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Abstract

3D porous scaffolds have shown remarkable promise in the fields of tissue regeneration and medication delivery. This study focuses on
constructing uniform 3D structures from polycaprolactone (PCL) loaded with nano-bioactive glass (58S) for the purpose of facilitating the
development of dental cells. The scaffold surfaces were activated using chitosan, a biocompatible compound. The scaffolds underwent
thorough characterization, encompassing the assessment of their physicochemical properties, thermal behavior, and microstructural aspects. A
study was conducted on the release of the anti-inflammatory drug indomethacin, and the mode of cell death was evaluated using MG-63 cell
lines. Human Dental Pulp Stem Cells (HDPSCs) were specifically planted into the scaffolds made of nanofibers. Scanning electron
microscopy (SEM) investigation demonstrated significant cell adhesion, multiplication, and expansion. The scaffolds containing 58S
exhibited markedly larger densities of mineralized nodules produced by HDPSCs, suggesting enhanced mineralization and the possibility of
enhanced regeneration of tooth tissue. The results revealed that the scaffolds contained 58S (NF6) and the scaffolds that contained the drug
into the nanofibers matrix (NF7) had a slower release rate (9%) than the scaffolds that contained the drug through the coated layer (NF4)
which was 16%. Moreover, the cell viability illustrated that (NF4), (NF6) and (NF7) are the best samples which recorded more than 300%,
100% and 200% viability percent, respectively. These novel 3D homogenous scaffolds show significant potential for precise drug
administration and the restoration of dental tissues, leading to revolutionary progress in dental healthcare.

Keywords: Homogenous porous scaffold; Surface modification; Controlled indomethacin delivery; Dental
tissue regeneration

1. Introduction

Bone diseases are being one of the most common diseases due to ageing, bad lifestyle, or trauma. Recently, construction of
three-dimensional (3D) scaffolds has attracted great interest in bone tissue engineering. Electrospinning technology has
unique advantages in the construction of 3D micro pore structures and can engender perpetual fibers with varying diameters,
ranging from nano- to microscale [1-5]. Electrospinning method is the technique that allows obtaining micro- and nanofibers
based on a high voltage applied during the electrospinning process. This high voltage enhances the viscous solution which
controlled by a syringe to draw and collected on a collector plate as fibers. There are many factors that affect the
characteristics of the produced fibers such as: surface tension, molecular weight, viscosity, solvent, solution conductivity [6,
7].

The electrospun nanofibers look like the microstructure of the extracellular matrix (ECM) and can give a rich
microenvironment to the development of cells, minerals deposition, and the recovery of tissue [8]. Electrospun nanofiber
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scaffolds have been extensively applied in optoelectronics, catalysis, sensor technology, medication delivery and tissue
engineering owing to their high specific surface area, porosity, and diverse surface functionality [9, 10].

Nevertheless, classical electrospun nanofibers are coming out in random orientation of two-dimensional (2D) membranes,
which limits their uses in 3D regeneration. Up till now, four techniques for manufacturing 3D nanofiber scaffolds were
recorded: post-treatment of the 2D electrospun nanofibers (sintering, shirring, and mechanical treatment) [11, 12], multilayer
electrospinning by spinning time prolongation or utilizing a subsidiary electric field [13, 14], template receiver [15, 16], and
self-assembly of the nanofibers [17, 18]. Scaffolds which were fabricated for bone tissue engineering should be acquired some
properties: biocompatible, non-toxic, bioactive (the ability of formation of new bone), their ability to induce the cell to
differentiate for bone repair and growth, in addition to pore structure that allows the exchange of nutrients, oxygen and waste
products [19]. One of the common used polymers for electrospinning technique is polycaprolactone PCL (synthetic polymer),
and this comes bake due to its mechanical and biocompatibility properties which important for biomedical applications [6].

Although successful 3D scaffolds can be achieved utilizing the previous advantages, some limitations still observed. For
instance, wide distances between adjacent nanofiber layers, minimal productivity, complicated methods, random self-
assembly, and poor mechanical properties [20-25]. Therefore, effective fabrication of 3D nanofiber scaffolds with micro and
macro pores is a challenge for electrospinning. In addition, the importance of presence of inorganic phase into the polymer
matrix should be taken into consideration [26-29]. Bioactive glass nanoparticles (58S), which possesses good bioactivity,
osteoinductivity and osteoconductivity was chosen to be the inorganic filler of the fabricated scaffolds. Moreover, surface
activation of the synthetic nanofibers using polysaccharide material such as chitosan was reported for enhancement the
biomineralization and biocompatibility [30, 31]. Chitosan is a natural polymer which has gained a great deal of attention due
to its superior properties such as: biocompatibility, biodegradability, nontoxicity and drug-loading capacity [6]. It is used for
bone tissue engineering because it has osteogenic properties and chemical properties which similar to glycosaminoglycans of
ECM [32].

In addition, indomethacin was used as one type of small molecular drugs [33-35], which has considerable advantages in
directing the differentiation of the cells that used for tissue regeneration and function repair. That may be attributed to their
precise and controllable induction effect on cells.

The aim of this study to provide a new strategy to design and fabricate of 3D micro composite nanofiber scaffold for dental
regeneration in addition to enhance the sustained indomethacin release. We used stainless steel meshes as the receiver instead
of the traditional plate, and obtained patterned nanofiber meshes by methanol/chloroform solution were screened to form 3D
PCL porous nanofiber structures with micro and macro hierarchical pores. To fulfill the target of this research, several
techniques were employed to investigate the effect of chitosan coating, 58S and indomethacin existence on the final features
of the obtained scaffolds. These techniques include DSC, SEM, FTIR and BET surface area measurements. Moreover,
medication delivery was determined in PBS along with ions release and the pH changes of the soaking environment.
Furthermore, cell compatibility and biomineralization were assessed by SEM. Finally, the cell death mode (MG-63 cell line)
was also evaluated.

2. Experimental section

2.1. Materials

The PCL pellets (MWt=80,000 g/mol), HPLC chloroform and Indomethacin (>99%), were purchased from Sigma-Aldrich
(USA). Nano bioactive glass (58S) was prepared as mentioned previously in our research [36]. Methanol was purchased from
Aladdin (China). Glacial Acetic Acid (99%, MW1t=60.05 g/mol, ADWIC, El=Nasr pharmaceutical chemicals, Egypt).
Chitosan (deacetylation degree 75%), (MWt=100,000-300,000 g/mol; ACROS Organics, Germany).

2.2. Sample preparation
2.2.1. Preparation of 3D PCL nanofiber scaffolds

The polymer nanofibers scaffold was prepared by dissolving 7.5% PCL polymer (0.3 g) into (4 ml) co- solvent of methanol
and chloroform (1:3). Then, the mixture was loaded into a syringe pump of the electro-spinner under the following
electrospinning condition (distance between the tip and the collector: 10 cm, tip thickness: 0.90 x 70 mm BL/LB (20G*2
3/4™), the applied voltage: 20 KV and the collector was covered with the stainless steel mesh), to acquire the designed
nanofiber scaffold, stainless steel mesh (304) was cut to produce small pieces of mesh, cleaned through ultrasonication and
utilized as the extraordinary recipient for electrospinning.

2.2.2. Preparation of 3D PCL/ 58S bioactive glass composite nanofiber scaffolds

The composite nanofibers scaffold was prepared by loading the PCL polymer solution (demonstrated above) with 40% 58S
nanoparticles “/,, (0.12 g) for 1 h using magnetic stirrer at room temperature. Afterwards, the pump syringe of the
electrospinner was filled with the mixture under the electrospinning conditions (distance between the tip and the collector: 10
cm, tip thickness: 1.20 x 40 mm BC/SB (18G*1 1/2"), the applied voltage: 20 KV; collector was coated with the stainless steel
mesh). The achieved composite scaffolds were compared with pure PCL nanofiber scaffolds. Furthermore, preparation of
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PCL/indomethacin nanofibers was obtained by dispersion of 30% “/,, indomethacin (0.1 g) into the PCL pure solution under
the previous composite electrospinning conditions.

2.2.3. Chitosan surface modifications of nanofiber scaffolds

PCL/58S, PCL/indomethacin composite nanofiber scaffolds and pure PCL nanofibers were dip coated in 2% indomethacin-
free chitosan solution and indomethacin containing chitosan solution with weight ratio of (7:3). The coating solution was
obtained through dissolving chitosan (2 g) in (100 ml) of acidified distilled water at room temperature. Afterwards,
indomethacin (0.3 g) was dispersed in the chitosan solution [37]. The coated nanofiber scaffolds were allowed to dry
overnight at room temperature and symbolized as shown in table 1.

2.3. Characterization
2.3.1. Thermal analysis

In order to study the effect of coating of chitosan along with the presence of 58S on the thermal behaviour of the nanofiber
scaffolds, Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetric (DSC) were performed. Particularly, 10
mg of the nanofiber was placed in a crucible of platinum under the air firing regime, range of temperature was 50-700 °C and
firing rate of 5 °Cmin"', using (SDT Q600 V20.9Build 20) (TA, USA) instrument. The results were compared using
aluminium oxide powder as a reference.

2.3.2. Microstructure of the 3D porous nanofiber scaffolds

The microstructure of the 3D porous nanofiber scaffolds was examined by scanning electron microscope (JEOL JXA-840A,
Electron probe micro analyzer, Tokyo, Japan) at 15 kV. The 3D nanofibers scaffolds were coated with gold to become
electrically conductive before imaging by gold-sputter coating (SPI Module TMS putter Coater, SP1 Supplies, and PA) and
were placed onto the SEM stub utilizing carbon tape.

2.3.3. FTIR analysis

To examine the influence of the coating of the chitosan on the chemical integrity of the nanofiber scaffolds, infrared spectra
was obtained using Fourier Transformer Infrared spectrophotometer (ATR-FTIR) (model FT/IR-6100 type A, Jasco,
International, Tokyo, Japan). Each spectrum was measured at a wavenumber of 4000—400 cm .

2.3.4. Surface Area measurements

By using an automatic analyzer (Quanta chrome Nova Automated Gas Sorption System Version 1.12, USA) the specific
surface area and pore-size distribution were determined. Brunauer—Emmett—Teller (BET) method was applied. At 77 K
through indirect molecular adsorption methods like nonlocal density functional theory (NLDFT) and N2 isotherms
microscopic pore-size distribution was performed.

2.3.5. In vitro indomethacin evaluations

The in vitro release of indomethacin from the nanofiber scaffolds was conducted in Phosphate Buffer Saline (PBS) at 37 °C in
an incubator for distinctive intervals of time (1, 3, 7, 14 and 28 days). The nanofiber scaffolds were soaked in plastic
containers filled with 100 ml of PBS. Withdrawn of 5 ml from these containers was collected after each period and replaced
by fresh PBS to evaluate the indomethacin release along with the concentrations of the leached ions from the soaked samples
into PBS. All experiments were performed on triplicates of the fabricated nanofiber scaffolds. Indomethacin released amount
into the solution was measured using UV spectrophotometer at a wavelength of 330 nm [30]. The indomethacin loading and
encapsulation efficiency were calculated according to the following Equations.

Weight of drug in formulation
Weight of total formulation

% Drug loading = x 100 (1)

Actual drug loading
Theoretical drug loading

% Encapsulation Efficiency = 100 (2)

Moreover, the variations in the PBS ions' concentrations (Ca and P elements) by a chemical kit using UV/visible spectrometer
(model, SP-2000UV, Tokyo, Japan) at a wavelength of 585 and 640 nm respectively. All experiments were performed on
triplicates of the fabricated nanofiber scaffolds. The evaluation of the Ca and P ions’ concentrations has important
investigation for biomineralization .The nanofiber scaffolds were removed from the PBS, further washed with ethanol and
dried, then weighed to assess their mass loss (degradation). The initial weight of the nanofibers scaffold was noted as W, and
the dry weight after immersion time as W, and the degradation of nanofibers was calculated using Equation 3.
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(Wo-Wp) x

Degradation % = 100 3)

Table 1. The codes of the prepared nanofiber scaffolds

Sample name Code
Pure PCL nanofibers NF1
Composite PCL/58S nanofibers NF2
PCL nanofibers coated with indomethacin free chitosan NF3
PCL nanofibers coated with chitosan containing indomethacin NF4
PCL/58S nanofibers coated with indomethacin-free chitosan NF5
PCL/58S nanofibers coated with chitosan containing indomethacin NF6
PCL/Indomethacin nanofibers coated with indomethacin-free chitosan NF7

3.6. Mechanism of indomethacin release

Korsmeyer—Peppas model was utilized to determine the release kinetics of indomethacin from the homogenous composite
scaffolds. The Korsmeyer—Peppas model is given as:

M¢/Ms, = Kt* (4)

At time t the fraction released drug is My/M.,,, release exponent is n and K rate constant. The value is n<0.5 when profiles of
release follow quasi-Fickian diffusion, but if n=0.5, it follows Fickian diffusion and if n=0.5-1.0, it follows anomalous
transport or non-Fickian.

2.3.7. In vitro assessments
2.3.7.1. Cell seeding on scaffolds

Primary HDPSCs were isolated from sound third molar indicated for extraction in a healthy adult patient after approval by the
Medical Research Ethics Committee (MREC) of National Research Centre (NRC), Egypt (Approval No. 16/340). Based on
broadly settled protocols, HDPSC isolation was conducted [38]. Cells were suspended at a density of 5x10° cells/ml, with a
total volume of 100 pl per scaffold. In brief, 9.5 mm diameter, 4 mm height scaffolds were prehydrated in PBS for 15 min and
put in six well-plates. The cell suspension was then added to the scaffolds, 50 ul on one side of each scaffold, and incubated
for 15 min in a 5% CO,, 37 °C incubator and allowed initial attachment. Scaffolds were subsequently turned over and the
procedure repeated. After the second incubation period, 5 ml of supplemented Dulbecco’s modified Eagle’s medium growth
medium was added to each well and precultured for 7 days (medium change on day 3) [38].

2.3.7.2. SEM of cells with scaffolds

Using SEM (JEOL JXA-840A, Electron probe micro analyzer, Tokyo, Japan) at 15 kV, seeded scaffolds were imaged after 3
and 21 days of culture to investigate the influence of the coating of chitosan on the cell attachments. In details, the cell
morphology of cells culture after 3 and 21 days was examined on the prepared scaffolds by washing three times with PBS
buffer and once with distilled water. After that, the cells were fixed on the scaffold surface by using 4% glutaraldehyde and
dehydrated in a graded ethanol solution (20, 30, 40, 50, 70, and 95% ethanol) each for 10-20 min. Samples with cells were
attached to stubs and coated with an ultra-thin layer of gold in a coating apparatus, and then the morphology of cells was
observed by SEM.

2.3.8. Cytocompatibility of the synthesized materials

Human bone osteosarcoma (MG-63) was purchased from ATCC, USA. DMEM (Dulbecco’s Modified Eagle’s Medium) was
the routinely cultured medium. The medium was supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
containing 100 units/ml penicillin G sodium, 100 units/ml streptomycin sulphate, and 250 ng/ml amphotericin B. All the
previous materials were from Lonza, (Basel, Switzerland). At subconfluency at 37 °C in humidified air containing 5% CO,,
the cells were maintained. At 37 °C monolayer cells were harvested after trypsin/EDTA treatment for sub-culturing. All
measurements are recorded three times. All biological studies conducted in this research work were approved by the Medical
Research Ethics Committee (MREC) of National Research Centre (NRC), Egypt (Approval No. 095082023). All methods
were performed in accordance with all the regulations set forth in International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use - Good Clinical Practice (ICH-GCP) and the local committee guidelines.

2.3.8.1. Mode of cell death
Equal slices of the tested samples were added to cultured cells. The used 8 well cell culture plates were purchased from (SPL,
Seoul, South Korea) at density 10* cells / well. The mode of the cell death was investigated after 24 and 72 h of incubation
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after staining with acridine orange (100 pg/mL) and ethidium bromide (100 pg/mL) dual stain dissolved in phosphate buffer
saline (PBS) at equal volume, all obtained from Merck KGaA (Darmstadt, Germany). After cells staining, the cells were
investigated under the fluorescent microscope (Axiolmager Z2, Zeiss, Jena, Germany). The live cells appeared as a green
color, the early apoptotic, late apoptotic or necrotic cells appeared as yellow, orange, or red colors, respectively [39]. The
measurements were performed three times.

2.3.8.2. MTT cytotoxicity

To evaluate the cytotoxicity of the tested samples on the MG-63 cell line, MTT (3-[4, 5-dimethylthiazole-
2-yl]-2, 5-diphenyltetrazolium bromide) that was purchased from Merck KGaA (Darmstadt, Germany) was used. This method
based on conversion of tetrazolium rings of the yellow MTT to dark blue insoluble formazan crystals by the active
mitochondrial dehydrogenase enzyme of living cells. Therefore, if the liberation of dark blue color (result

3. Results and discussion
3.1. Thermal analysis

DSC results of chitosan coated scaffolds (NF3 and NF5) are shown in Fig.1la with reference to (NF1 and NF2) scaffolds. The
glass transition temperatures of NF1, NF3, NF2 and NF5 were noted as endothermic peaks at 382.04, 225.16, 331.67 and
265.84 °C, respectively. Their exothermic peaks attributed to the crystallization temperatures were detected at 417.78, 412.5,
354.27 and 399.12 °C, respectively. DSC test showed single exothermic peaks at 417.78 °C and 354.27 °C, in case of NF1
and NF2, respectively, which are corresponding to the thermal decomposition of PCL [41, 42]. It is noticed that the
crystallization temperatures are slightly changed after coating the nanofibers scaffolds (NF3 and NF5) by chitosan polymer
where chitosan has an exothermic peak at approximately 300 °C that result in shifting of the NF1 exothermic peak. TGA
results Fig.1b showed the difference between NF1 and NF2 scaffolds and their coated forms, only mass decomposition was
observed for non-coated scaffolds around 400 °C assigned to PCL decomposition. While, the decomposition of 58S was not
detected for NF2 scaffold as the firing range was below its melting temperature. In case of the chitosan coated scaffolds they
have demonstrated two mass decompositions one attributed to chitosan with 20-30% of the total mass around 350 °C,
followed by mass loss up to 80-90% around 450 °C, which is assigned to degradation of PCL. The above observations
confirmed the presence of organic continents of the scaffolds (PCL and chitosan), and also highlighted the positive influence
of chitosan coating on the thermal stability of the scaffolds based on the shift of PCL decomposition from 400 to 450 °C.
Close results were achieved for previous PCL membranes coated with B-cyclodextrin and PVA layers [37].
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Figure 1. a) DSC and b) TGA curves of NF1, NF2, NF3and NF5 nanofibers scaffolds

3.2. Microstructural properties

The influence of 58S on the morphology of the obtained scaffolds was monitored utilizing SEM as shown in Fig. 2. It is
noticed for NF1 scaffold (Fig. 2 (a, b)) that it consisted of multilayer structure like meshes nanofibers. They possess thicker
and smoother pore walls, which illustrate the ribs of the nanofiber meshes and the region between the adjacent pore walls is
relatively thin. On the other hand, NF2 scaffold (Fig. 2 (c, d)) demonstrates rough
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fibers surface compared to NF1 fibers. This difference in nanofibers surface is corresponding to the presence of 58S.
However, both of them (NF1 and NF2) demonstrate a good constructing substrate for 3D structure. These microstructures
were consistent with the reported research work by Song et al., 2017 [43]. In addition to that, it is obvious that the nanofibers
diameter ranging from 300-1500 nm and randomly arranged that allows interconnections between pores.

Moreover, the surface modifications of the scaffolds coated with chitosan were recorded also using SEM as represented in
Fig. 3. It is clear that the surface modification had the same effect on both 3D scaffolds NF3 and NF5 that shown in Fig. 3 (a,
b), respectively as they demonstrate the same bulky nature. This could be explained according to the known characteristic for
the dipping technique used in the current research, which guarantee a homogeneous distribution and infiltration for the
chitosan within the 3D scaffolds and on the top of their surfaces, the same morphology was reported by Mabrouk et al., 2018
[37] for tramadol-loaded PCL ribbons coated with B-cyclodextrin and PVA using the dipping technique.

3.3. FTIR analysis

In order to assure the existence of chitosan coating on the scaffolds’ surfaces and their influence on chemical integrity of the
prepared NF1 and NF2, FTIR analyses were conducted (Fig. 4). The NF1 (Pure PCL) spectrum possessed two characteristic
bands at 2942 and 2865 cm™ that were corresponding to stretching C—H. Another band was detected at 1725 cm* that was
corresponding to C=0. Two specific bands to PCL were noted at 1365 and 1168 cm™, which are corresponding to
deformation CH, [44]. On the other hand, chitosan indomethacin-free coated nanofibers (NF3 and NF5) possessed many
characteristic bands as illustrated in Fig.4. Band observed at 3745 cm ' was corresponding to the —OH. NF1 bands at 2942,
2865 cm™* were shifted at 3019, 2877cm™ due to presence of chitosan (presence of —CHj; group at 3000 cm™) and the same
shift was noted also for NF2. In addition, bands recorded at 1533 and 1403 cm™' (NF3); 1542 (NF5) were attributed to the N-
H primary amide group of vibrations of -OH group of the primary alcoholic group, respectively, which affirm the presence
of chitosan. Bands at 1313 and 1687 cm—1 (NF5) were corresponding to the stretching of C-O-N and C O groups,
respectively [45]. The bands at 1014 (NF3) and 1020 cm—1 (NF5) are related to the glycoside bonding that confirms the
existence of chitosan as well [46].

N 1500« Q8 e PIN 6000

Figure 2. presents the microstructure study of NF1 and NF2 using scanning electron microscopy (SEM). Panels a)
and b) show NF1 at two different magnifications (100, and 20 pm), while panels c) and d) show NF2 at two different
magnifications (100, and 20 pm)
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Figure 3. depicts the application of chitosan coating, the surface modification of the generated nanofiber scaffolds
a) NF3and b) NF5 by the scanning electron microscope (SEM)

3.4. Surface Area measurements

Surface area parameters were evaluated for chitosan coated and chitosan-free scaffolds using BET surface area to figure out
the difference between the two groups and this was summarized in Table 2. It can be noted that, scaffold NF1 possess the
lowest BET surface area (NF1= 0.902 m?/g) compared to indomethacin-free chitosan coated (NF5= 3.214 m%g), PCL loaded
with 58S nanofibers scaffold (NF2= 10.334 m?/g) and the highest surface area was recorded for pure PCL scaffold coated
with indomethacin-free chitosan (NF3= 68.153 m?/g). This indicates that infiltration of 58S within the nanofibers matrix or
chitosan surface modifications enhance the surface area of the obtained scaffolds and these results are attributed to the fact
that the nanosize increase the surface area [47] and the chitosan has a large surface area [48]. On the other hand, remarkable
decrements were observed for the main pore diameter of pure PCL nanofibers (NF1= 389.900 nm) in the presence of 58S
particles along with chitosan coatings for scaffolds NF2, NF3 and NF5 as
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3;45 3049 ¥377
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Wavenumber cm’

Figure 4. Demonstrates FTIR spectra of the fabricated nanofiber scaffolds before and after surface modification

they demonstrated mean pore diameters of 9.912, 9.234 and 2.999 nm, respectively. Moreover, the means of pore volumes
were also slightly changed in the presence of 58S and chitosan coatings as could be noted from Table 2. These measurements
imply that the microstructure parameters of the current nanofibers scaffolds are to be adjusted by controlling the presence of
filler as well as surface modifications. Early conducted researches confirmed the superiority of scaffolds with adjustable
microstructures over the non-controlled ones in augmentation of bone defects [49-51].
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3.5. In vitro indomethacin evaluations
3.5.1. Changes of PBS ions’ concentrations

In order to investigate the effect of coating and/or 58S on the indomethacin release and their effective role; NF4, NF6 and
NF7 scaffolds were prepared. In addition, investigation what is the effect of the presence of the indomethacin drug inside the
scaffold matrix and outside through the coating layer. The variation of PBS ions’ concentrations through the study time
intervals (1, 3, 7, 14 and 28 days) are correlated to absorption and precipitation of PBS ions on the nanofibers surface or
dissolution of 58S ions into the PBS medium as shown in Fig. 5. P ion concentrations demonstrated in Fig. 5a, which revealed
that in the beginning the concentration of P ion recorded the higher value as it is one of the main components of PBS solution.
With increasing the submersion time (3 days) water uptake increased owed to presence of chitosan coating, which results in
decreasing of P concentration in the PBS solution. After 7 days of immersion, absorbed ions were dissolved again into PBS
solution that caused increasing of P ions along with dissolution of ions from 58S. However, at the time range between 14 and
28 days the P ions returned to steady state due to concentration stability as the nanofiber scaffolds reached water uptake
saturation stage. In case of Ca ion (Fig. 5b) the lowest values were noted in the beginning as PBS solution does not contain Ca
ion. Afterwards, the Ca ion concentration increased, especially for scaffolds loaded with 58S.

Table 2. Parameters of the surface area of the developed scaffolds

Samples BET Surface Mean Pore volume Mean Pore
(m%g) (cm®/g) diameter (nm)
NF1 0.902 0.088 389.900
NF2 10.334 0.031 9.912
NF3 68.153 0.157 9.234
NF5 3.214 0.024 2.999

It was also noted that the time range between 14 and 28 days Ca ion concentrations reached to steady state as the nanofibers
scaffolds reached water uptake saturation stage. Moreover, the PBS pH changes during the time intervals were recorded as
illustrated in Fig. 5¢c. The changes in pH of the PBS showed little change during the whole test. The variation of pH for NF5
come bake to containing 58S in the coating layer without drug. The release of 58S ions (P and Ca) caused this variation in pH
values. In details, the drop of pH value is corresponding to P release because of the acidic nature of P ion. Afterwards, pH
back up again because Ca is alkaline metal. The pH range was from 7.4 (start pH) to 7.65 (final pH) that is relatively neutral
and in the same line of our early research [45]. The changes of the PBS ions concentration results and the pH values
confirmed that the nanofibers scaffolds reach the steady state in the period of 14 and 28 days of soaking in PBS.

3.5.2. In vitro degradation studies

The mass loss (%) of the nanofiber scaffolds was investigated by applying the degradation study in PBS solution at the same
time intervals (1, 3, 7, 14 and 28 days). It was noted that the mass loss (%) of the scaffolds was between 3 to 28 % after 7 days
for NF4 (Fig. 5d). Scaffolds that didn’t contain 58S (NF3 and NF4) lost their mass more than the other scaffolds (NF5 and
NF6) due to 58S existence increases the attachment of chitosan on the nanofibers surface and decrease their degradation rate.
Adjusting the degradation rate using coatings of polysaccharides (chitosan) is more favorable for long-term reformation of
damaged site in bone regeneration as has been confirmed by previous researches focused on fabrication of surface modified-
PCL nanofibrous scaffolds [52-54].

3.5.3. In vitro drug release behavior

The loading and encapsulation efficiencies were found to be the maximum amount of the starting drug concentrations (99 and
98.7%, respectively). This was because the fabrication method did not include any washing or filtration steps that could cause
drug loss. The cumulative (%) drug release profiles of indomethacin from the prepared nanofibers scaffolds containing
indomethacin (NF4, NF6 and NF7) are represented in Fig. 6. In the beginning, the scaffolds recorded very little drug release
(up to 5%) and this was attributed to the instant release of attached drug molecules at the nanofibers surface. There are two
different performances of the scaffolds were noted. NF4 scaffold, which is coated with chitosan loaded with indomethacin
revealed a relative faster release rate (up to 16%) than the other two scaffolds. While, the other scaffolds (NF6 and NF7)
revealed prolonged release behavior (up to 9%) that was attributed to presence of 58S (NF6) or presence of the drug into the
nanofibers matrix (NF7). This suggested possible positive effect of 58S on the indomethacin retention within the layer of
chitosan (NF6) or presence of the drug into the nanofibers matrix (NF7) that caused sustained drug release in addition to
chitosan coating that resulted in controlled drug release [46]. The overall assessments in the PBS are highlighting the positive
effect of loading inorganic nanomaterials within the PCL matrix along with surface modifications occurred by chitosan
coatings on the drug release, ions exchange and mass loss of the investigated nanofibers scaffolds.
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Figure 5. Average ions concentrations of a) P ion, b) Ca ion in the PBS at distinctive time intervals;
c) corresponding pH values recorded at the same intervals and d) Mass loss (%6)

Figure 6. Cumulative drug release (%) of indomethacin from NF4, NF6 and NF7 measured in PBS
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3.6. Indomethacin Kinetic release

The kinetic release of indomethacin throughout the homogenous fibrous scaffolds achieved in this research was evaluated by
fitting the release data using the above mentioned mathematical models. The achieved parameters from the fitting process are
listed in Table 3. As demonstrated in the previous section, the indomethacin in vitro performance from the fabricated scaffolds
shows controlled and prolonged behaviors of release in general. It was affirmed that indomethacin kinetic releases follow the
Krosmeyer-Peppas mathematical model as it possessed higher values of R? (0.992, 0.944 and 0.958) compared to zero-order
and Fickian diffusion models. In addition, the n values were lower than 0.5, which indicate that the release mechanism is
governed by quasi-Fickian diffusion. The diffusion mechanism from relatively low degradable polymers such as PCL in our
case is suggested to be through channels made by PBS solution as early described [37].
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Table 3. Release kinetics parameters of different indomethacin-loaded scaffolds

Formula code R*-valuet Korsmeyer-Peppas n RE o672
model (%)
Zero- Fickian Korsmeyer- tso** tg***
order diffusion Peppas (hours) (hours)
model

NF4 0.776 0.948 0.992 48.929 91.695 0.181 16.675
NF6 0724 0902 0.944 91.628 166.414 0.256 10.113
NF7 0.769 0.938 0.958 103.432 187.114 0.325 10.827

n: is the diffusion exponent, t5p**: is time required for 50% of the drug to be released, to***: is time required for 90%
drug to be released, tRE ogn: is the release efficiency of drug from 0 to 720 hours, TR%value: is the value for
regression coefficient

3.7. In vitro cell studies

3.7.1. Cells attachments

Cell attachment and morphology on selected scaffolds were evaluated after 3 days post cells seeding on the scaffolds’ surfaces
as represented in Fig. 7. It shows the cells spreading, cells attachment, growth, proliferation, morphology and migration on the
surface of the nanofibrous scaffolds and those modified by chitosan. Fig. 7a (NF3 scaffold) had shown multilayers of flat
HDPCs cells ingress into the pores of the scaffold along with collagen fibers that made network conjunctions between cells.
Existence of minerals was noted in several points, which are organized with fibrillar bundles. These

bundles possess a unique banded structure of collagen. Fig. 7b (NF4 scaffold), it is well observed that the surface of the
scaffold was covered also by multilayers of spindle HDPCs cells with highly processes which penetrated into pores, along
with a network of collagen conjunctions and collagen fibers that had covered the surface of the scaffold. In addition, some
minerals were also noted with globular morphology of bone/dentine like minerals. In another area of the surface, there was
fibrous network membrane of collagen denoting that this scaffold had good biocompatibility for HDPCs cells. For this
scaffold, HDPCs cells maintained spindle shaped, stellar morphology, stretching along the cluster bounded on network
membrane of collagen and cells progressed rapidly after 3 days. The mineralization indicated that nano-58S had significantly
promoted mineral nodule formation on surface of scaffold was covered by cells, heavy collagen fibers, and minerals. Also,
there were many clusters of cells adhered on the scaffold (NF6), the adhesion sites through many bundles of cells (Fig.

7d). There were multilayers of spindle flat HDPCs cells, collagen fibers and biominerals. This scaffold was characterized by
an extracellular matrix from the HDPCs cells denoting the inducing significantly higher collagen production compared to
other scaffolds. Scaffolds demonstrated an outstanding role in effective regeneration of tissues, including dentin—pulp
complex tissues. Dentin progenitor can effectively stimulate cells to consume the 3D micro-environment supported by the
scaffolds, including physical roughness and stiffness, chemical composition. Thus, allows cells multiplication and induction
into odontogenesis, to the stage required for repair and regeneration process of dentin [55]. The chitosan showed a great
proliferation toward bone cell line and this is consistent with other studies [56, 57].

3.7.2. Density of mineralized nodules

The SEM images of the homogenous electrospinning scaffolds after cultured in vitro with dental stem cells for 21 days are
represented in Fig. 8. All scaffolds were characterized by presence of calcified collagen fibers and biomineral aggregates on
the scaffold's surfaces, along with dental cells infiltrated within pores especially for scaffold (NF5). The surface of scaffold
NF5 was covered by thick layer of biominerals which was self- induced with osteogenic induction media and dental cells as
compared to the other scaffolds. The presence of mineral nodule formation is phenotype of differentiation. There are obvious
of cellular activities processes including great secretions of long fibers of collagen which have covered the surface as matrix
with bone/dentine like denoting the formation of mature cells. Some collagen fibers were infiltration through the pores of the
prepared scaffold. The density of mineralized nodules secreted by HDPCs cells and the apatite accumulations of calcium and
phosphate ions denoting the formation of mature cells. Some collagen fibers were infiltration through the pores of the
prepared scaffold. The density of mineralized nodules secreted by HDPCs cells and the accumulation of minerals was
significantly higher in scaffolds containing 58S than in the other scaffolds.

Cells are capable to regenerate neo-tissues, if they are supplied with convenient 3D scaffolds that mimic their ECM.
Mimicking the features of ECM has subsequently been introduced as a promising process in the dentin scaffold fabrication.
Thus, cells favor interacting positively to the ECMs in their attachment, proliferation, differentiation and mineralization
processes [58].
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Figure 7. SEM images of a) NF3, b) NF4, ¢c) NF5 d) NF6 and e) NF7 after 3 days; OP: open pores, C:

Cell, CJ: Cell joints, Col: Collagen, and M: Mineralization

Here in, multilayer scaffolds were obtained by electrospinning for loading dental stem cells. The 58S containing scaffolds and
those coated by chitosan possess magnificent physicochemical features along with convenient surface area that played
important role in developing more intense collagen fibers and have faster spread and infiltration rates. In addition,
differentiation and ECM production were both similar as they recorded a similar occurrence, amounts of collagen, calcium
and phosphorous production. However, it is thought that scaffolds contain drug demonstrated relative increase in minerals and
intense collagen fibers compared to other scaffolds.
3.8. Cytocompatibility of the synthesized materials
3.8.1. Mode of cell death

The mode of cell death is considered as a mark of the cells viability for the under investigated samples in the current research.
Figures 9, 10 and 11 showed the cell viabilities of (NF3, NF4, NF5, NF6 and NF7) for two time intervals 24 and 72 h after the
exposure to human bone osteosarcoma cell line (MG-63). Images in Fig. 10 shows an increase in the cellular density from 24
to 72 h except for sample NF5, which shows significant apoptotic and necrotic cell death especially at 72 h. Sample NF3
shows apoptotic and necrotic changes in both time intervals especially at 72 h. Sample NF7 demonstrated an increase in
cellular density at 72 h but this was accompanied by an increase in apoptotic and necrotic changes as well. From these results,
it could be concluded that the best samples are NF4 and NF6, which could be owed to the presence of drug in the coated layer.
NF7 comes later after NF4 and NF6 samples because it contains the drug within nanofibers matrix that caused sustained drug
release. Finally, samples NF3 and NF5 demonstrated relatively lower viability due to the absence of drug. This was also
affirmed by the cell mode of death represented in Fig. 10 that was calculated from the obtained images in Fig. 9. The
apoptotic pathway was the predominant one for all the dead cells after being exposed to all the tested samples. The necrotic
pathway was obvious only in NF5 (24 and 72 h) and sample NF7 after 72 h.
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3.8.2. MTT cytotoxicity

Fig. 11 showed the cell proliferation of the different samples on MG-63 cell line after 24 and 72 h. The results revealed there
is a significant cell proliferation on time basis for NF3, NF4, and NF7. While, sample NF5 shows significant cytotoxicity after
72 h compared to 24 h. NF6 has no significant difference in cell proliferation between 24 and 72 h. NF4 showed a significant
increased proliferation overall all other samples. Also NF7 sample showed significant increased proliferation overall all other
samples except NF4. NF3 showed significant increase in proliferation compared to NF5 and NF6. NF6 proliferated
significantly over NF5 only. NF5 (contains 58S without the drug), showed a significant cytotoxicity compared to the other
samples. Moreover, the cell proliferation demonstrated a significant proliferation for all samples on human bone osteosarcoma
cell line (MG-63), which increases the chances of the current developed materials to be implemented in regeneration of
damaged bone sites. These results are consistent with some articles that revealed the biocompatibility and proliferation of
chitosan [56, 57].
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Figure 11. The cell proliferation of different samples exposed to MG-63 cell line after 24 and 72 h. n =3, * p< 0.05, ***
p< 0.001

Conclusion

Successful synthesis of homogenous 3D scaffolds utilizing PCL mesh nanofibers loaded with 58S and indomethacin drug to
support dental tissue formation was achieved. Alteration of surface activities of PCL scaffolds employing chitosan was
affirmed in this research. Microstructure of the created nanocomposite platforms indicated reasonable pore size, surface area
and morphology. Indomethacin release and scaffolds degradation were found to be adjusted by the existence of 58S. Cells
expansion and development were affirmed by SEM pictures recorded after various testing times. The thickness of mineralized
masses produced by HDPSCs and the aggregation of minerals were essentially higher in platforms containing (58S) than in
different scaffolds. Moreover, the cell proliferation demonstrated significant proliferation for the coated nanofibers on human
bone osteosarcoma cell line (MG-63). From the obtained results, it was concluded that the presence of 58S and/or
indomethacin (NF4 and NF6), enhances the biocompatibility features of the fabricated scaffolds. Hence, in the current article
the developed novel 3D homogeneous scaffolds are suggested to implementation in controlled delivery of indomethacin and dental
tissue recovery.
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