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ARTICLE INFO ABSTRACT

Keywords: The natural bone structure consists of three different nanocomposite layers; a porous polymer ceramic part, a
Nanofibers lamellar, and a fiber-matrix composition gives the bone its unique physical and biological properties. During
E;A bone tissue regeneration bioactivity, and osteoinductivity are especially important with other parameters such as

porosity, degradation rate, and cell adhesion. In this study, hydroxyapatite (HA) and bovine serum albumin
(BSA) protein-loaded, polyvinyl alcohol (PVA) and chitosan (CH) nanofibers were fabricated via the electro-
spinning method. The mean diameters of PVA/CH/HA/BSA-5, PVA/CH/HA/BSA-10, and PVA/CH/HA/BSA-15
nanofibers were measured as 325.39 + 77.512 nm, 332.45 + 82.251 nm, 447.03 + 101.382 nm respectively,
required porosity and properties for bone tissue engineering were considered achieved. BSA release profiles of
BSA-5, BSA-10, and BSA-15 nanofibers were similar in terms of burst release which continued until the 12th
hour, 58 %, 78 %, and 73 % of the BSA were released, respectively. After 72 h 100 % of BSA were released from
all nanofibers. Cell viability tests showed that PVA/CH/HA/BSA nanofibers exceeded the control group in terms
of cell viability by 119.9 %. In future bone injury treatment, PVA/CH/HA/BSA nanofibers can assist the healing
process of cracks and fractures, and decrease the recovery time of bone as an alternative bone healing nanofiber.

Osteoblast regeneration
Bone tissue regeneration

1. Introduction

The natural bone structure is hard to mimic because of its complex
structure, a combination of inorganic materials, organic materials, and
fibrous-shaped extracellular materials; such as collagen and hydroxy-
apatite. Porosity, resorbability, degradation and cell adhesion properties
of the scaffold must be considered additional to osteoconductive and
osteoinductivity in order to fabricate a desirable scaffold with suitable
mechanical and degradation properties for bone tissue [1,2]. The
traditional autologous and heterologous grafts as bone replacements still
have limitations such as availability, compatibility, and immune re-
actions [3,4]. Usage and fabrication of organic-inorganic biomaterials,
tissue-engineered 3D structures with proper availability, biomimicry,
and low immunogenicity can overcome traditional limitations of
metallic and/or surgical methods.

The electrospinning method, via nano to micro-scale fiber

fabrications with desired mechanical strength and properties, gives a
huge advantage to mimic the bone tissue. And to create a scaffold for cell
regeneration and adhesion [3,5,6]. The electrospinning technique al-
lows the fabrication of nano to micro-scale fibrous structures with slight
diameters by using a polymeric fluid pumped to a collector, under
electrical field presence. The polymeric solution solidifies and creates
fibers due to the interactions of the electrical field applied. By using the
electrospinning method, it is possible to create desired mono and
multi-layer scaffolds with various polymer combinations with bioactive
materials to promote bone tissue regeneration [7].

In order to mimic the natural bone ECM, bioactive and polymeric
biomaterials of the scaffold must be chosen carefully. The inorganic part
of the bone ECM, the hard tissue, is made from hydroxyapatite (HA,
Cas(PO4)3OH), which is both biocompatible, inflammatory, and osteo-
conductive [8]. Since it is a constituent of bone, HA is widely used for
metallic implant coatings, bone fillings, injectable bone biomaterials,
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Fig. 1. Schematic illustration of PVA/CH/HA/BSA nanofibers fabrication process via electrospinning for bone tissue.

and as bioactive particles in scaffolds. HA usage in many different 3D
structures in order to initiate and/or increase bone tissue regeneration is
well known [5,9]. Bal et al. [9], explain that HA nanocrystals increase
the surface area for cells to attach and grow, and increase the cell-to-cell
connection, migration, signaling, and differentiation. And Rajzer et al.
[10], mention the PLDL fibers loaded with HA nanoparticles and prove
the addition of HAp increases cell attachment, cell proliferation, and
osteoblastic differentiation.

To maintain good mechanical properties and increase biocompati-
bility, different organic polymers with varying attributes are widely
used in fiber fabrication during electrospinning. Polyvinyl alcohol (PVA)
is a polymer regularly used in tissue engineering for nanofiber fabrica-
tion, dressing, and 3D structure production due to its biocompatibility,
hydrophilicity, biodegradation, and good mechanical properties [11].
Asran et al. [12], present a PVA/Collagen and HA nanofiber scaffold
fabricated for natural bone, proving that PVA and HA are compatible to
form HA crystals along the fibers and mimics the structure of bone ECM.
In another study, Kim et al. [13], introduce PVA/HA and mention the
crystalline structures formed by HA along PVA fibers increase the
thermal stability and act as building blocks for bone tissue. For the
fabrication of fibers, PVA was selected as a main polymer due to its
crystalline forming ability with HA to increase cell adhesion and pro-
liferation, with other properties such as; biocompatibility, biodegrad-
ability, mechanical and water uptake, and good fiber-forming
properties.

Chitosan (CH) is another polymer drawn a lot of attention due to its
biocompatibility, biodegradability, gelation, adhesion, and non-toxic
properties. In the last decades, CH has been widely used for many
medical applications including bone and skin tissue applications, wound
healing, and dressings [14]. Shirzaei et al. [15], present CH/PCL/HA
electrospun fibers for bone tissue, proving that CH exhibits good effects

on cell adhesion and pore size, and corporates with HA addition to in-
crease the bioactivity and degradability. Due to unique bio adhesion and
biomineralization properties among its biocompatibility, biodegrada-
tion, and gelation properties; chitosan was selected as the secondary
polymer in low concentrations for nanofiber fabrication.

Bovine serum albumin (BSA) is a protein used nowadays, in appli-
cations such as tissue engineering, wound healing, drug delivery, and
biosensor applications. In blend mixing of such proteins is expected to
enhance the tissue applications performance and pore formations on
fibers for enhanced cell attachment and connection [16,17]. With the
dissolution of BSA from the nanofiber, generated biochemical signals
can expected to mimic ECM to enhance cell proliferation [18].

In this study, PVA/CH/HA/BSA blend nanofibers with various BSA
concentrations (0.05, 0.1, and 0.15 wt%) were fabricated via electro-
spinning method to treat bone cracks/fractures and to enhance bone
tissue regeneration, as illustrated in Fig. 1. The PVA/CH/HA/BSA
nanofiber scaffold structures were designed to be used as scaffolds to
trigger the bone healing process, and provide both mechanical and
biological support to the damaged bone tissue. Such nanofiber structures
can be stacked and layered for scaffold designing or could used in form
of mashes of fibers in order to fill the cavities/gaps formed due to in-
fections, wounds, and etc. on the bone tissue. The primary objective of
the present study is to observe the effects of protein bovine serum al-
bumin (BSA) with various concentrations on bone tissue regeneration
and the use of BSA with hydroxyapatite (HA) biomineral within biode-
gradable, porous, nanofibre mat-like scaffold structures. The addition of
BSA and HA was intended to increase the overall cellular regeneration
and attachment performance. It is hypothesised that HA will cause
biomineralization and result in porous structures. BSA was included to
stimulate cellular interactions for enhanced osteogenesis and to provide
the necessary osteogenic cells to the site of defection. Moreover, we
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Table 1
Contents of all nanofibers produced.

Nanofibers PVA Content CH Content HA Content BSA Content
[wt.%] [wt.%] [wt.%] [wt.%]

PVA/CH 13 1 0.05 0

PVA/CH/HA 13 1 0.05 0

PVA/CH/HA/ 13 1 0.05 0.05
BSA-5

PVA/CH/HA/ 13 1 0.05 0.1
BSA-10

PVA/CH/HA/ 13 1 0.05 0.15
BSA-15

Table 2

Electrospinning parameters of each nanofiber fabricated.

Nanofibers Voltage (kW) Flow Rate (ml/h)
PVA/CH 26.5 0.2

PVA/CH/HA 29 0.3
PVA/CH/HA/BSA-5 29 0.38
PVA/CH/HA/BSA-10 26 0.3
PVA/CH/HA/BSA-15 27 0.3

propose that the release of BSA from PVA/CH/HA/BSA-composed
nanofibers will enhance osteoblast cell proliferation increase the
porosity of fiber with time, and assist healing of the injured bone tissue.

2. Materials and methods
2.1. Chemicals

Polyvinyl alcohol (PVA, Mw: 89-98 kDa, 99 % hydrolyzed), chitosan
(CH), hydroxyapatite (HA, Mw: 502,31 g/mol), phosphate-buffered sa-
line (PBS, pH = 7.4), glutaraldehyde solution (GA, 50 wt% Mw =
100.12 g/mol), and acetic acid were produced by Sigma-Aldrich (St.
Louis, MO, USA). Bovine serum albumin (BSA) was purchased from AFG
Bioscience LLC (Northbrook, IL, USA).

2.2. Solution preparation for electrospinning

A variety of solutions with different concentrations of BSA were ar-
ranged according to the specifications in Table 1. A 13 wt% PVA solution
was prepared using distilled water in conjunction via a magnetic mixer
(Wise Stir, MSH-20, Germany) operating at 240 revolutions per minute
(rpm) and 150 °C (°C) for 2 h. Additionally, a 1 wt% CH solution was
prepared by mixing Acetic acid and distilled water at a 1:100 ratio,
followed by stirring via a magnetic mixer at 240 rpm and 50 °C, 2 h long.
Subsequently, the PVA and CH solutions were blended in a 9:1 vol ratio
and stirred for 45 min at 240 rpm and 40 °C. Afterward, 0.5 wt% HA
powder was introduced into the PVA/CH solution and stirred for an
additional 30 min at 200 rpm and 35 °C. Following this, BSA solutions
with concentrations of 0.05, 0.1, and 0.15 wt% were prepared and
stirred for 30 min at 200 rpm and 35 °C.

2.3. Nanofiber fabrication and Cosslinking

In the nanofiber fabrication process, we utilized a lab-scale electro-
spinning apparatus (NS24, Invens Co., Turkey). Each blend solution
underwent optimization procedures during electrospinning. The solu-
tion was loaded into a syringe which was then connected to a pump,
with the flow rate set at 0.3 mL per hour (ml/h). A rotating cylindrical
collector positioned 12 cm away from the metallic surface holding the
needles, was employed to gather the nanofibers. Before the electro-
spinning process, the collector was enveloped with wax paper, and its
weight was recorded. Electrospinning experiments were conducted
using different combinations of flow rates and voltages, as delineated in
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Table 2. The crosslinking process of the nanofibres was conducted using
25 % GA vapor. The nanofibres were meticulously positioned within a
desiccator above the GA solution and subjected to incubation for a
period of 5 h at 40 °C (°C) in an oven. Subsequent to the production
stage, the fibres were washed thrice with Phosphate Buffered Saline
(PBS). The washing process was carried out by immersing the fibres in
PBS and removing them in order to avoid any adverse effects on the drug
release. This method was employed to attempt to remove glutaralde-
hyde from the fibres. It can be concluded that the washing process had
no toxic effect on the cells and that the glutaraldehyde was successfully
removed.

2.4. Scanning electron microscopy (SEM)

The surface morphologies of the fabricated nanofibers were exam-
ined by scanning electron microscopy (SEM, EVO LS 10, Zeiss). First, a
layer of gold and palladium was applied to the surface of each nanofiber
for 2 min using a spray coating apparatus (Quorum SC7620, USA).
Subsequently, histogram graphs were generated based on the 100 fibers
measured in SEM results by using imaging software (Olympus AnalySIS,
USA).

2.5. Fourier transform infrared spectroscopy (FT-IR)

A Fourier-transformed infrared spectroscopy (FTIR) (FT/IR-4700,
Jasco) was utilized to examine the chemical properties of the nanofibers.
The spectra were logged and carried out at room temperature(23 °C).
The transmission procedure was set to be at scanning speed 32, and
scanning resolution was set as 4 cm ™, and the scanning was performed
at 4000-400 cm ! intervals.

2.6. Differential Scanning Calorimetry (DSC)

To scrutinize the glass transition temperature (Tg) and melting
temperature (Tm) of the nanofibers, Differential Scanning Calorimetry
(DSC) (Shimadzu, Japan) was employed. The altering response of the
material to thermal stimuli was evaluated by subjecting nanofibrous
samples to the DSC apparatus, encompassing a temperature range from
25 to 300 °C (°C) and 100 different heating rates.

2.7. Mechanical analysis of nanofibers

For the assessment of the mechanical characteristics of individual
nanofibers, a tensile testing apparatus (Shimadzu Corporation, EZ-LX,
Kyoto, Japan) was employed. Before conducting the tensile test, the
thickness of the nanofibrous patches was determined utilizing a digital
micrometer (Mitutoyo MTI Corp., USA). Subsequently, the samples were
resized to dimensions of 10 x 50 mm (mm). Each group underwent
testing with three distinct samples to ensure reliability and consistency
in the results.

2.8. Swelling and degradation behavior of PVA/CH/HA/BSA nanofibers

To evaluate the water-absorbing capability of the fabricated nano-
fibers and monitor alterations in their mass over time in solution,
swelling and degradation assessments were conducted. Phosphate-
buffered saline (PBS) with a pH of 7.4 served as the swelling test solu-
tion. Nanofibers of equal weight were put inside 1 ml of PBS, into
Eppendorf tubes, further maintained at 37 °C (°C) within a thermal
shaker (TS-100, BIOSAN). Subsequent to a day (24h) incubation period,
the nanofibers were extracted from the excess PBS, and damp amounts
were recorded. Equation (1) was employed for the computation of the
water intake extent [19].:

_ Ww-—Wo

S
Wo

100 eq (1)
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Fig. 2. Morphological images of nanofibrous patches obtained by SEM and histogram graphs of diameters; PVA/CH (A), PVA/CH/HA (B), PVA/CH/HA/BSA-5 (C),
PVA/CH/HA/BSA-10 (D), PVA/CH/HA/BSA-15 (E).

For the degradation investigation, nanofibrous patches of uniform in a thermal shaker for an additional 24 h. Subsequently, the degrada-
weight were selected and immersed in PBS within 1 ml Eppendorf tubes, tion of the nanofibers was calculated based on the equation, considering
utilizing a thermal shaker device. Following a 24-h period, the PBS was the weights measured post-drying (Wy) (2) [20]:
decanted from the samples, and the nanofibers were subjected to drying
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Fig. 3. SEM/EDX results showing HA presence in applied samples, obtained from A) PVA/CH, B) PVA/CH/HA/BSA5, C) PVA/CH/HA/BSA10, D) PVA/CH/HA/

BSA15 samples.
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2.9. Cell culture test

2.9.1. Sterilization of materials

Material sterilization was conducted using UV light for a duration of
90 min within a class II laminar flow cabinet. Following the UV sterili-
zation period, the materials were transferred to a 96-well plate con-
taining a 20 pl medium to verify their stability.

2.9.2. Cell culture test

The electrospun nanofibers underwent UV light exposure overnight
to ensure sterilization before being transferred into 96-well plates.
Following this, they were immersed in a cell culture medium and
allowed to incubate for a period of 2 h to promote cellular adherence.
Human osteoblast cells (ATCC hFOB 1.19 CRL-3602 ™) were then
seeded onto the nanofibers and maintained at a temperature of 37 °C
with 5 % CO; to facilitate cell adhesion and viability assessment. The
MTT test, a standard method for evaluating cell viability, was conducted
at intervals of 1, 4, and 7 days post-incubation, following the manu-
facturer’s methodology. The absorbance readings at 570 nm were ob-
tained using an ELISA reader (Enspire, PerkinElmer) to quantify
cytotoxicity levels. Each assay was repeated thrice, and the mean values
were calculated. Prior to the MTT assay, the nanofibers were rinsed with
PBS solution (pH 7.4), and then treated with 0.5 ml (0.5 mg/ml) of MTT
solution, followed by incubation for 5 h at 37 °C with 5 % CO». Subse-
quently, the supernatant was carefully removed, and 1.5 ml of dimethyl
sulfoxide (DMSO) was added. The plates were incubated again for 15
min at 37 °C under 5 % CO5, conditions, and absorbance measurements
at the wavelength 560 nm were recorded via a microplate reader.

2.9.3. Scanning electron microscopy imaging
Following the completion of the cell culture experiments, fixation of
the cells on the nanofiber structure was achieved using a fixation

solution composed of an acetic acid: methanol mixture in a 1:3 ratio.
Then the medium solution was removed prior to the fixation operation,
and the nanofibers were rinsed twice with PBS. Subsequently, the fixa-
tion solution was applied, and the nanofibers were incubated at room
temperature on a shaker for 10 min. Upon completion of the incubation,
the fixation mixture was discarded, and the nanofibers were rinsed twice
with distilled water. Subsequent to this, the nanofibers were prepared
for imaging utilizing an SEM (EVO LS 10, Zeiss) operated at 10 kV.

2.10. In vitro BSA release

To conduct in vitro BSA discharge evaluations, 5 mg of BSA-loaded
nanofibers were introduced into 1 ml of PBS and maintained at 37 °C
temperature within the thermal shaker (TS-100, BIOSAN, Riga, Latvia).
UV spectrophotometer assessment were performed in predetermined
time durations. To sustain the ongoing release studies, the PBS solution
was replenished with fresh 1 ml PBS at each measurement point.

2.11. BSA release kinetics of nanofibers

The mathematical models used to evaluate drug release kinetics are
zero order, first order, Korsmeyer-Peppas, Higuchi, and Hixson-Crowell
equations [21];

Q=Kt" eq (3)
Q =Kot eq (4)
In (1-Q) = —Kjt eq (5)
Q = Kpt'/2 eq (6)
Q"3 = Kt eq (7)

In given equations, the dependent variable is the amount of drug
released at time t, denoted with the letter "Q". The kinetic constants of
the Zero-order, First-order, Korsmeyer-Peppas Higuchi, and Hixson-
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Fig. 4. FTIR spectra of pure PVA ((A)), a), pure CH ((A)), b), HA ((A)), ), BSA ((A)), b); FTIR spectra of nanofibers PVA/CH ((B)), e), PVA/CH/HA ((B), f), PVA/CH/
HA/BSA-5 ((B), g), PVA/CH/HA/BSA-10 ((B), h), PVA/CH/HA/BSA-15 ((B), i) nanofibers; DSC thermograms of the nanofibers (C).

Crowell equations, represented by "Ko," "Ky," "Kp," and "Kpc," respec-
tively, are used to calculate the aforementioned dependent variable. And
the diffusion exponent, represented by "n", reveals the drug release
system.

2.12. Statistical analysis

Statistical analysis was conducted using a single-factor ANOVA
program, while pore size measurements were performed using SPSS
17.0 analysis software. A significance level of p < 0.05 was accepted for
statistical inference, and the data were submitted in a manner that
included both their respective means and standard deviations.

3. Results and discussion
3.1. Scanning electron microscope (SEM)

Surface morphologies of nanofibers were investigated using SEM
analysis. For diameter measurements, 100 different fibers were chosen
to measure from every sample, and the obtained measurements are
presented in the histogram in Fig. 2. And The SEM results in Fig. 2,
indicated that nanofibers with and without BSA and HA showed smooth
surface and monodispersed fiber formation. Among the samples fabri-
cated, PVA/CH/HA/BSA-5 fibers exhibited the thinnest fibers, while
PVA/CH fibers were the thickest. The mean diameters of PVA/CH, PVA/
CH/HA, PVA/CH/HA/BSA-5, PVA/CH/HA/BSA-10, PVA/CH/HA/BSA-
15 nanofibers were measured as 540.51 + 101.238 nm, 334.18 +
98.309 nm, 325.39 £ 77.512 nm, 332.45 £+ 82.251 nm, 447.03 £
101.382 nm respectively. Results indicated that the fibers PVA/CH/HA,
PVA/CH/HA/BSA-5, and PVA/CH/HA/BSA-10 showed a decrease in
the diameters with the addition of a certain amount of HA and BSA when
compared to the pure and highest BSA-loaded fiber samples. Satpathy
et al. mentioned that loading HA to PVA/CH blend fibers can cause a
change in the diameter. The PVA/CH fiber was 395 + 162 nm, after the

HA addition the fiber diameter decreased to 300 + 121 nm [1]., Salim
et al. mention the addition of HA to PVA/Hyaluronan fibers caused few
bead formations and uniform fiber structures with less porous area [22].
Fazel et al. reported that PVA/BSA blend fibers can exhibit changes in
fiber diameters ranging from 200 to 500 nm and cause bead formations
with 7 m in length and ~1.5 m in diameter [23]. Another study by Zang
et al. confirmed that the addition of aspirin or BSA can cause bead for-
mations due to their effects on PVA [24]. In order to provide presence of
HA in applied samples, SEM/EDX measurements performed. As illus-
trated in Fig. 3, the samples were subjected to SEM/EDX analysis. The
samples lacking an HA context (PVA/CH) and the samples with an
applied HA context (samples with both HA and BSA) are presented. The
SEM/EDX results demonstrate that the PVA/CH samples do not contain
HA, while the presence of HA is evident through the detection of P and
Ca.

3.2. Fourier transform infrared spectroscopy (FT-IR)

The FTIR was used for molecular structural examination of PVA/CH,
PVA/CH/HA, and all PVA/CH/HA/BSA nanofibers. In Fig. 4A(a), for
pure PVA sharp peaks and strips were observed at 3278 cm-1 complying
with the O-H bonding, at 2904 cm-1 C-H bond of alkyl groups, at 1654
cm-1 the acetate group, C-O and C=0 bonds, and at 1417 cm-1 C-Hy
bond [21]. In Fig. 4A(b), for pure CH the sharp band at 1022 cm-1 in-
dicates the CH saccharide structure, at 1149 and 890 cm-1 indicates C-N
and C-H amide group, at 1560 cm-1 is related to N-H bending, and 1375
cm-1 is proof of OH ring of CH stretching [25]. In Fig. 4A(c), for pure HA
the sharp peaks at 1022 cm-1 and 593 cm-1 indicate the phosphate
stretching and bending [1]. In Fig. 4A(d), for the BSA multiple peaks at
3282 cm-1 and 2931 cm-1, amide A and amide B, indicate the N-H
stretching. At 1644 cm-1 amide I, the C=0 stretching, at 1529 cm-1
amide II, the C-N and N-H stretching and bending [26]. In Fig. 4B(e),
the obtained PVA/CH spectrum shows a resemblance with pure PVA and
CH spectrum, the peak present at 3278 cm-1 in pure PVA shifted to 3303
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Fig. 5. Tensile test measurements of the nanofibers: (A) tensile strength and strain at break, (B) stress-strain curve.

cm-1 with CH addition [1]. Fig. 4B(f), the spectrum of the PVA/CH/HA
sample, the inclusion of HA showed a minor impact in spectra, Fig. 4B
(g), PVA/CH/HA/BSA-5 sample, the spectrum also has similarities with
pure PVA, CH, and BSA spectrum, at 1652 cm-1 vibration caused by BSA
addition can be seen. In Fig. 4B(h), the spectrum of
PVA/CH/HA/BSA-10 also shows a resemblance with previous spec-
trums, the peak at 1654 cm-1 indicated the effect of BSA addition, and
1168 cm-1 at pure BSA spectrum is shifted to 1141 cm-1. And Fig. 4B(i),
the spectrum of PVA/CH/HA/BSA-15 same peak from BSA-5 and

BSA-10 samples present at 1652 cm-1. Thus, the nanofibers with BSA
and HA were fabricated successfully.

3.3. Thermal properties

Thermal measurement techniques are crucial tools to understand and
determine the physical and chemical changes of investigated material,
changes such as phase transition, glass transition temperature (Tg), and
melting temperature (Tm) [27]. DSC thermograms of each electrospun
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nanofiber, PVA/CH, PVA/CH/HA, PVA/CH/HA/BSA-5, PVA/CH/-
HA/BSA-10, and PVA/CH/HA/BSA-15 are shown in Fig. 4 (C). PVA
(polyvinyl alcohol) represents a polymer with a partially crystalline
structure, which can be observed to exhibit both a glass transition
temperature, Tg, and a melting isotherm, Ty, [21]. The peaks observed
during the DCS analysis were mainly caused by PVA, which is the main
ingredient with the highest concentration in all nanofibers fabricated.
The peak observed at 210 °C in the thermogram for the PVA/CH and
PVA/CH/HA nanofibers correlates with the melting temperature for
PVA. And the small curved peaks occurred until 80 °C due to glass
transitioning of PVA which happens between 49 and 63 °C but including
the CH within the context may shift the peak along the right side [21,
28]. Koosha and Mirzadeh, mention similar changes during the thermal
analysis of CH/PVA electrospun due to water molecules present in CH
which can liberate in various temperatures [28]. Glass transition tem-
peratures for PVA/CH/HA/BSA-5, PVA/CH/HA/BSA-10, and
PVA/CH/HA/BSA-15 nanofibers were 75.30, 67.18, and 73.43,
respectively. And melting point temperatures for PVA/CH/HA/BSA-5,
PVA/CH/HA/BSA-10, and PVA/CH/HA/BSA-15 nanofibers were
measured as 205.45, 220, 223.63, respectively. Risdian et al. mention,
that after BSA addition Tg and Tm values change slightly due to the
hydrogen bond between PVA chains and BSA molecules, which causes to
Tm value to get slightly higher and changes in Tg value [26].

3.4. Mechanical properties

The mechanical properties of the PVA/CH, PVA/CH/HA, and all
PVA/CH/HA/BSA were investigated to understand the durability and
resistance of fabricated nanofibers. Each nanofiber sample was
measured and analyzed in terms of both tensile strength and elongation
at break, results shown in Fig. 5. The PVA/CH nanofibers showed a

tensile strength of 6.16 &+ 0.81 MPa and a strain break value found 8.72
4+ 1.4. When HA was introduced to the nanofiber content, PVA/CH/HA
had a tensile strength of 7.65 + 1.21 MPa, and a strain break value of
7.34 + 1.69 was found. For PVA/CH/HA/BSA-5, PVA/CH/HA/BSA-10,
and PVA/CH/HA/BSA-15 nanofibers the tensile strengths were 9.93 +
0.40, 7.78 + 0.82, and 8.28 + 0.83, respectively. And the strain breaks
for each BSA-loaded sample, were 20.36 + 3.83, 3.77 + 0.65, and 20.09
+ 2.45, respectively. It is possible to say the addition of HA into PVA/CH
nanofiber increased its tensile strength. Salim et al. mentions similar
observations after the addition of HA to PVA/Hyaluronic Acid electro-
spun nanofibers they produced, the tensile strength increased [22]. With
the addition of BSA to the PVA/CH/HA blend, the mechanical properties
slightly increased for BSA-5 and decreased for both BSA-10&15 samples.
The addition of BSA, even in small amounts, can cause a decrease in
mechanical properties. Li et al. mention the addition of BSA-dextran to
PLGA nanofibers and indicate similar results, a decrease in mechanical
properties [29]. Another work by Bercea et al. mentions addition of BSA
to a polymeric blend can cause a reduction of the viscoelastic modulus
and shear viscosity [30].

3.5. Swelling and degradation behavior

Absorption capabilities of the nanofibers were tested in order to
understand the capacity for transportation of molecules such as; oxygen
and other molecules. Fig. 6A reports the PBS uptake amounts of each
nanofiber at 37 °C for 10 days. In Fig. 6A, it can be seen that PVA/CH
nanofiber exhibits a decreasing water-uptake profile up to the 5th day
and then starts to degrade. PVA/CH/HA fiber also exhibits similar
behavior to PVA/CH nanofibers, with swelling behavior up to the 7th
day. PVA/CH/HA/BSA-5 nanofiber exhibits similar behavior to PVA/CH
and PVA/CH/HA and presents a similar decreasing swelling rate until
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the 8th day with the highest swelling rate at 220 % on the 1st day. PVA/
CH/HA/BSA-10 and PVA/CH/HA/BSA-15 samples showed different
swelling behaviors than other samples, continuing their swelling
behavior until the 10th day. For PVA/CH/HA/BSA-10 nanofiber,
reached a swelling rate of 150 % on the 1st day and slowly decreased
and stabilized on the 4th day at around 100 % swelling rate until the
10th day. Similarly, PVA/CH/HA/BSA-15 nanofiber exhibits relatively
stable swelling behavior, reaching a maximum swelling rate of 100 % on
the 1st and 2nd day, and stabilizing around 70 % until the 10th day.
Overall, among all nanofibers, PVA/CH showed the highest swelling
rates of 250 % for the initial day, this might happen because of CH
content, which can decrease the crystallization degree of PVA [31].
Among PVA/CH/HA/BSA nanofibers, BSA-10 showed a 100 % swelling
rate for the 4th to 10th day.

Degradation is an essential process for tissue engineering applica-
tions due to the need for the disappearance of the scaffold after the
necessary cultivation of cells occurs successfully [21]. The degradation
properties of each nanofiber fabricated were investigated and shown in
Fig. 6B. According to Fig. 6B, as a result of the degradation of nanofiber
groups, the pure group consisting of PVA/CH showed a degradation rate
of 47.4 % at the end of 35 days, while the rate decreased by 36.7 % with
the inclusion of HA in the structure. It was observed that HA slowed

down the degradation process by increasing the integrity of the matrix.
Ma et al. performed an analysis with Gel/CS/PVA composite scaffold
and hydroxyapatite, the results obtained from physical characterization
on four samples with various HA amounts show similar results to those
obtained in our study, the degradation process slows down as the HA
content increases [32]. In addition, when the PVA/CH/HA/BSA groups
are examined, the water permeability of the nanofiber matrix increased
with the inclusion of BSA in the structure, potentially leading to an
increased degradation rate. It was observed that the
PVA/CH/HA/BSA-15 nanofiber group had the fastest degradation rate.
A study on PVA/BSA hybrid hydrogels by Bercea et al. shows that at high
BSA content, swelling rates and mass loss increase during swelling and
degradation tests [33].

3.6. BSA drug release and kinetic studies

In the present study, an in vitro, drug release test was carried out in
order to investigate the release property of BSA from electrospun
nanofibers fabricated. As the initial step, the UV spectra for BSA with
different concentrations from the range of 4-10 pg/ml to obtain BSA
absorption values, peaks belonging to BSA were seen around 204 nm,
which belonged to the backbone absorption of BSA [34], and the linear
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Table 3
Transport models according to the range of n value.
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standard curve (R% = 0.9827) was plotted accordingly (Fig. 7(a & b)).

BSA release analyses were performed in PBS to increase the likeness
of environmental conditions. In Fig. 7 (c), BSA release profiles of PVA/
CH/HA/BSA-5, PVA/CH/HA/BSA-10, and PVA/CH/HA/BSA-15 was
shown and each sample alone in Fig. 7 (c.1., ¢.2., and c¢.3.). For PVA/CH/
HA/BSA-5 nanofiber, it can be seen that 58 % of BSA is released until
12th-hour ends, which exhibits a burst release profile. Similarly, PVA/
CH/HA/BSA-10 and PVA/CH/HA/BSA-15 nanofibers also exhibit
burst release profiles, %78 and %73 respectively within the 12th hour.
All nanofibers continued to release BSA for the 72-h duration until %100
release occurred.

The release kinetic assessments of PVA/CH/HA/BSA-5, PVA/CH/
HA/BSA-10, and PVA/CH/HA/BSA-15 nanofibers involved the appli-
cation of various kinetic mathematical equations by Hixon-Crowell,
Higuchi, Korsmeyer-Peppas, and Zero-Order, First-Order, as present in
Fig. 8. Table 3., presents the kinetic constants and regression coefficients
(R?) obtained for all nanofibers during assessments with each mathe-
matical model. For each nanofiber, the most appropriate mathematical
description with the highest correlation coefficient was evaluated. The
coefficients evaluated in Table 3 indicate that all nanofiber samples with
BSA were governed by the first-order drug release model, as evidenced
by the highest regression coefficient values among all models evaluated.
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Fig. 10. SEM images of osteoblast cells cultured with PVA/CH (A), PVA/CH/HA (B), PVA/CH/HA/BSA-5 (C), PVA/CH/HA/BSA-10 (D), and PVA/CH/HA/BSA-15

(E) samples after 1, 3 and 7-days duration.
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3.7. Biocompatibility and functional features of nanofibers

The biocompatibility of the nanofibers fabricated must be examined
in order to understand the nanofiber’s ability to not cause any toxic or
disturbing effect on the host tissue [35]. The MTT assays were executed
at 1, 4, and 7 days of incubation to understand and observe the effect of
BSA on osteoblast cells (Cell line code: ATCC hFOB 1.19 CRL-3602 ™),
Cell viability results of each fiber are shown in Fig. 9. According to the
results, PVA/CH/HA/BSA-15 nanofiber exceeds the control group in
terms of cell viability with 119.9 %. Among the rest of the
BSA-containing samples, the second considerably successful nanofiber
was PVA/CH/HA/BSA-10 nanofiber which reached 95.9 % on the 4th
day and 97.7 on the 7th day. PVA/CH/BSA-5 nanofiber was able to
reach 98.6 % cell viability at the completion of the 7th day. For the effect
of BSA in terms of cell viability, results indicate a relation in a positive
direction. Homaeigohar et al. [36], reports the PCL/BSA composite
nanofibers and the influence of BSA on cell viability, mentions that due
to the dissolution of BSA from the fiber, the nanofiber surface becomes
rougher which provides a more stable surface for cells to attach with
adhesion. Furthermore, the amine groups from BSA can cause positively
charged nanofiber surfaces for negatively charged cells to attach with
additional adhesion to nanofibers [36]. In agreement with the cell
viability assay, SEM images from 1-day, 4-day, and 7-day cultured
nanofiber samples in Fig. 10, showed increasing expansion, growth, and
connection between cells on PVA/CH/HA/BSA nanofiber samples.
Collected SEM images indicate that osteoblast cells were successfully
attached to the nanofibers, and there were considerable growth and
connectivity differences between samples without BSA and with.

4. Conclusion

In the present study, PVA/CH/HA/BSA with 0.05, 0.1, and 0.15 wt%
BSA concentrations were fabricated via the electrospinning method
successfully, for healing bone fractures/cracks and to contribute to bone
tissue engineering applications. The SEM images indicate that nano-
fibers with BSA showed smooth surfaces and monodispersed fiber for-
mation. Required porous structures were achieved, and the mean
diameters of PVA/CH/HA/BSA-5, PVA/CH/HA/BSA-10, PVA/CH/HA/
BSA-15 nanofibers were measured as 325.39 + 77.512 nm, 332.45 +
82.251 nm, 447.03 + 101.382 nm respectively. However, degradation
rates were controversial, on the 5th day almost 80 % of all the BSA-
included nanofibers had degraded. In the case of BSA release, at the
12th hour burst release of BSA from all nanofibers was over, and
controlled release of BSA continued till the 72nd hour. The MTT test
outcomes indicated that biocompatible and non-cytotoxic nanofibers
were fabricated. During 7 days of incubation with human osteoblast
cells, the sample with PVA/CH/HA/BSA-15 exhibited the highest cell
viability results, which could be possible due to the early release of BSA
from nanofiber, which can cause a porous surface for new cells to attach,
and initiate signaling among them to increase connectivity. Considering
all the results from this study, PVA/CH/HA/BSA composite nanofibers
can be a potential healing patch for bone fractures and cracks. In our
future studies, we plan to use confocal microscope to study the cellular
interaction of nanofibers.
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