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ARTICLE INFO ABSTRACT
Keywords: Today, the construction of scaffolds promoting the differentiation of stem cells is an intelligent
Poly (e-caprolactone) (PCL) innovation that accelerates the differentiation toward the target tissue. The use of calcium and

Poly (vinyl alcohol) (PVA)
Cockle shell (CS)

Scaffold

Bone tissue

phosphate compounds is capable of elevating the precision and efficiency of the osteogenic dif-
ferentiation of stem cells. In this research, osteoconductive electrospun poly (e-caprolactone)
(PCL) - poly (vinyl alcohol) (PVA) hybrid nanofibrous scaffolds containing modified cockle shell
(CS) nanopowder were prepared and investigated. In this regard, the modified CS nanopowder
was prepared by grinding and modifying with phosphoric acid, and it was then added to PVA
nanofibers at different weight percentages. Based on the SEM images, the optimum content of the
modified CS nanopowder was set at 7 wt %, since reaching the threshold of agglomeration
restricted this incorporation. In the second step, the PVA-CS7 nanofibrous sample was hybridized
with different PCL ratios. Concerning the hydrophilicity and mechanical strength, the sample
named PCL50-PVA50-CS7 was ultimately selected as the optimized and suitable candidate scaf-
fold for bone tissue application. The accelerated hydrolytic degradation of the sample was also
studied by FTIR and SEM analyses, and the results confirmed that the mineral deposits of CS are
available approximately 7 days for mesenchymal stem cells. Moreover, Alizarin red staining
illustrated that the presence of CS in the PCL50-PVA50-CS7 hybrid nanofibrous scaffold may
potentially lead to an increase in calcium deposits with high precipitates, authenticating the
differentiation of stem cells towards osteogenic cells.

1. Introduction

Bone is the strongest tissue in the body that can be damaged by a wide range of diseases, osteoporosis, trauma, and various cancers.
While some of these injuries can be treated with common medical methods, a large number are incurable [1]. These are usually lesions
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in which part of the bone tissue is destroyed and the natural mechanisms in the body are unable to regenerate the damaged tissues.
Bone is made up of a solid organic mold or matrix that is reinforced by the deposition of calcium salts and its cell culture on porous
polymer scaffolds could be an efficient solution for bone tissue engineering applications [2,3].

Nanofibrous scaffolds are an excellent option for regenerating and repairing bone tissue damages and inconveniences by creating a
suitable artificial environment for cell growth and proliferation [4,5]. The high surface-to-volume ratio of nanofibers increases the
binding and proliferation of cells on nanofibers. A suitable scaffold for bone tissue must have sufficient porosity for cell migration,
surface chemistry suitable for adhesion and growth and proliferation of cells, a degradation rate proportional to the rate of normal
tissue regeneration, and a suitable nanofiber diameter to adapt to the physiological functions of the body [6]. Electrospinning is a
common method for preparing nanofibrous scaffolds with nanometer and micrometer fibers, which can provide a structure similar to
the extracellular matrix and a suitable environment for cell migration, adhesion, growth, and proliferation [7]. Various polymers have
been used in the construction of electrospun scaffolds, but polymers from the group of poly(a-hydroxyl acid) such as poly (e-capro-
lactone) (PCL), poly (glycolic acid), poly (lactic acid) were reported to be the most widely used in bone tissue systems [8,9]. PCL is a
synthetic biocompatible, and biodegradable polymer with good mechanical properties. Since the PCL has a low melting temperature of
55-60°C, it can be easily shaped using various manufacturing methods [10]. Although, it has inadequate cell adhesion due to its lack of
osteogenic properties and hydrophobic surface, incorporating inorganic substances or hydrophilic polymers into the PCL scaffold is a
common way to enhance its hydrophilicity which can support the growth and differentiation of many cell types such as osteoblasts
[11].

Researchers found that despite their good properties, many polymers could not be effective in bone regeneration alone. Since the
bone tissue is strong and flexible, biological materials, like polymers and prestigious inorganic materials, are suggested to be combine
and utilized for mimicking the behavior of natural tissue. For this purpose, to improve hydrophilicity, cell adhesion, and increase the
degradation rate of PCL, its hybrid with hydrophilic substances such as PVA has been used [12]. One of the reasons for choosing PVA is
due to its good solubility in cell culture medium at body temperature, which can easily release calcium deposits within itself and
provide cells to differentiate [13]. In recent years, researchers have been able to reduce the contact angle on the PCL and hydrophilize
the scaffold surface to allow for cell growth and proliferation by preparing a PVA-PCL hybrid [14].

In addition to polymers, other materials can also be incorporated into electrospun scaffolds for bone tissue engineering (BTE) such
as hydroxyapatite, tricalcium phosphate, and other calcium derivatives [15-17]. The positive point of calcium phosphates is
biocompatibility, which results in the formation of a layer rich in calcium and phosphorus on the surface of these substances [18,19].
Recent studies have shown that the use of calcium derivations, especially calcium phosphate ceramics such as HA along with polymers,
in addition to creating better mechanical properties, also increases the degree of biocompatibility and bone formation. Due to the high
commercial cost of calcium phosphates, natural compounds such as eggshell, cockle shell, etc. as green nano materials can be used with
biological origin and low cost [20-23]. Cockle shells (CS) are naturally composed of 96 % calcium carbonate with small amounts of
minerals. The presence of these trace elements makes it have a bone-like crystal composition and structure. So, cockle shell is a viable
alternative to bone minerals for tissue engineering applications due to its porosity, non-toxicity, and biodegradability. Didekhani et al.
incorporated oyster shell (OS) as a natural biomaterial for the first time to develop PCL/OS composite electrospun nanofiber scaffolds
for BTE applications. The presence of oyster shells was found to be useful for more cell adhesion, osteogenic proliferation, and dif-
ferentiation compared with pristine PCL [24]. CS can positively impact the bone differentiation of cells. Research indicates that
calcium carbonate nanocrystals derived from cockle shells, specifically in the form of aragonite, enhance osteoblast function and
differentiation. Studies have shown that these nanocrystals improve alkaline phosphatase activity, protein synthesis, and extracellular
calcium deposition in osteoblasts [25]. The cell viability study suggests that these nanocrystals facilitate osteoblast differentiation and
adhesion, leading to enhanced bone formation and mineralization.

This work is aimed at preparing novel PVA-CS nanofibers and their hybridization with PCL ones. After chemical modification of CS
nanopowder, it is added to the CS nanofibers. On the other hand, PCL is inserted in the system to produce electrospun PCL-PVA-CS7
hybrid nanofibrous scaffolds. The potential osteogenic differentiation of the samples is evaluated by mesenchymal cell culture and
results are investigated in detail.

2. Materials and methods
2.1. Materials

Poly (vinyl alcohol) (PVA, weight average molecular weight 80000 g mol ™) was purchased from Nippon Gohsei (Japan). Poly
(e-caprolactone) (PCL, weight average molecular weight 98000 Da) was supplied from Sigma-Aldrich (USA). Chloroform, dimethyl
formaldehyde (DMF), phosphoric acid, glutaraldehyde, acridine orange (AO), ethidium bromide (EB) and dimethyl sulfoxide (DMSO)
were all provided from Merck Co., (Germany) and used without further purification. DMEM-F12 (Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12) cell culture medium from Gibco was used. MTT (3-(4,5-dimethylthiazol-2-y1)-2,5- diphenyltetrazolium bro-
mide) assay, calcium content and alkaline phosphatase kits were all prepared from Pars Azmoon Co., (Iran).

2.2. Preparation of CS nanopowder
CS was collected from the Caspian Sea (Iran), pulverized in a ball mill after washing, and modified chemically as follows: 28 g of CS

were added to 42 mL of phosphoric acid diluted by 500 mL of distilled water and stirred at 300 rpm. Then, the turbid solution was
centrifuged at 3000 rpm for 4 min to separate the unreacted contents. The sediments were poured into a Petri dish and dried in an oven
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at 70 °C for 24 h. Finally, the prepared white CS nanopowder was passed through a 450 nm syringe filter for size uniformity.
2.3. Preparation of electrospun PVA-CS nanofibers

A solution of PVA in distilled water (8 wt %) was prepared at a temperature of 70 °C based on the previous work [26]. To prepare
PVA nanofibers containing modified CS nanopowder, the predetermined amounts of nanopowder were dispersed in distilled water,
ultra-sonicated, and PVA was added to them (1, 3, 5, 7 wt %). Finally, the prepared solutions were electrospun at a flow rate of 0.8
mL/h, a distance-to-collector of 12-18 cm, and a voltage of 12-18 kV.

2.4. Preparation of electrospun PCL nanofibers

PCL solutions in 9, 12, and 15 wt % were prepared in chloroform and DMF in a volume ratio of 7:3. Then electrospinning of
nanofibers was done with a voltage of 19 kV and a distance-to-collector of 14.5 cm [27].

2.5. Preparation of electrospun PCL-PVA-CS hybrid nanofibers

After determining the optimal conditions for electrospinning of PCL and PVA-CS, these two nanofibers were hybridized together in
ratios of 50/50, 25/75, and 75/25 by using co-electrospinning. The hybrid mats were cross-linked in the presence of glutaraldehyde
(the saturated vapor of glutaraldehyde (25 %v/v) in a vacuum chamber at room temperature for about 11 h) and dried in a vacuum
oven at 30 °C for 24 h that excess unreacted glutaraldehyde is removed from the scaffolds [28].

2.6. Dynamic light scattering

To measure CS nanopowder before and after passing through the 450 nm nozzle filter, a dynamic light scattering (DLS, SZ-100z,
Horiba Jobin Jyovin Co., Japan) was utilized.

2.7. Fourier transform infrared spectroscopy

To evaluate the characteristic peaks of scaffolds at different times after hydrolytic degradation, a Fourier transform infrared
spectroscopy (FTIR, Equinox 55, Bruker Co., United States) was employed with wavenumbers in the range of 500-4000 em L.

2.7.1. Scanning electron microscopy

The morphology of the CS nanopowder and the nanofibers was observed by using a scanning electron microscope (SEM, MIRA II,
Tescan Co., Czech). All samples were coated with thin layers of gold and the micrograph images were recorded at different
magnifications.

2.8. Energy dispersive X-ray analysis

The presence of modified CS nanopowder in the nanofibers was studied by energy dispersive X-ray analysis (EDX, Tescan Co.,
Czech). For evaluation of the cross-section of nanofibers, after inserting them in the epoxy resin and drying, they were put in liquid
nitrogen and broken perpendicular to the direction of nanofibers.

2.9. Water contact angle measurements

The water contact angle was measured by placing a drop of water on the surface of the scaffolds with a contact goniometer (WCA,
Kruss Co., Germany) [29]. The contact angle measurements were performed three times for each scaffold and the average was
reported.

2.10. Tensile test

Mechanical properties of the nanofibers were investigated using a tensile apparatus (5566, Instron, England). For this purpose,
scaffolds with dimensions of 5 x 30 mm were cut and they were extended with a cross-head speed of 5 mm/min the average results
were reported with three times repeat of this test. In order for the scaffolds to fit well in the tensile machine, they were placed in a paper
frame and the frames were cut with scissors before performing the test (ASTM D3379) [30].

2.11. Porosity measurements

Digimizer software was used to calculate the circle equivalent of the pores from the SEM images. Then the porosity of each scaffold
was calculated using the following Equation 1:

Surface porosity (%) = (Ap / Ar) x 100 €D}


astm:D3379
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where “Ap” and “Ar* are the average surface area of pores and the SEM image, respectively.
2.12. Accelerated hydrolytic degradation studies

The accelerated hydrolytic degradation of samples in sodium hydroxide (1 M) at 45 °C was investigated after 1, 3, 6, 12, 24, and 48
h [31,32]. They were washed several times with deionized water, dried again in a 45 °C oven for 24 h, and weighed. The residual
weight is measured using the following Equation (2):

Reminding mass(%) =100 — ((Mi — Mf) x 100)/Mi (2)

where “M;”, “Ms” are weights of dry samples before and after degradation, respectively.

On the other hand, hydrolytic degradation was performed in a physical solution called phosphate buffer saline (PBS, pH 7.4) at
37 °C for 35 days. The remaining weight of scaffolds after degradation was calculated by Eq. (2). These measurements were done 3
times with a standard deviation < 5 %.

2.13. Cell culture

In this line, two groups were evaluated for cell viability and differentiation, one for PCL-PVA-CS scaffolds and the other for (50/50)
scaffolds as a control sample. At first, scaffolds were sterilized and cut as a circle with a diameter of 0.5 cm, then placed inside the wells
of a 24-cell culture container. Following this, up to 500 pL of culture medium (DMEM) containing 10 % bovine serum (FBS) was added
to each well, and 10,000 cells were placed on each scaffold. The culture container was placed inside an incubator set at a temperature
of 37 °C and 5 % carbon dioxide. At 1, 3, and 5 days after the initial culture, and at a specific hour, 50 pL of tetrazolium bromide MTT
solution (5 mg mL ! in a basic environment) were added to each well. The culture container was then returned to the incubator for 3 h.

2.13.1. Cell viability
MTT assay was performed by using Eq. (3) to evaluate the biocompatibility of electrospun PCL-PVA-CS nanofibers in the presence
and absence of CS against fibroblast cell (L929) with numbers of 10* cell/well through 24 well-plate at 37 °C and 5 % of CO,.

Relative cell viability(%) = (OD / avg ODC') x 100 3)
where “OD” is the absorbance value of samples and “avg ODC’” is the average absorbance value of the cell control.

2.13.2. Cell adhesion
After culturing fibroblast cells (L929) on PCL-PVA and PCL-PVA-CS nanofibers with and without CS. The cell adhesion was studied
after 24 h by SEM images with magnifications of 1000x and 5500x.

2.13.3. Alkaline phosphatase

Alkaline phosphatase activity (ALP) activity was done in 7 and 14 days [33,34]. For this purpose, the first 100 pL of RIPA
(Radioimmunoprecipitation assay) buffer solution were added to the cell culture medium containing the scaffold and control samples
to remove the proteins from the cell. The contents of the wells were centrifuged (14000 rpm) for 15 min at 4 °C. Subsequently, 1 pL of
(p)-nitrophenol phosphate solution was added to each sample and measured and by ELISA reader (3200 DANA, Garni Rizpardaz Co.,
Iran) at a wavelength of 450 nm.

2.13.4. Calcium content

This experiment is similar to the ALP test performed on days 14 and 21. Then 200 pL of 0.6 N hydrochloric acid solution was added
and pipetted well and were eventually transferred to vials [34]. Then, a calcium content kit was used to measure the amount of calcium
deposits. Finally, light absorption in the range of 750 nm with the laser was read (3200 DANA, Garni Rizpardaz Co., Iran).

2.13.5. Alizarin red staining

Alizarin red staining is a substance that selectively stains calcium deposits, and it has been utilized in recent times to examine
calcium-rich deposits that are formed in cell cultures. In this method, after washing the differentiated cells with PBS, an appropriate
amount of a 1 % alizarin red dye solution (by weight) was added to the cells for 5-10 min. Then, they were washed again with PBS, and
their images were taken using a light microscope.

2.13.6. Statistical analysis

Data were expressed as mean value + standard error. All the data were statistically analyzed by one-way analysis of variance
(ANOVA) using IBM SPSS Statistics analysis of variance (20.0) and GraphPad Prism software. Statistical difference was considered
significant when probability values were less than 0.05 (p < 0.05).
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Fig. 1. SEM micrograph of CS nanopowder before and after filtration by a syringe filter with a 0.45 pm pore size.
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Fig. 2. XRD spectra raw cockle shell powder as non-modified CS and phosphated CS as modified CS.

3. Results and discussions
3.1. Evaluation of CS nanopowder

After grinding and modifying the CS nanopowder with phosphoric acid, its nanoparticles should be separated. For this purpose, a
syringe filter with a 0.45 pm pore size was used. As the SEM images in Fig. 1 show, the size of the particles after filtering has become
much smaller and more uniform than before filtering. Filtered CS nanoparticles have a plate morphology with a thickness of less than
100 nm. Of course, the results of the DLS test estimated the average diameter of the CS before and after filtration to be 300 and 1000
nm, respectively (Fig. S1). The difference between SEM and DLS results could be because the DLS test measures the radius of the
gyration of the particles. The size range of cockle shell nanoparticles varies depending on the study. Reported dimensions include
nanoparticles with sizes ranging from 0.5 to 3 nm in diameter and 20-1000 nm in length [35]. Additionally, other studies have re-
ported average sizes of around 78.8 + 10.8 nm [36], and 37.84+3-55.2 + 9 nm [37] for cockle shell nanoparticles. The chemical
structure of CS consists mainly of aragonite, which is a crystalline form of calcium carbonate (CaCO3). Shells are composed mainly of
calcium, with minor amounts of magnesium, silicon, sodium, and other minerals. X-ray diffraction (XRD) analysis shown in Fig. 2
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Fig. 3. SEM micrographs of electrospun PCL nanofibers for different concentrations: (a, b) 9 wt %, (c, d) 12 wt %, and (e, f) 15 wt % at two
magnifications.

confirms that the CSs are mainly composed of aragonite, a specific polymorph of calcium carbonate [38]. The indicative peaks in the
XRD analysis of the cockle shell include peaks at approximately 20 = 29.4°, 32°, 38°, 54°, 64°, and 68°. These peaks are significant in
identifying the crystal structure and chemical composition of the material, particularly in determining the presence of calcite and
aragonite phases [39,40]. The difference in the peaks in the graph of non-modified nanoparticles with phosphate CS nanoparticles is a
confirmation of its successful modification, so that the peak in 13.4 shows the structure of Cag(POg4)2 [41].

3.2. Evaluation of electrospun PVA nanofibers containing modified CS

CS as an osteogenic agent causes differentiation in stem cells. The ossifying agent must be released from the scaffold at the
appropriate time and made available to the cells for differentiation. On the other hand, the degradation and release of CS from PCL
fibers are slow. Because PCL is a hydrophobic polyester whose hydrolytic degradation is slow [42]. Therefore, CS particles were added
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to PVA. For this purpose, the electrospinning process of combining different percentages including 1, 3, 5 and 7 wt % of CS nano-
powder in PVA solution was performed. Electrospinning with different voltages and distances at constant flow (0.8) mL/h was per-
formed to find the best nanofibers. Fig. S2 shows the SEM microscope images of PVA-CS electrospun nanofibers. As can be seen,
nanofibers containing 1, 3, and 5 wt % of CS are completely homogeneous and have any beads. However, by increasing the amount of
CS nanoparticles up to 7 wt % due to the accumulation of CS nanoparticles, beads are formed [43,44]. Therefore, the threshold for
adding CS nanoparticles is 7 wt % of PVA. Also, fiber diameter distribution diagrams show that with increasing weight CS, the average
nanofiber diameter from 460 nm to 347 nm has changed (Fig. S3). To ensure the presence of CS in nanofibers, the EDX test was
prepared from the cross-section of nanofibers. Fig. S4 shows the presence of calcium (blue dots) and phosphorus (orange dots) ele-
ments due to the proper dispersion of CS in PVA nanofibers.

3.3. Evaluation of electrospun PCL

To prepare PCL and PVA hybrid, the suitable conditions for each of these two polymers should be evaluated separately and the
optimal electrospinning conditions should be determined for each. Previous research confirmed that PCL spun well in concentrations

higher than 9 wt % [45]. Therefore, PCL was spun in three concentrations of 9, 12, and 15 wt % and their SEM images are shown in
Fig. 3a-f.
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The results showed that the nanofibers 9 and 12 wt % are mats with drops and beads. This is despite the fact that the nanofibers of
PCL 15 % wt. do not have beads and are uniform. Of course, researchers have proven that the diameter of the nanofibers increases with
increasing concentration of the solution [46]. In analyzing the diameter of electrospun nanofibers, attention should be paid to the
balance of three main forces: viscoelasticity, surface charge, and surface tension. Viscoelasticity and surface tension are the restraining
forces of nanofiber jumping. With the increase in polymer molecular mass and the same polymer concentration, these forces increase
and lead to an increase in the diameter of the nanofibers and even create beads. While the surface charge is the driving force for
jumping the nanofibers toward the collector. Since most polymers are conductive insulators, solvents with high dielectric constant are
used to improve the surface charge. Also, increasing the voltage can increase the surface charge. Increasing of surface charge force can
reduce the diameter of the nanofibers. If this force increases too much and the two restraining forces of viscoelasticity and surface
tension decrease, the nanofibers are fragmented and the possibility of bead formation increases. Therefore, to have uniform and
suitable nanofibers, there must be a balance between the promoting and hindering forces [8]. Therefore, in this research, the con-
centration of 15 % wt. of PCL is the equilibrium threshold of these nanofibers, and uniform nanofibers are obtained.

3.4. Evaluation of electrospun hybrids PCL-PVA-CS7

After determining the optimal electrospinning conditions of PCL and PVA, the hybrid of these nanofibers was spun in the com-
bination of 0, 25, 50, 75, and 100 %. The SEM of electrospun hybrids and their diameter distribution diagrams are shown in Fig. 4. As is
seen, the scaffolds have no beads and the diagrams show a twin nanofiber diameter distribution of two polymers. For the 25 % PCL75-
PVA25 scaffold, which has more PCL, the peak at 200 nm is more intense, and for the PCL25-PVA75, the peak at 400 nm is more
intense. On the other hand, PCL50-PVA50 hybrids show relatively equal peak intensity of two polymers. The porosity of electrospun
scaffolds was about 60 % as shown in Fig. 5a sufficient porosity is one of the most important features of bone scaffolds for cell growth,
proliferation, and migration. Porosity increases surface area to volume, facilitates accurate growth and distribution of cells throughout
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Fig. 8. Cell viability evaluation of fibroblast cells (L929) cultured on PCL50-PVA50 and PCL50-PVA50-CS7 nanofibers for 1, 3 and 5 days.

the scaffold, and the formation of blood vessels around new tissue. Porosity also plays an important role in the release of food, oxygen,
and waste. It should be noted mechanical strength may decrease with increasing porosity percentage. Maheshwari et al. also reported
hybrid porosity of 59 % and 64 %, which is a good porosity for bone tissue applications [14]. As it is clear from the SEM images, the
pore size of the scaffolds is around 5-20 pm. The dimensions of an osteoblast cell typically range from 5 to 20 pm in diameter [47]. The
outer cell membrane contains OH functional groups. For this reason, cells have better adhesion, growth, and proliferation on the
hydrophilic surface. Therefore, the prepared bone scaffold should be made of hydrophilic polymers or modified in various ways for this
purpose. PCL is an absorbent polymer with a water contact angle of 114° [48,49].

When PCL is hybridized with different amounts of PVA, its hydrophilicity is improved (Fig. 5b). The scaffolds must be able to
protect the cells against compressive and tensile strength. The mechanical properties of prepared scaffolds were investigated
(Fig. 5¢—f). PCL is a tough polymer that has a higher elongation rate compared to PVA. But the modulus and strength of PVA is higher
than PCL. Therefore, in the hybrids prepared by increasing the amount of PVA, the increase in length decreased and the modulus and
final strength of the scaffolds increased. Degradability of scaffolds is one of their requirements. Therefore, the degradability of the
prepared scaffolds was investigated in two different conditions (Fig. 6 a, b). The degradability test is a time-consuming test, so this
feature was first checked by an accelerated test, and then the main test was also performed [50,51].

Although PCL is an ester polymer and prone to degradation, it degrades slowly due to its hydrophobicity. Therefore, hybridizing
this polymer with PVA has led to an increase in its degradability rate. The results confirmed that by increasing the amount of PVA, the
degradability of the prepared hybrids improved. SEM images after the hydrolytic degradation of the scaffolds in the buffer environ-
ment are shown in Fig. 6, PCL50-PVA50 was selected as the optimal scaffold for further evaluation due to its suitable hydrophilicity
and mechanical strength. The interesting point is that after the dissolution of PVA, CS nanopowder were released and formed calcium
deposits on the scaffold (Fig. 6 c, d). Creation of mineral deposits in scaffolds is one of the key parameters of bone differentiation of
stem cells. The question is, after how many days these mineral deposits are available to the stem cells? The scaffolds were placed in the
buffer environment and were removed from the solution on different days and evaluated by FTIR after drying (Fig. 7).

The FTIR analysis of PCL and PVA electrospun fibers reveals distinct peaks corresponding to different functional groups present in
the materials. In the FTIR spectra of PVA fibers, characteristic peaks are observed at 3267 cem~! (O-H stretching), 2915 em~ ! (C-H
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Fig. 9. Cell adhesion on (a, b) PCL50-PVA50 without CS and (c, d) PCL50-PVA50 containing CS in two magnifications (This is post-processing).

stretching), 1708 cm ™! (carbonyl group C=0 stretching), and 1220 cm ™! (ester group stretching). On the other hand, the FTIR spectra
of PCL fibers exhibit peaks at 2942 cm™! (CH, asymmetric stretching), 2865 cm™! (CH, symmetric stretching), 1720 em ™! (carbonyl
group stretching), and 1366 cm™! (CH, bending vibrations) [52]. The results confirmed PVA has completely dissolved after 7 days.
Therefore, mineral deposits will be available to stem cells in less than 7 days. As can be seen, after 7 days PVA becomes degraded, and
CS is released. As hMSCs that differentiate to osteoblast typically proliferate between 7 and 14 days, so minerals like CS can be easily
accessible to cells during this period. After that, during 14-30 days it differentiates [53].

3.5. Cell viability and cell adhesion

The MTT method is used to evaluate cell viability and proliferation of L929 fibroblasts cultured on the PCL50-PVA50 and PCL50-
PVAS0-CS7 scaffolds for 5 days. The results confirmed that the biocompatibility of all samples was higher than 85 % compared to the
control sample (Fig. 8). Also, there is no significant difference between the results. Although PCL-50-PVA50-CS7 is slightly lower than
the control sample on days 1 and 3, it has reached 100 % biocompatibility on day 5. This issue can be due to the roughness on the
surface of the scaffolds due to the remaining mineral deposits after the dissolution of PVA. These results are consistent with what was
observed in the degradability test (Fig. 6¢c—d and Fig. 7). Percentages of cell viability above 80 % are considered non-cytotoxic, between
80 % and 60 % is classified as weak cytotoxicity, from 60 % to 40 % is categorized as moderate cytotoxicity, and below 40 % is
classified as strong cytotoxicity [50,54]. Therefore, scaffolds containing CS nanopowder have increased the possibility of cell adhesion
[55]. The SEM images of the cells fixed on the scaffolds in Fig. 9a-d confirm this. The cells adhered well on both PCL50-PVA50 and
PCL50-PVA50-CS7 samples. An interesting point to note is the presence of aggregations of CS nanoparticle deposits around the
attached cells on the PCL50-PVA50-CS7, which is consistent with the analysis of the biocompatibility test results. This feature can have
a direct effect on the bone differentiation of stem cells.

3.6. Osteogenic differentiation of hMSCs on PCL50-PVA50-CS7 scaffolds
ALP assay, calcium content (CPC), and alizarin red staining were conducted to evaluate the effect of CS nanoparticles in the
scaffolds on the ossification behavior of the electrospun mats (Fig. 10). Evaluation of alkaline phosphatase activity as a primary marker

of bone cells determines the ability of nanofiber scaffolds to differentiate bone marrow from mesenchymal stem cells [56]. The
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Fig. 10. Osteogenic differentiation of MSCs on PCL50-PVA50 and PCL50-PVA50-CS7: (a, b) ALP activity; (c, d) Calcium content (CPC); (e, f)
Alizarin red staining colorimetry(****: p < 0.05, ns: not significant). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

enzymatic activity of PCL50-PVA50 and PCL50-PVA50-CS7 scaffolds was examined on days 14 and 21 (Fig. 10 a, b). There is a sig-
nificant difference between the control and 2 groups of scaffolds. While both samples, especially the PVA sample, showed a significant
difference with the control on the 21st day. These result display that the presence of CS as inorganic bioactive component in the
PCL-PVA scaffold, could greatly accelerate the osteogenic differentiation of MC3T3 cells. Maheshwari et al. examined the level of
enzymatic activity after cell seeding bone marrow cells on a PCL-PVA-HA scaffolds [14]. The results showed that the amount of
enzymatic activity on the scaffold containing HA was significantly different from the other samples (Fig. 10c and d). In fact, it shows
the effective presence of inorganic component in osteogenic differentiation. There was no significant difference between CPC result of
PCL-PVA and PCL-PVA-CS7 scaffolds on both 14 and 21days (P > 0.05). However, there was higher levels in calcium deposition of both
groups compared with the control sample (Fig. 10e and f). As can be seen the difference between 14 and 21 days, over the time,
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Fig. 11. Alizarin red staining of osteogenic differentiation of hMSC; (a, b) for PCL50-PVA50 nanofibers, (c, d) for PCL50-PVA50-CS7 after 14 and 21
days. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

formation of calcium deposits on scaffolding has increased, which shows the level of differentiation of hMSCs is increasing. In previous
studies, it has been proved that the organic matrix of CS has the ability to initiate the differentiation and proliferation of osteoblasts due
to having diffusible molecules [57]. Alizarin red staining was utilized to discover the mineralization on nanofiber scaffolds confirming
the osteogenic process. The results of this test also show that the PCL50-PVA50-CS7 scaffolds on the 21st day had a significant effect on
the formation of calcium deposits caused by bone differentiation.

Fig. 11a—d indicates after being exposed to osteogenic differentiation medium for 14 and 21 days, the cells formed deposits on the
PCL50-PVA50 and PCL50-PVA50-CS7 scaffolds that were rich in calcium. Subsequently, presence of CS nanoparticles in scaffolds
promotes bone growth.

4, Conclusion

The purpose of this research was to prepare a bone tissue engineering scaffold that has stimulating properties for better and faster
differentiation of stem cells. For this purpose, PVA has been used to improve the hydrophilicity of the scaffold, and CS powder has been
used as a green nanomaterial for faster differentiation of stem cells. In summary, electrospun nanofibers PCL-PVA containing 7 %
modified CS were prepared. The XRD analysis from CS determined that the chemical composition of CS was aragonite. The results
showed that the optimal amount of CS in PVA electrospun fibers was around 7 wt%, and the fibers did not suffer from aggregates or
beads. Further, the FTIR test confirmed that these nanoparticles are well released in less than 10 days in the aqueous medium and can
be easily accessible to the stem cells. The results of the mechanical test showed that the increase in PVA can lead to an increase in the
mechanical strength of electrospun scaffolds hybridized with PCL. When PCL is hybridized with different amounts of PVA, its hy-
drophilicity is improved. PCL and PVA hybrid scaffolds in a ratio of 50-50 of both polymers have a contact angle of 70°, which is
hydrophilic compared to PCL, which is 114°. ALP assay, calcium content (CPC), and alizarin red staining as confirmatory tests of
osteogenic differentiation of stem cells showed that the presence of nanoparticles had a significant effect on the differentiation process.
Based on this research, it can be concluded that the PCL-PVA-CS7 scaffold could be assumed as a bone scaffold for bone tissue
engineering.
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