mainly achieved through
simulating the microstructure-induced macrofunction of biomaterials
[1]. Such an inspiration has been largely taken into account by re-
searchers in the field of biomedical engineering for construction of tissue
engineering scaffolds, wound dressings, etc. [2,3]. Extracellular matrix
(ECM), i.e. the acellular constituent of tissues, functions as a scaffold
that holds the cells physically and enables them to actively proliferate,
migrate, and differentiate [4]. ECM comprises an amorphous complex of
proteins (collagen, mainly) and polysaccharides, whose interplay leads
to the establishment of an interconnected nano- or micro-fibrous
network [5]. Additionally, the protein fibrillar structure provides a
plethora of cell adhesive peptide moieties facilitating cell anchorage [6].
Imitating such a biological structure, synthetic and nature-derived
nanofibrous materials have found large applicability with respect to
tissue regenerating scaffolds and wound healing stimulating materials

[7-9]. Nanofibrous meshes comprising many intersecting nanofibers as
small as a few microns to a few hundred nanometers can provide a large
exposed surface area and nanoporosity, thereby facilitating interaction
with the cells available in the damaged tissue or the wound bed through
an ECM mimicking structure [10].

While the nature-derived polymers are typically bioactive and drive
cell-matter interactions, synthetic polymers suffer from poor biocom-
patibility unless are hybridized with biologically active components
[11]. In addition to biomimetics, biointegration, i.e. incorporation of
natural organic materials into synthetic materials, has also advanced in
the past few decades and is emerging as an important concept in
biomedical materials technology [1]. This field deals with integration of
bioactive components including proteins and living cells into synthetic
materials [1], in order to further simulate the biological materials’
biochemistry. While a nanofibrous architecture biomimics the ECM in
terms of topography and nanostructure, the presence of biologically
recognizable additives provides the cells with the required biochemical
cues. This feature promotes biocompatibility and bioactivity of the
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scaffold, which should accelerate regeneration of the lost tissue.

Applying the principles of biomimetics and biointegration, here, we
devise a state of the art nanofibrous wound dressing that enjoys a
biodegradable biohybrid formulation. Biodegradable polymers have
drawn large interest for biomedical applications and specifically for the
construction of nanofibrous wound dressings. These polymers are
derived from a natural origin such as polysaccharides and cellulose
[12-15] or are synthetic, e.g. polyesters, polyanhydrides, poly-
phosphazenes, polyurethane, and poly (glycerol sebacate) [16,17].
Among the synthetic biodegradable polymers, polycaprolactone (PCL) is
a popular inexpensive, bioresorbable and biocompatible polymer that
has been widely researched as a wound dressing material since the
1970s [18]. As a result, different wound dressings made of PCL as ul-
trathin films (treated with NaOH and fibrin [19] or blended with chi-
tosan and reinforced by clay and curcumin [20]), 3D printed patches
based on PCL filaments [21], and 3D printed meshes (containing tri-
calcium phosphate) [22] have been developed. PCL has been also
copolymerized with polyethylene glycol (PEG) and aniline trimer to
result in robust, electroactive polyurethane-urea film wound dressings
[23]. Extensive in vitro and in vivo testing has confirmed the promising
applicability of this polymer for biomedical applications, leading to FDA
approval for a variety of medical and drug delivery systems made
thereof [24]. Recently, PCL nanofibers have been employed in produc-
tion of tissue engineering scaffolds [25-28] and wound dressings
[29,30]. Despite favorable characteristics of PCL for biomedical appli-
cations, its hydrophobicity [31], lack of cellular recognition sites, poor
bioactivity as well as relatively low mechanical strength and elongation
[32] are important bottlenecks hindering further use of this interesting
polymer in biomedicine. Accordingly, addressing such shortcomings has
been targeted in many relevant researches. For instance, blending of PCL
with hydrophilic biopolymers has been proved efficient in enhancement
of cellular activity [33,34] and stretchability [35]. In addition, inclusion
of reinforcing inorganic nanofillers made of e.g. bioglass [36], calcium
phosphate [37], forsterite [38], silica nanoparticles [39], carbon nano-
tube [40], etc. has led to improvement of mechanical properties.

In the current study, we develop a new nanofibrous wound dressing
based on PCL nanofibers. To fulfil optimum bioactivity and desired
mechanical properties, we benefit from bovine serum albumin (BSA) as
a blending agent or filler. The BSA protein is a commercial, inexpensive
biomacromolecule, derived from cow blood, a widely available
byproduct of the cattle industry. The combination of PCL and BSA
protein is proposed to enhance physicochemical properties as well as
bioactivity of the nanofibrous wound dressing made thereof. Imple-
menting the advanced concepts of biomimetics and biointegration, the
as-developed system will show various merits for new generation of
nanostructured wound dressing materials. The biohybrid nanofibers are
produced through electrospinning and based on using benign solvents
such as formic acid and acetic acid. This eco-friendly, simple, scalable
production method coupled with the inexpensive materials employed in
our approach notably raises the chance of large-scale production and
industrialization of the resulting product.

2. Materials and methods
2.1. Materials

PCL with the molecular weight (M,) of 80 kDa (440744, CAS No.
24980-41-4) and BSA with the molecular weight of 66,430 (A2153,
dried powder, CAS No0.9048-46-8) were purchased from Sigma Aldrich
(Munich, Germany). Acetic acid (AA) and formic acid (FA) were ob-

tained from VWR (Darmstadt, Germany). All the materials were used as
received.

2.2. Sample preparation

The BSA/PCL nanofibers were produced via electrospinning of PCL
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and BSA/PCL solutions. A PCL solution (11 wt% in AA/FA (1:1 (v/v)))
was used for preparation of the electrospun PCL nanofibers. To syn-
thesize the BSA/PCL nanofibers, BSA (1 and 3 wt% of the PCL amount)
was co-dissolved in the above-mentioned PCL/AA/FA solution and
stirred for a sufficiently long time. Eventually, the as-prepared solutions
were used for electrospinning and production of the respective nano-
fiber mats. For the purpose of electrospinning, a commercial electro-
spinning setup (IME Medical Electrospinning, Waalre, The Netherlands)
was employed. The setup was equipped to a climate-controlled chamber
(EC-CLI) and a gas shield accessory. The solution compositions and
electrospinning parameters for the different classes of nanofibers are
tabulated in Table 1.

2.3. Characterization of structural properties

2.3.1. Nanofiber morphology and diameter

Morphological characteristics of the nanofibers were determined via
SEM analysis (FE-SEM, Auriga, Carl-Zeiss, Jena, Germany). Before the
analysis, all the samples were sputter coated with gold. The ImageJ
software (NIH, Bethesda, MD, USA) was used to determine the average
diameter of 20 randomly selected nanofibers. The histogram graphs for
nanofiber diameters were drawn based on the 20 measured diameters by
the Origin software.

2.3.2. EDX analysis

The presence and distribution mode of BSA within the PCL nano-
fibers were tracked by using energy dispersive spectroscopy (EDS)
(Oxford Instruments, Abingdon, UK) under a 20 kV applied voltage.

2.3.3. Porosity and pore size measurement

To quantify the porosity of the nanofibrous mats, 3 circular pieces
were cut and their radius (area), thickness, and mass were precisely
determined by a vernier caliper, a digital micrometer (Deltascope®
MP2C from Fischer), and an electronic balance (with the resolution of
0.1 mg), respectively. The nanofibrous mats’ apparent density (p) was
calculated based on the measured mass and volume and was correlated
to the porosity of the mats through Eq. (1) [41]:

e=Po=P) 1009 @
Po

where ¢ is porosity and py is the average density of the main components
of the nanofibers, BSA and PCL, that can be calculated according to Eq.
(2) [41]:

1 _ ¢PCL+¢BSA

Po PecL Pssa

@

where ppcy and ppga are 1.135 [42] and 0.996 g/cm? [43], respectively.
¢pcr and ¢psa are mass fractions of the components. Porosity of the BSA/
PCL nanofiber mats was also determined by the ImageJ software to
compare with that obtained through Eq. (1).

Applying the nanofiber diameters, d (nm) and porosities, ¢ (-) into
Eq. (3), the mean pore radius () of the nanofibrous mats can be deter-
mined [44]:

7:@ " i la
ZIog(%)

2.3.4. Mechanical properties

A standard uniaxial tensile test machine (Instron, Darmstadt, Ger-
many) was employed to determine the mechanical properties of the
nanofiber mats. The nanofibrous scaffolds were cut by a surgical blade as
strips of 3 x 25 mm and fixed in paper frames. The testing parameters
were: an initial length of 25 mm, a 100 N cell load, and the elongation

3
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Table 1
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The conditions of solution preparation and electrospinning for the BSA/PCL nanofibers.

Composition  Solution Electrospinning
PCL conc. (wt ~ BSA conc. (wt  Stirring time Feed rate Collecting distance Voltage Temperature Time Relative humidity
%) %) () (ml/h) (cm) (kV) Q) (h) (%)

PCL 11 0 3 0.4 11 15 25 3 40

BSA/PCL 1 11 1 3 0.4 11 15 25 3 40

BSA/PCL 3 11 3 5 0.4 11 20 25 3 40

rate of 1 mm.min " for the elastic area, followed by that of 10 mm.min~?

in the plastic region. Young’s modulus (E), tensile strength, and elon-
gation were obtained from stress-strain curves. Averages values and
standard deviations (SDs) were determined after the test of at least three
specimens of each composition.

2.3.5. Hydrophilicity measurement

Hydrophilicity of the nanofiber mats was determined by a water
contact angle measurement instrument (DSA 30, Kriiss, Germany) and
after depositing a 3 pl water droplet on different locations of the
respective nanofiber mats.

2.3.6. Surface chemical analysis

The surface chemistry of the nanofibers was probed through Fourier
transform infrared attenuated total reflectance spectroscopy (IRAffinity-
1S, Shimadzu Corporation, Kyoto, Japan). In this regard, 40 spectral
scans were averaged throughout the spectral range of 4000-400 cm !
with the resolution of 4 cm™! at room temperature.

2.3.7. Phase composition and crystallinity analysis

The crystallinity and phase composition of the neat and biohybrid
nanofibers were characterized by X-ray diffraction (XRD) analysis using
a diffractometer (Miniflex 600 HR, Rigaku, Japan). Data were collected
over a 20 range from 20° to 40° with a step size of 0.02.

2.3.8. Wound exudate removal

Wound exudate absorption potential of the nanofibrous wound
dressings was determined via a water-uptake test and calculated using
Eq. (4):

W =W

x 100

Water uptake capacity (%) (€)]

0

where W) is the weight of the nanofiber mat in the dry state and W, is the
momentary weight of the nanofiber mat after immersion in phosphate-
buffered saline (PBS) at the room temperature for given time intervals
up to 24 h. The average value of water uptake capacity for three
nanofiber mats was reported.

2.3.9. Water vapor permeability

The water vapor permeability of the nanofibrous dressing was
measured according to ASTM E96 standard. To solely investigate the
effect of composition and exclude the error factor of large pore size, only
PCL and BSA/PCL (1 wt%) nanofiber mats were considered for this
measurement and compared. For this test, the nanofibrous mats were
fixed onto the mouth (with the area of 176 x 107 mz) of 5 ml storage
vials with screw caps. The vials were filled with 4 ml of distilled water
and the assembly was placed in a shaking incubator at 37 °C for 24 h. At
different intervals, the whole vial was weighed and the water vapor
transmission rate (WVTR) was calculated using Eq. (5) [45]:

AW
txXA

WVIR =

G)

where AW represents the change in the weight of water (g), A is the
permeation area (mz), and t is the time (duration) thereafter the weight
change is recorded. For this measurement, the average value of WVTR

for three nanofibrous mats was reported.

2.3.10. Degradation of the nanofibers

To evaluate the degradation level of the nanofibrous dressings, they
were submerged in individual bottles containing 10 ml of PBS (at pH
7.4). The bottles were placed in a shaking incubator for a time period of
up to 3 months at 37 °C. Afterwards, the nanofibrous dressings were
removed, washed thoroughly with deionized water, and eventually air
dried. The morphology of the degraded samples was recorded using
SEM.

2.4. Characterization of biological properties

2.4.1. Acellular bioactivity effect

The bioactivity of the BSA/PCL nanofiber mats was evaluated by
immersing them in SBF, prepared according to the protocol of Kokubo
et al. [46], for 3 days at 37 °C and under neutral pH and monitoring the
formation of biominerals on the surface via SEM, XRD and EDX.

2.4.2. Cell viability test

The nanofiber mats were cut as 1 x 1 cm? squares using a surgery
blade. Subsequently, the nanofiber samples were sterilized under UV for
atleast 1 h. The as-sterilized nanofiber samples were challenged in terms
of NIH 3T3 cell viability. For this purpose, the nanofiber mats were fixed
in the CELLCROWN 24 scaffold holders (Scaffdex Oy, Tampere, Finland)
and mounted into several wells of a 24-well plate. Each nanofiber mat
was seeded with 3 x 10° NIH 3T3 cells re-suspended in their standard
culture medium i.e. Dulbecco’s modified eagle medium (DMEM) con-
taining 10% fetal bovine serum (FBS) and 1% antibiotic (penicillin and
streptomycin) (500 pl). The nanofibers co-cultured with the cells were
incubated in a humidified atmosphere of 95% air and 5% CO; at 37 °C
for 1 and 4 days. After each interval, cell viability was determined
through the WST-8 assay (Sigma Aldrich). The cell morphology was also
imaged by SEM after fixing the cells by a 4% paraformaldehyde solution
and permeabilizing them by a 1% Triton X-100 solution.

2.4.3. Live-dead assay

Viable and dead cells were identified through the live/dead assay
(L3224, Invitrogen). For this purpose, the cells were stained by 200 pl of
calcein AM (2 pM in PBS) and DAPI (4 pM in PBS) at room temperature
for 30 min. Subsequently, they were monitored and imaged by a fluo-
rescence microscopy (Axio Observer D.1, Carl Zeiss Microlmaging
GmbH). It is worthy to note that DAPI was employed to visualize the
dead cells according to a specific live-dead assay protocol established at
our institute, replacing propidium iodide that might falsely stain the live
cells permeabilized by residual trypsin, as well.

2.4.4. Actin and nuclei staining assay

The fibroblast cells were first washed with DPBS (Dulbecco’s Phos-
phate Buffered Saline (Gibco, UK)) and then fixed by formaldehyde
(3.8% v/v) for 15 min at the ambient temperature. After fixation, the
cells were washed with DPBS and subsequently permeabilized for 5 min
(using Triton X-100 (0.1% v/v) and Sucrose (5.0% w/v)). Later, the cells
were subjected to rhodamine—phalloidin (8.0 pl/ml) (Invitrogen, USA)
for 1 h at the ambient temperature and eventually were washed with
DPBS. Nuclei staining was performed by exposure of the cells to DAPI
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(1.0 pl/ml) (Invitrogen, USA) for 5 min. The stained cells were imaged
by a fluorescence microscopy (Axio Observer D.1, Carl Zeiss Micro-
Imaging GmbH).

2.5. Statistical analysis

The measurements were expressed as mean + standard deviation.
Statistical analysis of the biological data was conducted by one-way
analysis of variance (ANOVA) and the Tukey test. In such analyses, a
confidence level of 95% (p < 0.05) was considered to show significant
differences.

3. Results and discussion
3.1. Nanofiber characteristics

The morphology of the PCL and BSA/PCL nanofibers is demonstrated
in Fig. 1a—c. The PCL and BSA/PCL nanofibers are beadles with a uni-
form diameter distribution. The nanofiber diameter notably grows at the
highest BSA concentration. While the PCL and 1 wt% BSA/PCL nano-
fibers are 140-160 nm in diameter, the 3 wt% BSA/PCL nanofibers’
average diameter rises to 400-500 nm. Histograms of the nanofibers
diameter are shown in Fig. 1d—f. Growth of the nanofibers’ diameter is
attributed to enhancement of viscoelastic force at the largest protein
concentration that opposes against electrical repulsion force and further
stretching of the polymer jet. SEM images also show that in contrast to
the neat nanofibers, the biohybrid nanofibers are curvy. This implies
that they have undergone larger bending instability [47], due to their
higher net charge density in the presence of the protein, getting pro-
tonated in the solution. Interestingly, a web like structure with fine
nanofibers forms within the 3 wt% BSA/PCL nanofiber mat. Formation
of such a secondary structure relates to jet splitting during
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electrospinning and instability of the droplet on the tip of the spinneret
caused by the high viscosity of the BSA/PCL solution. A similar behavior
has already been reported by Sambudi et al. [48] for chitosan/PVA
electrospun nanofibers.

Porosity of the nanofiber mats is of high importance, given its impact
on exudate uptake capacity, water vapor permeability and cell interac-
tion with the nanofibrous structure. The nanofiber diameter and curvy
or straight alignment of the nanofibers are determining factors on
porosity and pore size of the nanofiber mats.

Fig. 2a shows that the nanofibrous mats are highly porous and their
porosity ranges from 89, 94 and 96%, for the PCL and 1 wt% and 3 wt%
BSA/PCL nanofiber mats, respectively. Witnessed by the SEM images
(Fig. 1a—c), the biohybrid mats are slightly more porous, partly attrib-
uted to their curvy nanofibers. To further validate the porosity values
measured via Egs. (1) & (2), three SEM images of the nanofiber mats
were also analyzed in terms of porosity by using the ImageJ software.
The results are shown in Fig. S1 and imply a large difference with those
determined experimentally. According to the image analysis, the PCL
and biohybrid nanofiber mats possess 58% and 61.5-62.5% (for those
containing 1 and 3 wt% BSA, respectively) porosity. However, these
porosity values are hardly reliable, owing to this reality that the selected
image represents only a partial 2D anisotropic surface and is unable to
precisely consider the 3D porous structure of the whole sample. Corre-
sponding with the enhanced porosity of the biohybrid nanofiber mats, as
shown in Fig. 2b, pore size also increases from 2050 nm for the PCL
nanofiber mat to 4400 nm and 17,400 nm for the biohybrid nanofiber
mats with 1 wt% and 3 wt% BSA, respectively. At a given areal density
and porosity, larger nanofibers create larger pores [44]. As mentioned
earlier, the larger nanofiber diameter of the biohybrid nanofibers stems
from interaction between the protein and polymer, i.e. hydrogen
bonding (as will be shown later), leading to a higher viscoelastic force
opposing against stretching of the polymer jet.

Nanofiber Diameter (nm)

|m|mmmmmzio:wzwm 500

Nanofiber Diameter (nm)

Nanofiber Diameter (nm)

Fig. 1. SEM images of the biohybrid nanofibers containing a) 0 wt%, b) 1 wt%, and c) 3 wt% BSA (the scale bars in a-c and in the inset image in c represent 2 pm and
1 pm, respectively). Histogram of diameter of the biohybrid nanofibers containing d) 0 wt%, e) 1 wt%, and f) 3 wt% BSA.
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Fig. 2. Structural characteristics of the biohybrid nanofiber mats including a) porosity, b) pore size, ¢) water vapor transmission rate (WVTR; note that due to
significant discrepancy of pore size and porosity between the 3 wt% BSA/PCL nanofiber mat with the two other compositions, notably impacting the water vapor
transmission, it was excluded from the measurements). Water uptake capacity of the biohybrid nanofiber mats containing d) 0 wt%, e) 1 wt%, and f) 3 wt% BSA.

As Eichhorn and Sampson [44] state, the distance between nano-
fibers’ crossings (g) is closely related to the pore size distribution, and
can be explained by Eq. (6):

an (F 1
= (g o

According to this equation, the only fiber property that affects the
pore size is fiber diameter (w), and the only mat property that could be
influential is the fractional contact area, @, which is associated with
porosity.

Porosity is a determining factor in performance of a nanofibrous
wound dressing, particularly in water vapor permeation and exudate
uptake capacity. A proper wound dressing should be permeable to water
vapor so that a moist exudate is kept under the dressing without pooling.
In fact, the wound dressing must prevent excess fluid absorption and
evaporation ending up with desiccation of the wound bed [49]. Fig. 2¢
shows the water vapor transmission rate for the PCL and 1 wt% BSA/PCL
nanofiber mats whose porous structure is comparable. Despite a similar
porosity, the biohybrid nanofiber mat is less permeable than the PCL
nanofiber mat, implying that surface chemistry and thus hydrophilicity
of the biohybrid plays a role in its water vapor permeation behavior. It is
assumed that water is condensed on the nanofiber surface and thereby
swells the protein component after its conformational change. This hy-
dration induced transformation narrows the pore size and declines the
porosity of the mat and challenges further passage of water vapor
through the structure. The swelling mechanism of the protein compo-
nent under the influence of water vapor can be explained as follows:
First, small water molecules diffuse into the BSA chain networks and
thereby soften or plasticize them and form water bound BSA networks.
In such systems, the BSA molecules have notably higher mobility than
they had before exposure to the water vapor stream [50]. Second, the
water vapor molecules whose temperatures range from 0 to 100 °C
transfer thermal energy in different levels to the water bound protein
system [50]. Thermodynamically [51], internal energy (E) of a gas

(6)

system, e.g., water vapor, depends on its temperature (T) and can be
determined via the formula: E = (f / 2)nRT. In this equation, f is the
number of degrees of freedom for the gas molecule (equals to 12 for
water vapor), n is the molar number of molecules, and R is the ideal gas
constant and equal to 8.314 J/K-mol. In order to keep stable equilib-
rium, the protein system maximally absorbs the thermal energy of the
water vapor molecules. As a result, the BSA-water system’s energy level
prevails the energy boundary of local vibrations and drives long-range
molecular mobility for the BSA-water system. Eventually, the protein
chains self-assemble as stacked f-sheet crystals [50]. Accordingly, the
protein molecules are swollen on the nanofibers surface, thereby nar-
rowing the pore size and rendering higher steric hindrance for water
vapor permeation. On the other hand, induced by progressive protein’s
conformational change and high mobility of the protein molecules, a
larger number of polar functional groups become exposed on the
nanofibers surface. Such binding groups encourage further penetration
of water molecules into the structure and expansion of the nanofibers. A
similar behavior has been reported by Elbahri et al. [52-54] for a BSA/
PANGMA nanofiber material, wherein the protein segment is swollen
upon hydration and thereby lowers the porosity.

In terms of exudate (here simulated by PBS) uptake capacity, as seen
in Fig. 2d-f, the PCL nanofiber mat shows a larger capacity than the
biohybrid nanofiber mats. Upon wetting, the biohybrid nanofibers
become swollen, thanks to the presence of protein and its hydration
induced expansion effect, leading to loss of specific surface area and
porosity. Having a larger porosity and interfiber spacing that is not
notably sacrificed by the protein swelling, the 3 wt% BSA/PCL nanofiber
mat encompasses (absorbs) more liquid (exudate) than does the other
biohybrid composition. All the nanofiber mats reach the saturation level
in less than 3 h. Their hydrophobic nature (excluding the 3 wt% BSA/
PCL nanofibers, as will be shown later) and the presence of air pockets
between the nanofibers resist against full saturation in a short time
(instantly). After reaching the maxima, the nanofiber mats start to lose
their capacity, most likely due to their swelling and porosity loss. After a
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given time (7 h), an equilibrium in exudate uptake capacity is reached
and is maintained until the end of the test course, reflected as a plateau.

The uniform distribution of BSA across the biohybrid nanofiber mat
was validated by EDX analysis. Fig. S2 shows elemental mapping of the
surface of 3 wt% BSA/PCL nanofiber mat, wherein the sulfur atoms are
highlighted by green spots throughout the mat. Sulfur originates from
the thiol groups in BSA’s cysteine residues and plays an important role in
formation of disulfide bonds, essential for folding, activity, and stability
of BSA [55]. The presence of the BSA protein and its likely interaction
with PCL were further tracked by ATR-FTIR. As shown in Fig. 3a, the
peaks emerging at 1650 cm ' and 1530 cm ™! are the vibration peaks of
amide I and amide II groups in the BSA molecules [56]. This distinct
feature clearly implies successful blending of BSA with PCL and emer-
gence of the polar functional groups related to BSA that can end up with
a higher hydrophilicity of the biohybrid nanofibers, Fig. 3b. The main
characteristic peaks of PCL appear in the region of 1250-1450 cm
attributed to symmetric C—H stretching and C—C stretching. Further-
more, the C=0 bond (stretching vibrations of the carboxyl) and C—0O
groups of PCL appear at 1750 cm ™! and within 1122-1250 cm ™! region,
respectively. More precisely, C—O stretching is represented by a peak at
1122 cm ! and stretching vibrations of the ether groups (C-O-C) by the
peaks emerging at 1175 and 1240 cm™! [57-59]. Many of these peaks
undergo a shift and loss of intensity, as witnessed for C—O, C-O-C and
C=O0 groups, marked by a blue triangle. Such changes stress formation
of a secondary bonding, e.g. hydrogen bonds between the two main
components of the biohybrid system.

The physical interaction (hydrogen bonding and molecular entan-
glements) between the BSA and PCL components is believed to end up
with a more robust, stiff nanofibrous structure. As shown in Fig. 3c, the
hydrogen bonding taking place between the respective functional
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groups of the protein (amine) and polymer (carbonyl) phases, challenges
molecular mobility when subjected to mechanical stress. As a result,
elastic modulus of the biohybrid nanofibers notably rises (170% and
200% for 1 and 3 wt% BSA concentrations, respectively, compared to
the PCL nanofibers).

Interestingly, the biohybrid nanofibers can be stretched much larger
than the PCL nanofibers before rupture, Fig. 3d. A comparable me-
chanical behavior has been reported by Aghdam et al. [60] for a poly-
glycolic acid (PGA)/PCL nanofiber system and Wan and Chen [61] for a
GO reinforced PCL nanofiber material. It is assumed that the protein
and/or polymer component could be crystallized while the nanofiber is
stretched (as will be discussed and validated later) and crystallinity
contributes to the higher elongation at break. Additionally, the larger
unfolding extent of amorphous random coils of BSA could lead to a
higher elongation at break for the biohybrid nanofibers [62]. Fig. 3e
shows that the biohybrid nanofiber mat containing 1 wt% BSA exhibits
higher resistance to tensile stresses in comparison to the other compo-
sitions investigated. This biohybrid nanofiber mat is followed by the
neat PCL nanofiber mat in terms of tensile strength. While due to the
nature of the application, this mechanical feature could be of less
importance compared to elastic modulus, it is interesting to ponder the
mechanical behavior of the biohybrid nanofiber mats at a high level of
stress. If nanofiber diameter and closeness of the molecular chains in a
confined area are taken into account, the BSA (1 wt%)/PCL nanofibers
and PCL nanofibers should be compared with each other. In this regard,
it is evident that BSA is playing a notable role and due to cross-linking of
PCL chains it improves their resistance against failure, reflected in the
fibers’ higher tensile strength. However, at the larger BSA concentra-
tion, the biohybrid nanofibers seem to fail sooner, most likely due to
their large fiber diameter that allows the polymer chains and protein
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molecules to stay away from each other, thereby lowering the entan-
glement and intermolecular bonding, remaining less ordered and ori-
ented and capable to move freely.

An appropriate dressing material should be elastic, pliable, and
mechanically robust to avoid further damage of the wounded tissue
[63]. A wound dressing’s mechanical properties also influence cellular
behavior, given the correlation of cell-matter interactions with the
imposed shear stresses and mechanical signaling channels that govern
the cell migration, proliferation, and differentiation [64]. Thus, for a
wound dressing application, mechanical properties of the dressing ma-
terial must suit the beneath skin tissue’s to create analogous biome-
chanical signals [62]. As reported in the literature [65], the human
skin’s tensile elastic modulus varies from 0.1 to 10 MPa. The elastic
modulus of the BSA/PCL nanofibrous dressing can reach up to ~40 MPa,
that significantly exceeds this range. However, presumably when the
nanofiber mat is wetted by the wound liquids, this stiffness would
majorly drop down to the level of natural skin tissue’s. Water molecules
can disrupt the hydrogen bonds, thereby declining the stress transfer
between polymer chains and permit them move relative to each other
when tensile stress is applied [66,67]. In addition to optimum elasticity,
high elongation of a wound dressing material is of importance to hinder
the disruption of wound-bed during wound closure/contraction, to
maintain the structural cohesion and to ease the barrier functions [68].
Thanks to their superior stretchability, this prerequisite is totally met by
the biohybrid nanofibrous dressing developed in our study.

A more profound mechanical stability is also reflected in the hy-
drolytic degradation behavior of the biohybrid nanofiber mats. While
after one month the PCL nanofiber mat seems partially degraded with
some eroded parts (Fig. 4a), the biohybrid nanofiber mats are almost
intact (Fig. 4b & c). The only visible change seen in the 3 wt% BSA/PCL
nanofiber mat could be related to the salt precipitates spread across the
mat. The degradation extent of the PCL nanofibers reaches its maximum
after three months, when the nanofibers have been crumpled and con-
verted to spheres and a major fraction of the nanofiber mass has van-
ished, Fig. 4d. Interestingly, even after three months immersion in PBS,

After 1 month
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the biohybrid nanofiber mats are still defect free (Fig. 4e & f). While, as
mentioned earlier, the biohybrid nanofiber mats could partly lose their
superior elastic modulus in water due to the disruption of hydrogen
bonds, PBS can provide the medium with ions that could stabilize the
structure of the biohybrid nanofibers. The ionic interaction between PBS
(its electrolytes) and the biohybrid’s constituent materials or provision
of the ions that could act as cross-linker for the protein-protein and/or
protein-polymer couples are the main strengthening mechanisms [65].
A similar behavior has been reported for the nanocellulose-polyethylene
glycol (PEG) bionanocomposites that have achieved a higher elastic
modulus after immersion into PBS [65]. This behavior has been found to
be affected by the interaction of ions present in the PBS solution and the
oxidized cellulose nanofibrils.

The BSA/PCL nanofibers are assumed to act in a hydration respon-
sive manner. The BSA domains that are primarily as folded (a-helix) in
the dry state would expand upon exposure to aqueous medium and be
transformed to an unfolded structure (p-sheet). The expanded protein
structure provides a larger number of functional groups and thus would
be more interactive with the external environment, e.g. cells, and con-
fers the encompassing material with a higher bioactivity, Fig. 5a.

Formation of a calcium rich shell on the biohybrid nanofibers upon
immersion in the SBF solution is closely associated with their biological
activity and enhanced cell-matter interactions [69,70]. In our previous
study [9], we validated that formation of a hydroxyapatite coating on
the biofunctionalized polyacrylonitrile (PAN) nanofibers leads to higher
viability for fibroblast cells as well as keratinocytes. With such a pre-
assumption, the BSA/PCL nanofibers were immersed in a SBF solution
with the ionic composition tabulated in Table S1. As shown in Fig. 5b-g,
other than the PCL nanofibers that are unable to biomineralize, the
biohybrid nanofiber mats are almost entirely covered by a whitish bio-
mineral layer. Nucleation of the biominerals takes place on the protein
functional groups, Fig. 5h, widely exposed after hydration of the ma-
terial (protein) and when pH is above the protein’s isoelectric point. It is
worthy to note that under the isoelectric point of BSA, i.e. 4.7 [53,71],
the protein’s secondary structure is o-helix and the tryptophan and

Fig. 4. SEM images of PCL (a & d), 1 wt% BSA/PCL (b & e), and 3 wt% BSA/PCL nanofibers (c & f) following 1 and 3 months immersion in PBS to characterize their
hydrolytic degradation (the scale bars in a-f represent 20 ym and the scale bars in the inset images of d represent 3 pm (left) and 1 pm (right), respectively). The
largest degradation level is seen for the PCL nanofibers, while the biohybrid nanofibers seem durable even after three months. The whitish precipitate seen on the
surface of the biohybrid nanofiber mat (c) is assumed to be related to deposition of the salts present in PBS, that are re-dissolved after 3 months (f).
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Fig. 5. a) Schematic illustration of the biohybrid nanofibers containing BSA (marked by orange circles). BSA’s conformational status changes from folded (a-helix) to
unfolded (p-sheet) upon exposure to aqueous media, thereby interacting with cells and ions (biomineralization; represented by an orange shell) more efficiently. SEM
images indicate the absence of biominerals on the surface of the neat PCL nanofiber mat (b & c) versus the presence of a large fraction of biominerals covering the
surface of the biohybrid nanofiber mats (d & e for 1 wt.% BSA/PCL and f & g for 3 wt.% BSA/PCL) in different magnifications (the scale bars in b-g represent 20 pm).
h) Schematic illustration of the biomineralization process on the protein segments of the biohybrid nanofibers, where the functional groups initiate nucleation of the
biominerals. The schematic was re-drawn based on a similar one in [75]. i) XRD spectra compare the crystalline characteristic peaks of the biohybrid nanofibers
before and after immersion in SBF. The XRD analysis shows that the formed biomineral is amorphous in nature. j & k) ATR-FTIR graphs for the biohybrid nanofibers

(containing 1 and 3 wt% BSA) before and after biomineralization (represented by the “bm” prefix).

cysteine residue groups that could interact with Ca®*, are mainly con-
cealed inside the protein structure and not available [52,72]. In addi-
tion, there is a robust hydrogen bond between the peptide groups, that
limits exposure of the amine groups. In contrast, upon increase of the pH
to neutral, BSA’s conformational state is transformed to p-sheet with
exposed functional groups. As a result, the carboxyl and phosphorous

groups of BSA achieve largely negative dipoles able to chelate the free
Ca2" cations in the SBF [73] and to initiate biomineralization. On the
other hand, HPO%’ ions bond with the protein-reduced calcium, thereby
generating a calcium phosphate compound [74]. This could be the case
for formation of calcium carbonate when instead of HPO3~, HCO3 ions
react with the reduced calcium nuclei. Fig. 5 & k shows the
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Fig. 6. NIH 3T3 cell viability and morphology monitored through the live-dead assay (a—c), phalloidin/DAPI assay (d-f) and SEM (g-i) for the cells seeded on the
nanofiber mats composed of PCL (a, d, and g), 1 wt% BSA/PCL (b, e, and h), and 3 wt% BSA/PCL (c, f, and i) after 4 days. j) Viability of the NIH 3T3 cells co-cultured
with the biohybrid nanofiber mats after 1 and 4 days. No significant difference (p < 0.05) was recorded between the cell viability data after 4 days.
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characteristic amide peaks of BSA, representing the a-helix structure of
the protein after biomineralization in the dry state. Interestingly, the
peaks intensity increases after biomineralization, implying that a larger
number of BSA molecules and their functional groups have been
involved in the process. This result is an indication of the conformational
change of the BSA molecules and their higher mobility, ending up with
more interaction with the cations available in SBF during the biomin-
eralization process.

The identity of the formed biomineral was unraveled by XRD and
EDX. As shown in Fig. 5i, the characteristic peaks of PCL appear at 20 of
21° and 24° that are attributed to (110) and (200) orthorhombic crys-
tallographic planes, respectively [76]. The additional peak appearing at
20 of 27° could be related to recrystallization of the PCL chains during
electrospinning [77]. Such a behavior has already been reported by
Stephens et al. [78] for electrospun nylon nanofibers. The mentioned
peaks persist for the biohybrid nanofibers, while a new peak also
emerges at 20 of 38° that could be caused by crystallization of BSA. BSA
and PCL in the blend solution show totally different behavior in terms of
hydrophilicity. In contrast to PCL, BSA is hydrophilic and this feature
ends up with its partial crystallization. Moreover, the higher solubility of
BSA in the applied solvents leads to diffusive transport of the protein
towards the nanofiber surface during electrospinning and jet solidifi-
cation and thus raises the chance of BSA crystallization. Salem et al. [79]
report a similar observation when a hydrophilic drug such as caffeine is
blended with hydrophobic PCL in a nanofibrous system. It is worthy to
note that the typical crystalline peaks of BSA emerge at 26 of 9° and 20°
[80] which are different than the peak we recorded for the biohybrid
nanofibers. Lastly, the biomineralized nanofibers show only the char-
acteristic peaks of PCL, implying the amorphous nature of the bio-
minerals formed and amorphization of the protein segments. The
composition of the biomineral layer was determined by EDX analysis. As
shown in Fig. S3a-c, the biomineral is almost free of phosphorus and is
mainly composed of C, O, and Ca. As a conclusion, the biomineral
covering the surface of the biohybrid nanofiber mats is made of amor-
phous calcium carbonate.

The biohybrid nanofibers developed in our study comprise a PCL
matrix with scattered BSA domains. While biocompatibility of PCL has
been already widely validated in the literature [81,82], biological (cell)
behavior of the BSA/PCL blend nanofibers has never been studied to the
best of our knowledge. Fig. 6a—c shows the cell adhesion on the nano-
fiber mats and the population of live and dead cells (represented by
green and red spots, respectively) after 4 days incubation. The cells
present on the PCL nanofiber mat are less proliferative as compared to
those on the biohybrid mats and even a number of dead cells are visible
on the surface. The reason for less cell adhesion on the PCL nanofiber
surface could be associated to its hydrophobicity and slight negative
charge. PCL nanofibers show an isoelectric point of ~4 [83], therefore
within the physiological medium they could show a negative surface
charge. Given the fact that the cells’ membrane is negatively charged, an
electrostatic repulsion between the PCL nanofibers and the cells is
plausible. A much larger population of the cells adheres onto the bio-
hybrid nanofiber mats in comparison to the neat PCL one and it seems
that they are aligned along the nanofibers. In the case of the biohybrid
nanofiber mat containing 3 wt% BSA, the extremely dense colonies of
the cells could even lead to death of some cells.

The phalloidin/DAPI assay results further stress the notable tendency
of the cells to adhere on the biohybrid nanofiber mats compared to the
PCL one, Fig. 6d—f. SEM images, Fig. 6g—i, also clearly demonstrate that
the cells stick to the surface of the biohybrid mats at much larger den-
sities. Interestingly, the shape of the cells adhered on the surface of the
nanofiber mats is quite different. While the cells are stretched and
expanded on the biohybrid mats, they remain spherical and isolated in
different areas of the PCL nanofiber mat. Surprisingly, the WST-8 data,
Fig. 6j, imply that the PCL nanofibers have been more encouraging to-
wards proliferation of the cells after 4 days.

The cell adhesion and shape are strongly associated with the
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nanoscale topography of the substrates [84]. In this regard, likely partial
dissolution and release of BSA into the culture medium could lead to
higher roughness of the nanofiber surface, thus providing a better
platform for adhesion of the cells. Moreover, the presence of BSA on the
surface and its conformational change upon hydration, leading to
exposure and protonation of amine groups, confer a positively charged
surface to the biohybrid nanofibers. It is worthy to note that in a cell
culture, pH fluctuation is an inevitable consequence of cell metabolism
and generally the cell medium shifts to acidic conditions [85]. This
feature will end up with protonation of the amine groups of BSA. Taking
into account that the cell membrane has a net negative charge, elec-
trostatic interactions between the cells and the biohybrid nanofibers
play an important role in their extensive adhesion. Such a behavior has
been already reported by Kim et al. [86]. As they have shown, NIH 3T3
cells adhere up to 20% more on positively charged PCL substrates than
on the negatively charged counterpart. Moreover, surface of the bio-
hybrid nanofiber mats adsorb serum proteins, thus impacting adhesion
of the cells positively. This behavior is in harmony with the results re-
ported by Keselowsky et al. [87]. They state that fibronectin adheres
preferably on the surfaces functionalized with amine groups among
others with the order of NH3 > CH3 > COO™ > OH. Fibronectin provides
specific binding sites for adhesion-mediating proteins in the cells’
membrane, i.e. integrins.

The morphology of the adhered cells depends strongly on the surface
charge. The cells adhered on the positively charged surface of the bio-
hybrid nanofibers adopt a flattened shape, while the cells on the PCL
nanofiber mat remain round and in a narrow shape. A similar perfor-
mance has been reported by Kim et al. [86]. The cell shape could be
decisive in determining the cell function [88]. For instance, Li et al. [89]
state that highly elongated (flattened) fibroblast cells (as the cells
adhered on the BSA/PCL nanofiber mat) showed 40% larger collagen
type I expression in comparison with the circular fibroblast cells (as the
cells adhered on the PCL nanofiber mat).

The proliferation of the NIH 3T3 cells significantly rises when co-
cultured with the PCL (920%) and the biohybrid nanofibers (190%
and 182% for the nanofibers containing 1 and 3 wt% BSA, respectively)
after 4 days. It is assumed that BSA can be released into the cell culture,
thereby promoting metabolism of the cells and their proliferation. This
can lead to reaching the proliferation peak in a shorter time than 4 days
as well as acidification of the medium. Both these consequences could
reduce further proliferation of the cells and even result in their death
after the peak. Therefore, after 4 days, the number of the cells co-
cultured with the PCL nanofibers prevails over that incubated with the
biohybrid nanofibers. The positive effect of BSA on proliferation of the
preosteoblast cells has been already reported by Zhu et al. [90]. The
higher proliferation rate of the cells cultured alongside the biohybrid
nanofibers is indeed promising and implies that a wound can be healed
faster when treated with the biohybrid nanofibers.

4. Conclusion

In this study, BSA as a commercial, inexpensive biomacromolecule
was employed as a blending agent to address the limitations of PCL
nanofiber mats for wound dressing applications, including mechanical
weakness and lack of bioactivity. From the mechanical standpoint,
elasticity and elongation of the PCL nanofibers were notably enhanced
after BSA inclusion. The presence of BSA also stimulated cell adhesion
and growth on the surface of the nanofiber mats. Conclusively, BSA is
able to improve mechanobiological properties of PCL nanofiber mats
and allows us to propose this combination for wound dressing
applications.
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