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ABSTRACT 31 

Vitamin D3, vitamin K2, and Mg (10%, 1.25%, and 5%, w/w, respectively)-loaded PLA (12%, 32 

w/v) (TCP (5%, w/v)) / PCL (12%, w/v) 1:1 (v/v) composite nanofibers (DKMF) were produced 33 

by electrospinning method (ES) and their osteoinductive effects were investigated in cell culture 34 

test. Neither pure nanofibers nor DKMF caused a significant cytotoxic effect in fibroblasts. The 35 

induction of the stem cell differentiation into osteogenic cells was observed in the cell culture 36 

with both DKMF and pure nanofibers, separately. Vitamin D3, vitamin K2, and magnesium 37 

demonstrated to support the osteogenic differentiation of mesenchymal stem cells by expressing 38 

Runx2, BMP2, and osteopontin and suppressing PPAR-γ and Sox9. Therefore, the Wnt/β-39 

Catenin signalling pathway was activated by DKMF. DKMF promoted large axonal sprouting 40 

and needle-like elongation of osteoblast cells and enhanced cellular functions such as migration, 41 

infiltration, proliferation, and differentiation after seven days of incubation using confocal laser 42 

scanning microscopy. The results showed that DKMF demonstrated sustained drug release for 43 

144 h, tougher and softer structure, higher tensile strength, increased water up-take capacity, 44 

decreased degradation ratio, and slightly lower Tm and Tg values compared to pure nanofibers. 45 

Consequently, DKMF is a promising treatment approach in bone tissue engineering due to its 46 

osteoinductive effects. 47 
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1. INTRODUCTION 53 

Bone tissue engineering has been one of the fascinating areas with the development of 54 

technology. This area, which is the sub-branch of tissue engineering, targets regenerating or 55 

repairing bone by being interested in forming tissue and bone structure and mechanism. The 56 

bones are the most rigid tissues of the human body and provide a store for calcium, phosphorus, 57 

and other critical components of the hematopoietic system. Furthermore, they have also several 58 

different functions such as the production of blood cells, support, and movement.[1, 2]  59 

Different treatment approaches have been applied to improve bone structure with the 60 

development of nanotechnology. Nanofibers are one of these approaches is used in the treatment 61 

of damaged bone tissues. The components in the structure of produced fibers have great 62 

importance in this treatment approach. The reason for that is that these composites affect several 63 

structural properties belong to fibers, such as being biocompatible and three dimensional, having 64 

proper mechanical properties, large surface area to volume ratio, and appropriate 65 

functionality.[3, 4] 66 

Electrospinning (ES) is a common technique used to produce nanoscale and controllable fibers 67 

by using polymer solutions in a high electric field.[5] These nanofibers produced by ES is used 68 

for several tissue engineering applications such as bone, tendon, neural, and vascular. An ideal 69 

three-dimensional scaffold should structurally mimic the bulk tissue, but also the bone healing 70 

process should mechanically be supported, and biochemical improvements should be provided to 71 

induce osteogenesis. ES is one of the ideal techniques in order to fabricate ideal three-72 

dimensional scaffolds for bone tissue engineering.[6, 7] 73 

Polylactic acid (PLA) is an FDA approved biodegradable biopolymer, which is produced from 74 

renewable sources. PLA provides mechanical strength and integrity to the fibers.[8] Tricalcium 75 

phosphate (TCP) is a porous ceramic and a soluble form of calcium phosphate, which can 76 

degrade and release Ca2+ and PO4
3- into the environment. Several studies have shown that 77 

electrospun materials with calcium phosphate have low cytotoxicity, high cellular proliferation, 78 



and high mineralization.[9] TCP can also be used as a tissue replacement or combined with other 79 

polymers. Polycaprolactone (PCL) is also an FDA approved biocompatible and biodegradable 80 

polymer and has some different properties such as easy availability, cost-efficacy, and suitability 81 

for modification. PCL is compatible with hard and soft tissue materials, and it is suitable for 82 

thermoplastic processing, cartilage, and bone repairment in tissue engineering applications. It is 83 

especially suitable for bone tissue engineering applications because of its biological properties, 84 

adjustable physicochemical state, and distinct mechanical and chemical properties.[10] It has 85 

better potential for making implantable devices because of its slower rate of degradation, which 86 

is better than other polylactides.[11]  87 

Vitamin D is an oil-soluble crucial vitamin for human health and consists of two major forms, 88 

vitamin D2 and vitamin D3 (D3).[12] D3 is an active form of vitamin D for human and helps to 89 

protect the healthy skeleton. The primary function of D3 is to maintain concentrations of serum 90 

phosphorus and calcium within the normal range to protect essential cellular functions and 91 

encourage mineralization of the skeleton either directly by controlling calcium absorption in the 92 

intestine or indirectly influence osteoblasts.[13] It allows calcium to be sufficiently absorbed in 93 

the gut and used by the body. Vitamin D deficiency is one of the most important health problems 94 

globally in all age groups because of it leading to different diseases, increased bone resorption 95 

and decreased calcium absorption. Therefore, recent studies target to improve the bioavailability 96 

and bioactivity of vitamin D3 by using different drug delivery systems. [14, 15] 97 

Vitamin K is one of the oil-soluble vitamins consisting of three forms: the most well-known 98 

vitamin K1, vitamin K2 (K2), and unnatural vitamin K3 and the structural difference between 99 

them are their substituent R groups. Vitamin K1 and K2 are essential to maintain blood 100 

hemostasis, heart and bone health. They play a vital role in optimizing the calcium used in the 101 

body. Especially K2 is necessary for calcium usage and inhibits arterial calcification, and helps 102 

strengthen the bones. Several studies demonstrate that K2 also prevents bone loss related to 103 



ageing. In addition, it has a protective effect for bones due to its promotion of osteoblast 104 

differentiation and mineralization. [16, 17]  105 

Magnesium (Mg) is the second most abundant mineral and an intracellular cation contributing to 106 

bone stabilization, bone growth, and mineralization. Mg, which affects both matrix and mineral 107 

metabolism in bone, is chosen due to its biocompatibility, biodegradation, and role in several 108 

processes. Recent studies have shown that Mg has a crucial function in skeletal development and 109 

bone remodeling due to its osteogenesis and angiogenesis functions. Furthermore, it was found 110 

that Mg increases the wound healing process and decreases the healing time. [18, 19] 111 

In this study, PLA, PCL, and TCP have been used as the polymer in the production of 112 

PLA(TCP)/PCL composite nanofibers produced using ES due to their essential properties, 113 

biocompatibility, biodegradability, and mechanical strength. The active pharmaceutical 114 

ingredients (APIs), which are D3, K2, and Mg, are essential for bone repairment and regeneration, 115 

were loaded in nanofibers and physical parameter tests of solutions, SEM, FTIR, XRD, DSC, 116 

tensile strength, encapsulation efficiency, drug release tests, WST, and also cell culture test were 117 

performed to investigate the osteoinductive effects of produced nanofibers for bone tissue 118 

engineering. 119 

2.MATERIALS AND METHODS 120 

2.1. Materials 121 

Poly (L-lactic acid) (PLA) 2003D, poly (caprolactone) (PCL, Mw~80,000), tricalcium phosphate 122 

(TCP, Mw ~310.18 g/mol), other reagents, e.g., chloroform, N,N-dimethylformamide (DMF), 123 

methanol and all the APIs, e.g., magnesium, vitamin D3, vitamin K2 were supplied from Sigma-124 

Aldrich (Poole, UK).  125 

2.2. Methods 126 

2.2.1. Preparation of Solutions 127 

3.6 g PLA and 1.5 g TCP were dissolved in 30 mL chloroform/DMF (3:1, v/v) to prepare PLA 128 

(12%, w/v)/TCP (5%, w/v) solution and stirred for approximately 2.5 h. 3.6 g PCL was dissolved 129 



in 30 mL chloroform/methanol (3:1, v/v) solution, prepared 12% (w/v) PCL solution by stirring 130 

for approximately 1 h. PLA(TCP) and PCL were blended at three different ratios (3:1, 1:1, 1:3, 131 

v/v).  132 

145 mg Magnesium, 18.1 mg D3, and 72.5 mg K2 were dissolved in 30 mL PLA (TCP)/PCL 133 

(1:1, w/v) to be at concentrations of 10% [18], 1.25% [20], and 5%, respectively. Vitamin K2 134 

was dissolved in PLA (TCP)/PCL solution at the maximum possible level. All procedures were 135 

carried out at room temperature. Physical parameters such as electrical conductivity, density, 136 

viscosity, and surface tension of the solutions were measured by using a standard density bottle 137 

(10 ml, Boru Cam Inc., Turkey), the electrical conductivity probe (Cond 3110 SET 1, WTW, 138 

Germany.), a force tensiometer (Sigma 703D, Attension, Germany), and a viscometer (DV-E, 139 

Brookfield AMETEK, USA), respectively. All the measurements were repeated three times at 140 

ambient temperature. 141 

2.2.2. Electrospinning Process 142 

ES apparatus contains a syringe pump, in which is put the polymer solution (NE-300, New Era 143 

Pump Systems, Inc., USA), a single needle, a high voltage generator that connects with the 144 

needle, and a laboratory-scale electrospinning unit (NS24, Inovenso Co., Turkey). The applied 145 

voltage was fixed to 25.0 kV and the distance between the needle tip and the collector was set to 146 

150 mm for all pure fibers. The flow rates were set to 0.08 mL/h, 0.1 mL/h, and 0.18 mL/h for 147 

1:1, 3:1, and 1:3 (v/v) PLA(TCP)/PCL ratios, respectively. According to SEM results, 148 

PLA(TCP)/PCL at 1:1 (v/v) ratio was selected as the optimized ratio.  149 

APIs were added to the 1:1 (v/v) ratio of PLA(TCP)/PCL solution, and the voltage and flow rate 150 

was set to 24 kV and 0.38 mL/h, respectively. The distance between the needle tip and the 151 

collector was set to 200 mm. 152 

2.2.3. Scanning Electron Microscopy (SEM) 153 

SEM (EVO LS 10, ZEISS) was used to investigate the size and morphology of fibers. The 154 

surface of the samples was coated with gold for the 60s. The applied accelerating voltage was 20 155 



kV and the working distance was 25 mm. Image software (Brocken Symmetry Software) was 156 

used to determine the mean diameter and distribution of fibers. 157 

2.2.4. Fourier Transforms Infrared Spectroscopy (FTIR) 158 

FTIR (Jasco, FT/IR 4700) was used to analyze the molecular content of the fibers. 159 

Measurements were carried out at room temperature (23°C) in the transmission mode over the 160 

range 500-4000 cm-1 with a resolution of 4 cm-1. OPUS Viewer version 6.5 software was used 161 

until the end of the analysis. 162 

2.2.5. X-ray Powder Diffraction (XRD) 163 

XRD was performed using a D/Max-BR diffractometer (RigaKu, Tokyo, Japan) to examine the 164 

crystalline form and structure of the fibers. Analyses were carried out at 40 mV and 30 mA over 165 

a 2θ range of 5-90 o at a rate of 2 o/min. In order to converse the obtained data to diffractograms, 166 

OriginPro 7.0 software (OriginLab Corporation, MA, USA) was used. 167 

2.2.6. Differential Scanning Calorimetry (DSC) 168 

DSC was performed to determine the thermal properties of the fibers by using Perkin Elmer Jade 169 

DSC and Pyris software (PerkinElmer Inc., Mass., USA). The heating rate was 10 oC min-1 170 

between 0 and 200 oC under a dynamic argon atmosphere (20 mL min-1). Temperature 171 

calibration of DSC was carried out according to the indium melting point and melting enthalpy. 172 

Perkin Elmer aluminum sample pans and covers were utilized. Samples of approximately 7.0 mg 173 

of mass were placed in the pan and crimped before the measurements; peak temperature of 174 

endotherms was considered as melting temperature. Tg values were determined at half the height 175 

of the displacement. 176 

2.2.7. Tensile Test 177 

Instron 4411 tensile machine was used to measure the tensile strength of the fiber samples at 178 

room temperature (23 oC). Bluehill 2 software (Elancourt, France) was used to examine the 179 

results. Fibers were tested, and a digital micrometer (Mitutoyo MTI Corp., USA) was utilized to 180 

determine the thickness of the fibers. The top and bottom of the grip compressed both ends of the 181 



fibers, and the tensile test was carried out under 5 mm min-1 test speed and 10 mm distance 182 

between grips. Three samples were taken from each fiber sample (10x50 mm) for the tensile test. 183 

2.2.8. Drug Encapsulation Efficiency 184 

The mass of actual APIs loaded in nanofibers/mass of APIs used in nanofibers fabrication is 185 

defined as encapsulation efficiency (EE). Standard procedure was used to define the content of 186 

D3, K2, and Mg in fibers. Firstly, the fibers were completely dissolved in their solvent mixes, and 187 

detections for D3, K2, and Mg were carried out with UV at 296 nm[21], 248 nm[22], and 215 188 

nm[23], respectively. D3/K2/Mg-loaded fibers (DKMF) were weighed an average amount of 5 189 

mg each and dissolved in a vial by adding a 10 ml solvent mixture. The vials were gently mixed 190 

for 1.5 hours to completely release D3, K2, and Mg from fibers to solvent mixtures. 1 ml of each 191 

solution was taken and detected using a UV-visible spectrophotometer (Shimadzu UV-3600, 192 

Japan). All measurements were repeated three times for all three solutions. 193 

2.2.9. In Vitro Drug Release  194 

Firstly, D3, K2, and Mg solutions were separately prepared with phosphate-buffered saline (PBS) 195 

containing Tween 80 (0.5%, w/v) at five different concentrations (0.2, 0.4, 0.6, 0.8, and 1 µg/ml) 196 

to create a linear calibration curve for each one. This analysis was performed to investigate the 197 

release properties of D3, K2, and Mg from DKMF. Nanofibers were cut approximately 5 mg in 198 

weight and then immersed in 1 mL of PBS (pH 7.4 at 37°C) containing Tween 80 (0.5%, w/v). 199 

After that, they were held on a rotary shaker at 250 rpm, 37 °C during the test process. 1 ml PBS 200 

containing Tween 80 (0.5%, w/v) was taken from DKMF samples at scheduled times (0, 0.25, 201 

0.5, 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, 96, 120, and 144h) and 1 mL of fresh PBS containing Tween 202 

80 (0.5%, w/v) was added to the Eppendorf vials to continue the drug release test. Tween 80 was 203 

added to PBS in order to increase the solubility of D3 and K2[24]. UV spectroscopy (Shimadzu 204 

UV-3600, Japan) was used to analyze the release profiles of D3, K2, and Mg at 252 nm, 271 nm, 205 

255 nm, respectively. 206 

 207 



2.2.10. In Vitro Drug Release Kinetics  208 

Five different mathematical models were used to analyze the drug release kinetics from DKMF. 209 

These kinetic models are zero-order, first-order, and Hixson Crowell models.[25] The equations 210 

belong to zero-order (1), first-order (2), and Hixson-Crowell (3) models are as follows, 211 

respectively:  212 

𝑄 = 𝐾!𝑡           (1) 213 

𝑄𝑙𝑛 (1− 𝑄) = −𝐾!𝑡          (2) 214 

𝑄!/! = 𝐾!!𝑡           (3) 215 

In these equations, Q is the fractional amount of drug release at time t; K0, K1, and Khc are the 216 

kinetic constants for zero-order, first-order, and Hixson-Crowell models, respectively. N is the 217 

diffusion exponent, which is indicative of the drug release mechanism. 218 

2.2.11. In Vitro Degradation Test 219 

The conventional methods were used for performing the degradation test of nanofibers. Briefly, 220 

each dried nanofibers were cut into small square pieces as being of the initial weight of  ∼5 mg. 221 

Firstly, they were immersed in 1 mL of HCl for an hour for simulating stomach acid, and then, it 222 

was continued with PBS (pH 7.4) in a 37 °C shaking incubator for up to 41 days. The fresh PBS 223 

solution as much as the used amount was added after each measurement. Samples were 224 

measured at 1, 4, 8, 12h, and on days 5, 9, 13, 17, 21, 24, 29, 33, 37, and 41. The water on the 225 

surface was gently removed by filter paper after the removal of the samples. After that, samples 226 

for each time point were dried in a vacuum dryer and subsequently weighed until a constant 227 

weight was obtained. The degradation of mass loss (%) was calculated as follows: 228 

𝐷𝑒𝑔𝑟𝑒𝑑𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑠𝑡 % = (𝑊! −𝑊!)/𝑊!  𝑥 100  229 

where W0 is the original weight, and Wt is the weight of the degraded sample at incubation time 230 

(t). 231 

 232 

 233 



2.2.12.  In Vitro Swelling Test 234 

The swelling behavior of nanofibers was evaluated by measuring the initial weight of the dry 235 

samples. After that, nanofibers were immersed in PBS (pH 7.4, 37 °C) for different periods 236 

intervals (0.5, 1, 2, 3, 8, 24h). Three replicates were performed for each sample. Before 237 

measuring the weight of the swollen samples, the water on the surface was gently removed by a 238 

filter paper. The swelling ratio was calculated using the following equation: 239 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 % = (𝑊! −𝑊!)/𝑊! 𝑥 100  240 

where W0 is the original weight, and Wt is the weight of the swollen sample at incubation time 241 

(t). 242 

2.2.13. Cell Culture and Cytotoxicity Assay   243 

The cytotoxicity of nanofibers was determined on fibroblast cells by WST-1 assay (Roche, 244 

Mannheim, Germany). Human fibroblast cells were seeded in 96-well plates at a density of 1.0 × 245 

104 cells per well (n=6) and incubated in DMEM (Thermo, Gibco, Paisley, UK) supplemented 246 

with 10 % fetal bovine serum (FBS) (Thermo, Gibco) and %1 Pen-Strep (Thermo, Gibco) at 37 247 

°C in a humidified atmosphere of 5 % CO2 for 24 hours. 5 mm diameter circles from nanofibers 248 

were cut out and incubated for 24 hours at 37 °C in 200 µL DMEM without cell. For cytotoxicity 249 

assay, the normal culture medium was replaced with this 24-h-conditioned medium 250 

(supplemented with serum and antibiotics) and incubated for 48 hours at 37 °C in the humidified 251 

atmosphere of 5 % CO2. Then, the medium was replaced with a 10 % WST-1 solution in 252 

DMEM, and the cells were incubated for 2 hours at 37 °C. The formation of the soluble 253 

formazan dye was measured at the wavelength of 450 nm using a spectrophotometer. The cell 254 

viability was expressed as a percentage of control cultures (cell culture in DMEM without the 255 

conditioning with nanofiber). 256 

2.2.14. Stem Cell Differentiation Assay 257 

Bone-marrow-derived mesenchymal stem cells (hBM-MSCs) derived from iliac crest bone 258 

marrow aspirates were used for osteogenic differentiation study.[26] The cells were previously 259 



isolated and cryo-preserved at the KOGEM cell bank (Kocaeli University, Kocaeli, Turkey). 260 

hBM-MSCs were cultured in DMEM (Gibco) supplemented with 10% FBS and 1% penicillin-261 

streptomycin under the standard culture condition at 37°C in a humidified atmosphere with 5% 262 

CO2. After cells reached 70-80% confluency, cells were passaged by 0.25% trypsin-EDTA 263 

(Gibco). The effect of pure nanofibers or DKMF on hBM-MSCs was evaluated by the 264 

expression analyses of osteogenic differentiation markers (Runx2, osteopontin, BMP2), 265 

chondrogenic differentiation marker (Sox9), and adipogenic differentiation marker (PPAR-γ) 266 

after the 2-week culture in the normal (culture) medium or in the osteogenic differentiation 267 

medium (StemPro Osteogenesis Differentiation Kit, Thermo Fisher Scientific, Gibco, Grand 268 

Island, NY). The total RNA was extracted by Aurum Total RNA Mini Kit (Bio-Rad, Hercules, 269 

CA), and cDNA was synthesized by iScript cDNA Synthesis Kit (Biorad) using the protocol 270 

supplied by the manufacturer. The gene expression was evaluated using iTaq Universal SYBR 271 

Green Supermix (Biorad) in the LightCycler 480-II system (Roche). PCR amplification followed 272 

a two-step cycling program: 30 s pre-denaturation at 95 °C, 45 cycles of 95 °C for 15 s, and 60 273 

°C for 60 s. Cp values were determined by LightCycler 480 Software (release 1.5). ActB gene 274 

amplification was used as a housekeeping gene in the calculations. 275 

2.2.15. Cell morphology 276 

On days 1, 3, and 7, after washing with ice-cold PBS two times, cell-loaded nanofibers were 277 

fixed with 2.5 % glutaraldehyde and then serial dilutions of ethanol (30-50-70-90 %) and dried 278 

in air. Images were collected with an acceleration voltage of 10 kV from gold-plated samples 279 

using SEM. 280 

Cell infiltration into the nanofibers was observed under a confocal laser scanning microscope 281 

(Zeiss LSM700). After incubation period at 1, 3, and 7 days, the samples were washed with PBS, 282 

fixed with 4% formaldehyde for 1 h, and again washed with PBS. Permeabilization was then 283 

performed with 0.1% Triton X-100 in PBS for 15 min, followed by washing with PBS.  The 284 

samples were incubated with FITC–phalloidin for 1 h at room temperature and washed with 285 



PBS. The samples were then placed on glass slides using DAPI. The cell fluorescence was 286 

determined using a confocal laser scanning microscope with a 20x oil-immersion objective for 287 

image acquisition. The excitation wavelength for FITC was fixed at 488 nm, while the emission 288 

wavelength was set at 500–540 nm. On the other hand, the excitation and emission wavelengths 289 

for DAPI were fixed at 358 nm and 461 nm, respectively. The Z-stack images of nanofibers were 290 

recorded from top to bottom with a 2.5 µm slice thickness through a depth of ~ 45 µm. 291 

2.2.16. Statistical Analysis 292 

SEM results were presented as mean ± standard deviation. The interactions between different 293 

groups in cell culture were studied using analysis of variance (ANOVA) with a 95% confidence 294 

interval and Tukey's post hoc test. The results were expressed as mean ± standard error mean, 295 

and p > 0.05 were not considered significantly different, whereas values of p < 0.05 were 296 

considered significant. Data analysis was performed using Graph Pad Prism 6.5 software (Graph 297 

Pad, San Diego, CA, USA).  298 

	299 

3.RESULTS 300 

3.1. Physical Properties of Solutions 301 

Major parameters such as working distance, applied voltage, and flow rate affect the results of 302 

the ES process. Changing these parameters causes alterations in the morphology and diameter of 303 

the produced fibers. Ambient conditions such as temperature and humidity also affect fiber 304 

formation. At the same time, the parameters such as surface tension, density, electrical 305 

conductivity, and viscosity may lead to a change in the morphology of the fabricated fibers.  306 

The addition of D3, K2, and Mg at 10%, 1.25%, and 5% (w/w) concentrations, respectively, to 307 

the mixed solution of PLA(TCP)/PCL 1:1 (v/v), caused a decrease in the surface tension (Figure 308 

1a). While the surface tension of pure PLA(TCP)/PCL solution was 27.6 ± 2.2 mN/m, it dropped 309 

to 27.1 ± 1.9 mN/m by adding APIs. A decrease in viscosity from 24510 to 22870 MPa s and in 310 

density from 1.327 to 1.318 g/ml were observed by adding APIs to the pure solution (Figure 1b 311 



and 1c). Besides, an increase in electrical conductivity from 0.5 to 0.6 µS/cm was observed 312 

(Figure 1d). The physical parameters of the solutions are proper for the production of fibers. The 313 

fiber diameter of DKMF slightly increased compared to pure fiber. The reason for that may be a 314 

decrease in the viscosity of the APIs-added solution although there is an increase in its electrical 315 

conductivity. 316 

 317 

Figure 1. Physical parameters of solutions: (a) Surface tension, (b) viscosity, (c) electrical 318 

conductivity, and (d) density. APIs: Active pharmaceutical ingredients. 319 

3.2. Morphological Characterization of Fibers 320 

SEM was used to analyze changes in the morphology and diameter of nanofibers. All SEM 321 

images were given in Figure 2. PLA, TCP, and PCL polymers were used to produce fibers by 322 

ES. Firstly, PLA (12%, w/v) and TCP (5%, w/v) mixture were prepared in the same pot, and 323 

then this mixture was mixed with PCL (12%, w/v) solution at three different ratios, which are 324 

1:3, 3:1, and 1:1 (v/v), for the production of fibers. According to the results obtained by SEM for 325 
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pure PLA(TCP)/PCL fibers, the optimized ratio was chosen as 1:1 (v/v) ratio due to its more 326 

homogeneous and smoother fiber surface. Hence, D3, K2, and Mg were loaded in this ratio. Also, 327 

the 1:1 (v/v) ratio was chosen to decrease the TCP ratio further because these fibers' production 328 

aims to strengthen the bone structure. The beads in the SEM image of PLA(TCP)/PCL (1:1, v/v) 329 

fibers originate from the structure of TCP and reflect its normal morphology. 330 

The applied voltage to produce the fibers was 24 and 25 kV for all pure fibers and DKMF, 331 

respectively. The flow rate was tried between 0.08-0.38 ml/h. On the other hand, the working 332 

distance was fixed to 150 mm for all pure fibers while it was increased to 200 mm for DKMF. 333 

The diameters of pure PLA(TCP)/PCL fibers at three different blend ratios are 1645.9 ± 364.8 334 

nm, 1146.5 ± 197.9 nm, and 737.5 ± 126.3 nm for 3:1, 1:3, and 1:1 (v/v), respectively. The 335 

diameter of DKMF is 745.1 ± 131.7 nm. According to SEM results, the diameter of DKMF 336 

increased compared to pure PLA(TCP)/PCL(1:1, v/v) fibers (Figure 2d). At the same time, 337 

PLA(TCP)/PCL (3:1, v/v) fibers with a high TCP ratio were found to be too tough and 338 

nonhomogeneous (Figure 2a). PLA(TCP)/PCL (1:3, v/v) fibers were smooth but not 339 

homogeneous, and also, its average diameters were not in the nanoscale (Figure 2b). Fiber with 340 

the best morphology and fiber diameter was obtained at 1:1 (v/v) blend ratio for the 341 

PLA(TCP)/PCL (Figure 2c). 342 

 343 
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 349 

Figure 2. SEM images and fiber diameter distributions of DKMF and pure nanofibers: (a) 350 

PLA(TCP)/PCL (3:1, v/v) fiber, (b) PLA(TCP)/PCL (1:3, v/v) fiber, (c) PLA/TCP/PCL (1:1, 351 

v/v) fiber, and (d) DKMF (1:1, v/v) fiber. N = 100 in all diameter distributions. 352 

3.3. Fourier-Transform Infrared Spectroscopy (FTIR) 353 

Figure 3a showed the FTIR spectra of nanofibers with different compositions to characterize 354 

functional groups, verify the existence of the components in fibers, and discriminate prospective 355 

chemical changes between phases. The characteristic peaks at 2940.9 cm-1, 2865.7 cm-1, 1722.2 356 

cm-1, 1293.0 cm-1, 1238.0 cm-1, and 1168.0 cm-1 belong to PCL. These peaks characterize 357 

asymmetric CH2 stretching, symmetrical CH2 stretching, C=O stretching vibration, C-C and C-O 358 

stretching vibration, asymmetrical C-O-C- stretching vibration, and C=O-C stretching vibration, 359 

respectively.[27] In the PLA spectrum, some specific peaks represent C=O ester carbonyl groups 360 

at 1747.2 cm-1, C-H deformation at 1453.1 cm-1 and 1360.5 cm-1, C-O stretching at 1181.2 cm-1 361 

and 1082.8 cm-1, and C-C stretching at 866.9 cm-1.[28] PCL and PLA are aliphatic polymers 362 

with an analogous structure. Peaks at 962.3-1022.1 cm-1 and 559.3-599.8 cm-1 are specific for 363 

TCP. These represent the stretching mode and vibration peaks of the PO4
3- in TCP, 364 

respectively.[29] In Mg spectrum, peaks at 2916 cm-1 and 2854 cm-1 are associated with C-H 365 

stretching. On the other hand, the peak at 1464 cm-1 belongs to symmetrical carboxylate (COO-) 366 

stretching vibration.[30] In the D3 spectrum, a peak at 3232.1 cm-1 is associated with the O-H 367 

bond, and the peak at 1640 cm-1 belongs to H-C=C-H stretching vibration.[31] The peak at 991.2 368 
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cm-1 belongs to vitamin K2 and characterizes the -C-C- strain vibration. These results prove that 369 

PLA, PCL, TCP, Mg, D3, and K2 were successfully loaded in composite nanofiber. 370 

3.4. X-ray Powder Diffraction (XRD) 371 

XRD is a rapid and nondestructive analytical method used to examine the structure and 372 

crystalline forms of the nanofibers.[32] Figure 3b-i gives the XRD results of the samples. 373 

Looking at the XRD result of PLA, two diffraction peaks were detected at 2θ = 16.4° and 374 

22.6°.[33] PLA was less pronounced than PCL due to its lower crystal absorption density and 375 

showed a more pronounced amorphous scattering. This situation may be due to different degrees 376 

of molecular deformation during the ES process. Two sharp crystalline peaks with a high degree 377 

of crystallinity and strong absorption density at 2θ = 21.4° and 23.8° have belonged to PCL.[34] 378 

Very sharp peaks at 2θ = 11.2-29.5° range in the XRD results of pure TCP have been observed.  379 

Although not as sharp as the others, there were also peaks in the range 2θ = 31.4-60.0°, which 380 

proved that TCP has a crystal structure.[35] According to XRD results, Mg was found to have a 381 

high crystal structure, and sharp peaks were detected at 2θ = 18.5°, 26.2°, 35.1°, 44.1°, 55.0°, 382 

and 58.04°. Very sharp peaks at the 2θ = 10.2-27.5° range of pure D3 have been observed in the 383 

XRD results. There were also peaks in the range 2θ = 30.5-55.2°. These peaks are characteristic 384 

of D3 and prove that D3 has a highly crystalline structure.  In the XRD results of pure K2, sharp 385 

peaks were observed at 2θ = 44.1°, 64.4°, and 77.5°. At the same time, a prominent and wide 386 

peak was observed between 2θ = 18.0-20.0°. This peak is characteristic for K2 show that it has a 387 

crystalline structure. All polymer peaks, which belong to PLA, TCP, and PCL observed by five 388 

distinct peaks and wide amorphous scattering, were seen in the XRD results of pure nanofiber. 389 

However, four of these peaks had low absorption density. The structure of DKMF was found 390 

more crystalline compared with pure nanofiber. The reason is that Mg, K2, and D3 in DKMF 391 

have crystalline structures. The peaks belong to APIs were observed in the XRD line of DKMF. 392 

Therefore, it can be said that the APIs were successfully loaded in DKMF. 393 



 394 
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 397 

Figure 3. (a) FTIR spectrums of pure PLA, PCL, TCP, Mg, K2, D3, pure nanofiber, and DKMF. 398 

XRD results of pure (b) Mg, (c) K2, (d) D3, (e) TCP, (f) PLA, (g) PCL, (h) pure fiber, and (i) 399 

DKMF. 400 

 401 



3.5. Tensile Test of Fibers 402 

A tensile test was used to characterize the mechanical and tensile properties of nanofibers. Figure 403 

4 showed the effects of D3, K2, and Mg on the tensile strength and strain at break of fibers. It was 404 

determined that the tensile strength of DKMF was higher than pure fibers. The tensile strength of 405 

pure fibers and DKMF were 30.4 ± 10.2 and 70.8 ± 24.2 kPa, respectively. According to the 406 

tensile test results, an increase in the mechanical strength of DKMF was obtained after loading 407 

of D3, K2, and Mg in fiber (Figure 4a). 408 

On the other hand, the strain at break of pure fibers was higher than DKMF (Figure 4b). It is 409 

seen from the stress-strain curve, and both samples have a hard and tough structure. On the other 410 

hand, loading drugs to fiber made them tougher but less flexible. Because at the beginning of the 411 

curves (zoomed in Figure 4c), DKMF samples gave steeper and sharper peaks compared to pure 412 

fiber samples. The reason for that D3, K2, and Mg have crystalline structures. Thus, they have 413 

higher strength but lower structural flexibility for interaction with adsorbate molecules due to 414 

their crystalline structures. [36] 415 

3.6. Differential scanning calorimetry (DSC) 416 

DSC results were given in Figure 4d-e. In the DSC analysis between 0-200°C temperatures, the 417 

melting (Tm) and glass transition temperature (Tg) of fibers were examined.  When comparing 418 

the DSC results of DKMF with pure fiber, a slight decrease in Tm and Tg values was observed 419 

for DKMF. The Tg value of pure nanofibers and DKMF was 63.2°C and 60.9°C, respectively. 420 

On the other hand, the Tm values of pure nanofibers and DKMF were 154.4°C and 151.5°C, 421 

respectively. Looking at the changes in values, it is clear that there is no significant change in the 422 

operating temperature range between Tg and Tm for DKMF and pure nanofibers. According to 423 

the results, loading D3, K2, and Mg to fibers caused a slight change in the thermal behavior of the 424 

fiber. 425 
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           428 

Figure 4. Tensile properties of nanofibers: (a) Tensile strength, (b) strain at break, and (c) tensile 429 

stress-strain curves. DSC results of nanofibers: (d) Pure fiber and (e) DKMF. 430 

3.7. In Vitro Drug Release Test 431 

In vitro drug release test was carried out to investigate the releasing behaviors of D3, K2, and Mg 432 

released from DKMF for 144 h. PBS (pH 7.4, 37°C) was used to mimic the physiological 433 

conditions of living organisms during the drug release test process (Figure 5). In the beginning, 434 



UV spectroscopy was used to construct the linear standard calibration curves of D3, K2, and Mg 435 

(Figure 5d-f). Afterwards, EE was measured to evaluate whether APIs are loading to fibers 436 

successfully or not, and EE was found 82.8%, 89.5%, and 81.3% for D3, Mg, and K2, 437 

respectively (Figure 5j).  438 

D3 was released in a burst release manner at the end of the 3rd and 5th day by releasing its 29.7% 439 

and 30.0%, respectively, but it demonstrated sustained release by 81.7% during the rest of the 440 

test period (Figure 5g). On the other hand, Mg among all ingredients was released in a sustained 441 

release manner in the first 72 h by releasing its 59.0% from DKMF. However, it showed a burst 442 

release profile by releasing its 40.8% in 24 h, and then, a sustained release was exhibited for the 443 

remaining of Mg during the rest of the test period (Figure 5h). The release behavior of K2 was 444 

more sustainable than the other two APIs and it was released lesser than the other two APIs by 445 

releasing 69.0% in 144h (Figure 5i). 446 

3.8. In Vitro Drug Release Kinetics 447 

To analyze the release kinetics of Mg, D3, and K2 from DKMF that were incubated in dynamic 448 

conditions in PBS (pH 7.4, 37oC), the Hixson-Crowell, zero-order, and first-order release models 449 

were used in this study. Mg, D3, and K2 with higher R2 values were released from DKMF 450 

according to the zero-order, zero-order, and Hixson-Crowell model, respectively (Table 1 and 451 

Figure 6).  452 

Table 1. Results of mathematical drug release models for all nanofibers. D3: D3 vitamin released 453 

from DKMF. Mg: Mg released from DKMF. K2: K2 vitamin released from DKMF. 454 

 Zero-Order First-Order Hixson-Crowell 

Sample R2 K0 R2 K1 R2 Khc 

D3 0.9207 0.4483 0.8188 -0.0036 0.8637 0.0103 

Mg 0.9440 0.7357 0.8981 -0.0265 0.9306 0.0328 

K2  0.9717 0.4539 0.9796 -0.0033 0.9799 0.0098 



455 

  456 

 457 

 458 
Figure 5. In vitro drug release profiles of fibers: Absorption spectra of (a) D3, (b) Mg, (c) K2, 459 

calibration curves for (d) D3, (e) Mg, (f) K2, release profiles from the DKMF for (g) D3, (h) Mg, 460 

(i) K2, and (j) encapsulation efficiency for D3, Mg, and K2. All the measurements were repeated 461 

three times, and the errors were less than 5%. 462 
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 464 

 465 

Figure 6. The release kinetic models of D3 (A), Mg (B), and K2 (C) release profiles from the 466 

DKMF: (a) zero-order, (b) first-order, and (c) Hixson-Crowell models. 467 

3.9. In Vitro Degradation Test 468 

The healing of the bone defect typically is completed within 40 days, but sometimes it could be 469 

take up to 6 months depending on changing conditions and size of the defect. Therefore, a 470 

material used to treat bone defect should remain functional for at least 40 days.[37] It is why the 471 

degradation properties of DKMF and pure fibers were evaluated throughout 41 days in this 472 

study. On the other hand, PLA, PCL, and TCP are applied as bone substitute materials at 473 

implantation sites due to their biodegradable properties. Besides, reduced local pH, induced 474 

inflammatory reactions, and accelerated degradation are observed after the degradation of PLA. 475 
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Therefore, PCL is added to reduce the inflammatory response and minimize local acidification. 476 

In addition to these effects, TCP also improves the osteoconductivity and bioactivity properties 477 

of nanofibers.[37, 38] The degradation of structures generally accelerates after adding the APIs. 478 

In this study, 35.3% of pure nanofibers and 26.4% of DKMF degraded at the end of 41 days. 479 

Even if the healing of the bone defect takes 6 months, it is estimated that DKMF will remain 480 

effective in the treatment according to its degradation rates. The crystalline structures of APIs 481 

cause the reason in the decrease on degradation ratio of DKMF.[39] The mass loss evaluation of 482 

nanofibers during their degradation process was shown in Figure 7a.  483 

3.10. In Vitro Swelling Test 484 

The swelling ratio of nanofibers is affected by many different physical parameters such as 485 

polymer concentration, pH, surface area, cross-linking, and porosity. In addition to these 486 

parameters, there is a relationship between the diameter and swelling ratio of nanofibers.[40, 41] 487 

The water up-take capacity enhances with the increase of fiber diameter.[42] In this study, the 488 

swelling ratios of DKMF and pure nanofibers were measured as 371.6% and 329.6%, 489 

respectively. In addition, a direct proportion was observed between swelling ratio and tensile 490 

strength of nanofibers. The water up-take capacity increases, and degradation decreases with the 491 

enhancement of nanofiber strength (Figure 7b).[43]  492 

 493 

Figure 7. In vitro degradation test (a) and swelling behavior (b) of pure nanofibers and DKMF. 494 

The tests performed by taking three samples from each nanofiber represent the mean ± standard 495 

error of the mean. 496 



3.11. Cytotoxicity of Nanofibers 497 

The effect of pure nanofibers and DKMF on fibroblast cell viability was determined after 24 h 498 

using the WST assay. The results showed no significant decrease in viable cell number. 499 

Compared to the control group, in which the cells were cultures in the medium without 500 

nanofibers, the cells cultured with pure nanofibers and DKMF showed 89.5% ± 7.4 (p=0.2995) 501 

and 78.7% ± 6.9 (p=0.0890) viability, respectively (Figure 11). There is no significant difference 502 

in the viability of cells between DKMF and pure nanofibers (p=0.506). The apoptotic or necrotic 503 

cells were not observed during the culture. The nanofibers restricted the proliferation of cells 504 

rather than the cytotoxic effect (Figure 8a). 505 

3.12. Differentiation Into Osteogenic Cell Lines 506 

Under normal culture condition with pure nanofibres, any change in the expression of osteogenic 507 

differentiation markers (Runx2, osteopontin, and BMP2), the chondrogenic differentiation 508 

marker (Sox9), and the adipogenic differentiation marker (PPAR-γ) were not observed compared 509 

to the control culture without the nanofibers (Figure 8b).  510 
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Figure 8. (a) Viability of fibroblasts after the culture with DKMF and pure nanofibers in 513 

DMEM. The cell viabilities were expressed in percentage with respect to the control culture, in 514 

which fibroblasts were cultures in the same medium without any nanofibers. The gene 515 

expression analysis of hBM-MSCs before (b) and after (c) the culture in the osteogenic 516 

differentiation medium for two weeks. The effects of pure nanofibers and DKMF were compared 517 

with the cells incubated without nanofibers (control). The expression levels were presented as 518 

fold-expression with respect to the control group. ActB was used as a housekeeping gene. 519 

 520 

In the culture with DKMF, the expression of osteogenic markers was induced slightly under the 521 

effect of D3, K2, and Mg. In these cultures, the medium was not supplemented with the chemical 522 

cocktail to differentiate the cells, but APIs-loaded nanofibers induced cell differentiation. Almost 523 

a 2-fold increment in the expression of Runx2, osteopontin, and BMP2 was observed (Figure 524 

8b). 525 

Nanofibers demonstrated a significant effect in the differentiation medium, in which the 526 

supplements were provided for the cells to differentiate into osteogenic cells. After two weeks of 527 

differentiation, the cells expressed Runx2 that is the early osteogenic differentiation marker. 528 

Although this marker was also expressed by the control cells in the differentiation medium at 529 

17.8-fold compared to the undifferentiated control cells, the expression was 19.2-fold in the 530 

culture with pure nanofibers and 43.4-fold in the culture with DKMF (Figure 8c). When 531 

compared the Runx2 expressions of DKMF to the undifferentiated control cells, the 532 

differentiation efficiency of stem cells was improved about 21-fold under the effects of D3, K2, 533 

and Mg. On the other hand, the Runx2 expression was improved by 2.44-fold compared to the 534 

cells in the differentiation medium without fibers. To observe the impact of nanofibers on the 535 

chondrogenic and adipogenic differentiation, the expression of Sox9 and PPAR-γ were analyzed. 536 

While the osteogenic markers were highly expressed during the differentiation, the expression of 537 



Sox9 and PPAR-γ was suppressed compared to the control simultaneously, and the inductive 538 

effect of DKMF could not be observed (Figure 8c). 539 

3.13. Cell morphology 540 

On days 1, 3, and 7, after seeding osteoblast cells in nanofibers, the disseminated cells attached 541 

to the surface of nanofibers were clearly shown in the SEM images (Figure 9). The osteoblast 542 

cells were seeded on nanofiber that provides cells with a larger 3D surface area for growth. The 543 

nanofiber pores allowed fluid and cells to seep into nanofibers. DKMF can clearly show that 544 

cells are spreading and proliferating on the surface. Also, after 7 days of incubation, DKMF was 545 

found to promote large axonal sprouting and needle-like elongation of osteoblast cells. 546 

 547 

Figure 9. SEM images of attachment of osteoblast cells into scaffolds after incubation period on 548 

days 1, 3, and 7. 549 

Osteoblast cell morphologies were also confirmed using confocal laser scanning microscopy. 550 

The nuclei and cytoskeletons of cells on nanofibers were stained with DAPI and F-actin, 551 

respectively. As shown by the confocal images (Figure 10a), on days 1, 3, and 7 of incubation, 552 

rounded nuclei with a cytoskeleton were noticeably observed in DKMF. When the incubation 553 

time could be extended to 7 days, DKMF promoted cellular attachment, improving the 554 

cytoskeleton and cell-cell interaction. 555 
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 557 

Figure 10. Confocal microscopy images of osteoblast cells seeded on nanofibers. Cells on 558 

nanofibers were stained with DAPI to display blue (nuclei) and F-actin to display a green 559 

(cytoskeleton). The Z-stack images of optical confocal images from top to bottom with a 2.5 µm 560 

slice thickness and the reconstructed 3D projection image of cells on scaffolds after incubation 561 

period on day 7. 562 
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Figure 10b showed Z-stack images of top surface-to-bottom optical slices in nanofibers with a 563 

slice thickness of 2.5 µm and 3D reconstructions of cells within nanofiber. Optical slicing of the 564 

sample in the Z-direction, as shown in Figure 10b, allowed us to monitor the penetration of cells 565 

into the scaffolds after 7 days of incubation. It was observed that cells infiltrated the nanofibers 566 

at a depth of 45 µm from the upper surface of nanofibers. These results demonstrate the 567 

successful growth, proliferation, and infiltration of cells within nanofibers, indicating their 568 

suitability for bone tissue applications. 569 

 570 

4. DISCUSSION 571 

The damage and degeneration are observed in bone tissues because of injuries, diseases, and 572 

trauma. Treatment of damaged and degenerated tissues is necessary to enable their regeneration 573 

and repairment. Bone tissue engineering is an encouraging field for the repair of bone. 574 

Techniques belonging to bone tissue engineering based on autogenous tissue transplantation are 575 

expected to solve supply limitation, immune rejection, and donor scarcity, which are limitations 576 

of autograft and allograft methods. On the other hand, this area is focused on using electrospun 577 

composite nanofibers and APIs-loaded nanofibers in the generation of bone structures. 578 

Therefore, bone tissue engineering has become a rapidly expanding area of research.[44] 579 

Choosing the suitable material in tissue engineering applications depends on several properties 580 

such as biocompatibility, toxicity, and the immune response by the body.[45] In previous bone 581 

tissue engineering studies about bone regeneration, it has been found that PLA, TCP, and PCL 582 

were used singly or in binary combination to produce electrospun composite fibers.[10, 46] In 583 

our study, FDA-approved PCL and PLA were chosen as the carrier system and scaffold for 584 

bones due to their biodegradability and mechanical properties.[8, 47] Also, the FDA-approved 585 

TCP, a porous ceramic, was chosen because it provides strength to the bones.[48] The primary 586 

function of D3 is to maintain concentrations of serum phosphorus and calcium, hence, essential 587 

cellular functions were protected and mineralization of the skeleton was encouraged.[13] On the 588 



other hand, K2 is essential for calcium usage and inhibits arterial calcification, and strengthens 589 

the bones. [16] Mg is an intracellular cation that helps to bone stabilization, bone growth, and 590 

mineralization. [18] Thus, these three polymers and three active ingredients were used to 591 

produce DKMF as a fiber composite, and this is novel. 592 

According to the SEM results of pure fibers, beads were observed in all images of fibers 593 

produced. McCullen et al. reported that the addition of TCP causes an origination of beads in the 594 

fibers.[49] Therefore, in this study, PLA(TCP)/PCL at 1:1 (v/v) concentration was selected as 595 

the optimized ratio for nanofibers due to its nanoscale diameter and better morphology compared 596 

to other ratios. After that, D3, K2, and Mg were loaded to the fibers in the optimized composite 597 

ratio. Then, the characteristic bands and molecular structure of APIs and polymers were 598 

observed in the fibers by performing XRD and FTIR tests. Thus, obtained results proved that 599 

Mg, D3, K2, PLA, PCL, and TCP were successfully loaded in nanofibers.  600 

In bone tissue engineering, it is accepted that fibers have mechanical strength as close as possible 601 

to the strength of the bone to be repaired, although there are no precisely defined criteria for the 602 

mechanical properties of fibers. Bones have a balanced mixture of tough and soft materials. A 603 

primary component of bone is collagen, which composes a soft protein for the calcium phosphate 604 

that provides bone with its hardness and strength. The mixture of tough and soft materials 605 

enables bone to be flexible enough to withstand impacts but rigid enough to support its structural 606 

integrity.[50] According to the tensile test results, pure fiber was proper for bone tissue 607 

engineering with its hard and tough structure, but loading APIs to fibers made the structure of 608 

nanofibers more proper by making it softer. On the other hand, a slight decrease in Tm and Tg 609 

values was observed after loading APIs to fibers. The reason for this decrease may be due to the 610 

structural differences and interactions between polymers and APIs.[51] Furthermore, the water 611 

up-take capacity was found to increase with fiber diameter and strength.[42] However, the 612 

decrease in the degradation ratio depends on the correlation between diameter and strength.[52] 613 



EE is the percentage of the drug, which is successfully loaded in the fibers. Mg was determined 614 

as the API having the highest EE due to its high solubility in PBS. EE was lower for D3 and K2 615 

than Mg due to their low solubility in PBS, although Tween 80 was added to PBS to increase the 616 

solubility of D3 and K2.[53] The drug-to-polymer ratio or low concentration of emulsifier may be 617 

another reason that influences the drug loading.[24]  618 

The drug release analysis was performed to investigate the release kinetics of drugs encapsulated 619 

in the fibers for 144 h with PBS that mimics the physical conditions of living organisms. All of 620 

the D3, K2, and Mg exhibited sustained release for 72 hours. The D3 was released in a burst 621 

manner between 72-96 h and 120-144 h. K2 was released in a controlled manner within 144 h 622 

except between 72-96 h. Mg was also released in a burst manner between 72-96 h. However, it 623 

was released in a sustained release manner except for this time range. In this study, the D3, K2, 624 

and Mg releases were observed for 144 hours by 81.7%, 69.0%, and 99.9%, respectively, in 625 

DKMF. In the study, the burst release was limited and followed by a sustained release for 144 h, 626 

similar to previous studies.[54]  627 

The fibers well maintained the cell viability during the culture. The cell viability was slightly 628 

reduced, but this reduction was still within the accepted limit for viable cells according to UNI 629 

EN ISO 10993-5.[55] The cell growth was decreased without any significant loss of cell viability 630 

during the stem cell differentiation. 631 

In the typical cell culture, the cells were treated only with fibers and any induction for the 632 

differentiation was directed by these fibers. Wnt signaling pathway was known to play a central 633 

role in both cell proliferation and differentiation in mesenchymal stem cells.[56, 57] Previously, 634 

it was demonstrated that the proliferation of bone marrow-derived mesenchymal stem cells was 635 

induced under the effect of Wnt3a while suppressing the osteogenic differentiation in the 636 

absence of BMP signaling.[58] DKMF increased the expression of BMP2 by almost 2-fold 637 

accompanying the induction of Runx2 and osteopontin even in the absence of differentiation 638 

medium. The cell differentiation might be the reason for the restricted cell growth under the 639 



effect of fibers. Notably, the differentiated cell morphology could not be observed in the culture 640 

with DKMF without the differentiation medium. In the group with pure fibers, the cell 641 

proliferation was also slowed down. Therefore, the induction of differentiation could not be the 642 

only reason for restricted cell proliferation. Another reason might be the lack of a suitable 643 

surface for cell adhesion, which might limit cell proliferation. 644 

Upon the induction of endogenously secreted BMP2 in the cells in response to DKMF, the 645 

expression of early osteogenic marker Runx2 was increased in the typical culture of our study. A 646 

similar observation was reported that the expression of osteogenic markers might be induced in 647 

response to Wnt3a with further increases in osteogenic differentiation markers after the BMP2 648 

addition.[58] However, the differentiation could not be observed under sole canonical Wnt 649 

signaling without the BMP signaling, as it was observed in the normal cell cultures with pure 650 

fibers in our study.  651 

In the early study on mesenchymal stem cell differentiation, it was proposed that the selective 652 

differentiation into either osteoblasts or chondrocytes might be controlled by manipulating the 653 

canonical Wnt signaling.[59] BMPs support both chondrocyte and osteoblast differentiation of 654 

mesenchymal stem cells, but the canonical Wnt signaling pathway exerts opposite activities to 655 

control the differentiation of osteoblasts chondrocytes. The canonical Wnt signaling suppresses 656 

chondrocyte differentiation by inhibiting Sox9 expression. During the early stage of osteoblast 657 

differentiation, Wnt signaling inhibits Sox9 expression while promoting Runx2 expression. As a 658 

result, the osteogenic differentiation progresses in the mesenchymal stem cells, but not the 659 

chondrocyte differentiation. 660 

Vitamin D3 and Vitamin K2 were previously shown to support the differentiation of 661 

mesenchymal stem cells into osteogenic cells and bone tissue calcification.[17, 60] The 662 

expression of PPAR-γ inhibits the osteogenesis of mesenchymal stem cells by down-regulating 663 

the Wnt signaling and Runx2.[61] During the differentiation, the expression of PPAR-γ was 664 

decreased under the effect of DKMF. The chemical cocktail used for differentiation seems to 665 



lead to this PPAR-γ-suppression, but a weak suppressive effect of DKMF on the PPAR-γ-666 

expression could also be observed in the normal culture medium. In addition to its suppressive 667 

effect on the PPAR-γ-expression, DKMF induced the expression of Runx2, BMP2, and 668 

osteopontin in the early stage osteogenic differentiation. Both vitamin D3 and vitamin K2 were 669 

demonstrated to support osteogenesis, but the role of Mg is curious. The role of the kinase and 670 

cation channel TRPM7 and the magnesium transporter MagT1 in the osteogenic differentiation 671 

showed the importance of the magnesium ion in osteogenesis.[62] In this point, above a certain 672 

value of Mg concentration has an inhibitory effect on the osteogenic differentiation. DKMF did 673 

not show any inhibitory effect on the differentiation. The released Mg ions from the fibers were 674 

within the concentration range that supports differentiation. As the magnesium ions could inhibit 675 

the Wnt/β-Catenin signaling pathway, the suppression of osteogenic differentiation was 676 

expected.[63] A more recent study showed magnesium ions might support osteogenic 677 

differentiation in a dose-dependent manner by activating Notch signaling.[64] DKMF supports 678 

the osteogenic differentiation of mesenchymal stem cells by activating the Wnt/β-Catenin 679 

signaling pathway, inhibiting adipogenic and chondrogenic differentiation. With their limited 680 

effect on the Wnt signaling pathway, the magnesium ions also induce the expression of Notch1, 681 

which promotes osteogenic differentiation.  682 

DKMF promotes large axonal sprouting and needle-like elongation of osteoblast cells on day 7 683 

after seeding osteoblast cells in nanofibers. It can be explained that the extracellular matrix and 684 

its components influenced cell morphology and offered a suitable platform for successful axon 685 

growth and elongation supporting communication between cells and the microenvironment, 686 

triggering the process of bone tissue. 687 

In vitro results showed that cells incubated on DKMF enhanced cellular functions such as 688 

migration, infiltration, proliferation, and differentiation. Osteoblast cells on DKMF surface 689 

showed a needle shape morphology with a multilateral cytoskeleton while the cells were spread 690 



on the pure fiber surface by pseudopodia-like extended structures. The cell−matrix and cell-cell 691 

interactions were demonstrated using SEM and confirmed by confocal microscopy observations. 692 

 693 

5. CONCLUSION 694 

The osteoinductive effect of DKMF produced by electrospinning was evaluated in this study. 695 

PLA(TCP)/PCL composite ratio was optimized at 1:1 (v/v) concentration and APIs were loaded 696 

in this ratio. The addition of APIs into composite slightly increased the diameter of electrospun 697 

nanofibers, which could be attributed to a slight decrease in solution viscosity. The addition of 698 

APIs to composite fibers slightly decreased Tm and Tg values, but there is no significant 699 

difference in the operating temperature; it increased the tensile strength and made the structure of 700 

scaffolds more proper by making them tougher and softer compared to pure fiber. The water up-701 

take capacity increased as enhancing of fiber diameter while the degradation ratio decreased. 702 

Although all APIs (D3, K2, and Mg) were released in a sustained release manner for 144 h. Both 703 

pure nanofiber and DKMF supported fibroblast cell viability. The cell death could not be 704 

observed, but the cell growth was slightly decreased in both cultures of fibers. DKMF supported 705 

the osteogenic differentiation of mesenchymal stem cells by activating the Wnt/β-Catenin 706 

signaling pathway with the expression of Runx2, BMP2, and osteopontin and suppression of 707 

PPAR-γ and Sox9. At the same time, DKMF suppressed the differentiation into adipogenic and 708 

chondrogenic cells. Using confocal laser scanning microscopy after 7 days of incubation, DKMF 709 

promoted large axonal sprouting and needle-like elongation of osteoblast cells and enhanced 710 

cellular functions as migration, infiltration, proliferation, and differentiation. The results 711 

confirmed that DKMF has the osteoinductive effect, and it is a promising treatment approach for 712 

bone tissue engineering. 713 
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