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Abstract: Titanium and its alloys are commonly used as dental and bone implant materials. Biomimetic coating of titanium surfaces 
could improve their osteoinductive properties. In this work, we have developed a novel osteogenic composite nanocoating for 
titanium surfaces, which provides a natural environment for facilitating adhesion, proliferation, and osteogenic differentiation of bone 
marrow mesenchymal stem cells (MSCs). Electrospinning was used to produce composite nanofiber coatings based on 
polycaprolactone (PCL), nano-hydroxyapatite (nHAp) and strontium ranelate (SrRan). Thus, four types of coatings, i.e., PCL, 
PCL/nHAp, PCL/SrRan, and PCL/nHAp/SrRan, were applied on titanium surfaces. To assess chemical, morphological and biological 
properties of the developed coatings, EDS, FTIR, XRD, XRF, SEM, AFM, in-vitro cytotoxicity and in-vitro hemocompatibility 
analyses were performed. Our findings have revealed that the composite nanocoatings were both cytocompatible and 
hemocompatible; thus PCL/HAp/SrRan composite nanofiber coating led to the highest cell viability. Osteogenic culture of MSCs on 
the nanocoatings led to the osteogenic differentiation of stem cells, confirmed by alkaline phosphatase activity and mineralization 
measurements. The findings support the notion that the proposed composite nanocoatings have the potential to promote new bone 
formation and enhance bone-implant integration. 
Key words: osteogenic nanocoating; composite nanofiber; titanium implant; nanohydroxyapatite; strontium ranelate; 
polycaprolactone; electrospinning; mesenchymal stem cells 
                                                                                                             

 
 
1 Introduction 
 

Bone is a highly vascularized and dynamic organ 
that has a number of functions such as protection, 
mineral storage and source of hematopoietic and 
mesenchymal stem cells (MSCs). Chemically, bone 
tissue consists of 1% sodium chloride, 1%−2% 
magnesium phosphate, 1%−2% calcium fluoride, 7% 
calcium carbonate and 58% calcium phosphate. Bone 
tissue, known as osseous, is made of cancellous and 
cortical bone. Living bone is mainly composed of 
collagen (70%), bone mineral and water. In addition, 
organic materials such as polysaccharides, proteins and 
lipids are present in less amounts [1,2]. Bone healing is a 
complex process with three distinct overlapping steps: 
early inflammatory stage, repair stage and the late 
remodeling stage [3,4]. Initially, within few days a local 
hematoma develops at the fracture site. Cellular 

inflammatory elements such as lymphocytes, monocytes, 
macrophages, and polymorphonuclear cells infiltrate the 
hematoma to secrete cytokines and growth factors. In the 
repair stage, fibroblasts facilitate vascular ingrowth and 
there is high osteoblast activity. At this stage, the newly 
formed bone needs to be remodeled. The last stage of 
bone tissue healing is the remodeling stage where bone is 
restored to its healthy condition [5,6]. 

The coating of orthopaedic implants or bone fixator 
surfaces aims to improve the implant-bone integration, 
restore tissue functions and accelerate bone healing. An 
ideal implant surface coating should mimic the bone 
tissue by being biocompatible, osteoinductive, and 
mechanically stable [6]. 

Due to their high corrosion resistance, unique 
mechanical properties, osseointegration capacity and 
high biocompatibility with the tissue, titanium and its 
alloys are widely preferred in the dental and orthopaedic 
implant applications [7,8]. Owing to their lack of direct 
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chemical bonding capacity with the tissue, titanium 
alloys are bioinert materials. Some surface modifications 
are applied to titanium alloys for providing better 
implant integration. Metals and their alloys are coated 
with various biocompatible materials for biomedical 
applications. Some coating techniques, such as sol−gel, 
thermal spraying, sputtering, dipping and immersion 
coating, and electrophoretic deposition, were used in 
previous works [9]. Besides, the electrospininng process 
is used in many biomedical applications. Electrospinning 
is useful for manufacturing non-woven polymer fibers 
with diameters in the range of submicrometers to 
nanometers [10−12]. 

Polycaprolactone (PCL) is a prominent polymer 
which has been widely used in biomedical applications, 
due to its non-toxicity, good mechanical properties, slow 
degradation rate, low-cost and high biocompatibility. 
PCL has high thermal stability with a melting 
temperature of 58−60 °C, and a glass transition 
temperature of −60 °C. Also, PCL has already been 
approved for use as a biomaterial for a number of 
applications by the FDA. In addition to these advantages, 
electrospun PCL nanofibers could mimic the 
extracellular matrix (ECM) of many tissues [13−17]. 

Chemical composition and physical structure of 
hydroxyapatite (HAp) are very similar to those of the 
natural bone, hence, HAp has been used in hard tissue 
engineering studies alone or as a biomaterial  
component [18−20]. Additionally, HAp has been used as 
a coating material for implant applications owing to   
its good biocompatibility, osteoconductivity and  
bioactivity [21,22]. HAp displays high binding capacity 
to bone and enhances bone tissue formation. 

Strontium is an essential trace element with 
bioactive properties related to the skeletal metabolism. 
Recent in-vitro and in-vivo studies have reported the 
unique beneficial properties of strontium ions on bone 
healing [23−25]. Supporting this notion, recent work has 
shown that strontium induces MSC differentiation and 
pre-osteoblast proliferation, while also contributing to 
bone homeostasis by inhibiting osteoclast activity [26]. 
More previous researches elucidated the mechanism of 
strontium on the differentiation of osteoprogenitor   
cells into bone-forming osteoblasts through regulation  
of Wnt/β-catenin signalling pathway and expression   
of membrane-bound calcium sensing receptor     
(CaSR) [27,28]. Further evidence supports the role of 
strontium in bone anabolism, i.e., inducing the decrease 
in osteoclastogenesis, hence significantly lowering 
resorption activity of mature osteoclasts [29,30]. Also, 
chemical and physical structures of strontium are similar 
to those of calcium and about 98% of the total body 
strontium content is localized in the bone tissue [31]. 

Strontium ranelate (SrRan), a strontium chelating 

agent, is widely used for reducing bone fractures in high 
risk patients and for the treatment of osteoporosis, 
especially in postmenopausal women. In-vitro 
experiments have indicated a unique positive effect of 
SrRan on the bone tissue [32]. Also, SrRan can decrease 
osteoclast differentiation and promote osteoblast 
proliferation and activity. It also regulates osteoclast 
activity by editing the RANK, RANKL, OPG ratio   
and inhibits the secretion of TNF-α and IL-6   
cytokines [33−35]. Despite, SrRan has not been proven 
to be effective in the treatment of rat femoral defects as a 
systemic treatment agent [36]; it has promising 
implications as a supporting component of tissue 
engineered implants. Titanium implant surfaces coated 
with SrRan-laden chitosan films have shown to promote 
osteoblast differentiation and proliferation in a 
dose-dependent fashion [37]. Similarly, mesoporous 
bioactive glass implants incorporated with strontium 
induce osteogenic activity and fracture repair through 
local release of Sr, which supports the incorporation of 
Sr in the composition of tissue engineered scaffolds for 
the treatment of bone defects [38,39]. 

Thus, the present study was designed to develop a 
composite osteogenic nanocoating for titanium surfaces, 
based on the electrospinning technique, and optimization 
of the polycaprolactone, hydroxyapatite, and strontium 
ranelate composition. 
 
2 Experimental 
 
2.1 Materials 

Titanium foils (0.25 mm in thickness; ≥98%), were 
purchased from Goodfellow Corporation (Huntingdon, 
England). Polycaprolactone (Mw, 80000), hydroxyapatite 
nanopowder (<200 nm) and strontium ranelate (≥98%) 
were purchased from Sigma Aldrich (St. Louis, MO, 
USA). Dichloromethane was obtained from Merck 
(Darmstadt, Germany). Methanol was obtained from 
Sigma. In-vitro cytotoxicity and cell culture studies were 
performed using Dulbecco’s modified Eagle’s medium 
(DMEM; Lonza, Verviers, Belgium), supplemented with 
10% fetal bovine serum (Lonza). Alizarin red dye was 
purchased from Sigma. All other reagents were used as 
cell culture grade from Sigma. 
 
2.2 Preparation of titanium surfaces 

Prior to the coating process, commercial titanium 
foils with 0.25 mm in thickness were cut into 10 mm × 
10 mm pieces. Cleaning protocol was performed on the 
titanium surfaces. Titanium foils were initially washed 
with distilled water and then immersed in piranha 
solution (sulfuric acid/hydrogen peroxide, v/v; 70/30) in 
an ultrasonic bath for 15 min. Clean foils were ultra- 
sonicated in distilled water three times for 10 min. 
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Afterwards, the substrates were dried at room 
temperature. The cleaning performance of the protocol 
was evaluated via scanning electron microscopy (SEM) 
and atomic force microscopy (AFM) force−distance 
measurements. 
 
2.3 Electrospinning 

The polymer solution was prepared by dissolving 
PCL in DCM:MetOH (8:2, v/v) solvent mixture at a 
concentration of 10.0% (mass fraction). PCL was 
solubilized in this solvent mixture by the help of a vortex 
device. 5% nHAp and 2.5% SrRan were dispersed in 
PCL solution and sonicated at room temperature for   
30 min. This procedure was also applied to other 
solutions. The studies were continued with four different 
experimental groups, as shown in Table 1. 
 
Table 1 Contents of four types of nanofiber coatings on 

titanium substrates (Electrospinning conditions: voltage 20 kV; 

flow rate 0.2 mL/min; distance between tip and collecting plate 

23 cm) 

Type w(PCL)/% w(nHAp)/% w(SrRan)/%

PCL 10.0 − − 

PCL/HAp 10.0 5.0 − 

PCL/SrRan 10.0 − 2.5 

PCL/HAp/SrRan 10.0 5.0 2.5 

 
Electrospinning was performed using a lab-made 

device. The resulting composite solution was loaded into 
5 mL plastic syringe attached to stainless-steel 21G 
needle. Briefly, the electrospinning process was carried 
out at an injection rate of 0.2 mL/min. Working distance 
between the fiber collector (titanium foil) and the needle 
was 23 cm, and a voltage of 20 kV was applied by using 
a high voltage power supply (Glassman PS/FC 60P02, 
High Bridge, NJ, USA) [40]. 
 
2.4 Characterization 

A number of methods were utilized to characterize 
the properties of the titanium surfaces. SEM, AFM, 
energy-dispersive X-ray spectroscopy (EDS), X-ray 
diffraction spectroscopy (XRD), X-ray fluorescence 
spectroscopy (XRF), Fourier transform infrared 
spectroscopy (FTIR) were used to analyze the chemical 
and morphological properties. In-vitro cytotoxicity, 
in-vitro hemocompatibility, alkaline phosphatase activity 
and calcium assays were used to analyze the biological 
properties. Also, alizarin red staining was performed to 
determine the presence of calcific deposition. 
2.4.1 SEM, EDS and AFM analyses 

The morphological evaluation of nanofiber coatings 
and surface topography was performed by using a 
Quanta 400F model scanning electron microscope (FEI 

Instruments, Hillsboro, OR, USA). Gold coating of the 
samples was performed with an automatic sputter coater 
for 60 s. The average diameter of the electrospun 
nanofibers was determined by measuring the images of 
30 fibers retrieved from three separate electrospinning 
experiments. 

The general morphology and the structure of the 
nanofibers-coated titanium substrates were evaluated  
by nanomagnetic instruments AFM (Nanomagnetics 
Instruments, Ankara, Turkey). 
2.4.2 FT-IR, XRD and XRF analyses 

Chemical analysis was carried out by using a 
Spectrum 100 FT-IR spectrometer (Perkin Elmer, 
Waltham, MA, USA). Spectral findings were collected in 
the wavelength range of 4000−600 cm−1, with a 
resolution of 16 cm−1 at 64 scans. 

The crystalline structure of the coatings was 
analyzed by using a Rigaku D/Max 2200 model X-ray 
diffractometer (Tokyo, Japan), with Cu target and Kα 
radiation at a scanning rate of 4 min−1, and 1540 Å Kα. 

The elemental analyses of the nanocoatings were 
carried out with an ARL Perform’x model XRF 
spectrometer (Thermo Scientific, Waltham, MA, USA). 
Samples were prepared as disc-shaped, with 3 cm in 
diameter. 
2.4.3 In-vitro cytotoxicity (ISO 10993-5) 

Cytotoxicity testing was performed using the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  
bromide) assay for quantification of the amount of viable 
cells. Extracts were prepared according to ISO 10993-5 
using DMEM F−12 (Lonza, Basel, Switzerland) serum 
free medium. Surface area of each titanium specimen 
used in the extract experiment was 2.0 cm2/mL. The 
negative control group consisted of DMEM F12  
medium, while for positive control group we used    
400 mmol/L phenol. Human fibroblast cells were 
incubated inside 24-well culture plates at a density of 
5×104 cell/well. Cell culture was maintained at 37 °C and 
5% CO2 in humidified atmosphere. After incubation, 
medium was disposed and culture area was washed with 
PBS. We added serum free DMEM (270 μL) and MTT 
kit (30 μL) to each well and re-incubated for 4 h. Finally, 
we performed colorimetric measurements with formazan 
dye by using a SpectraMax M2 model multiplate reader 
(Molecular Devices, Sunnyvale, CA, USA). 
2.4.4 In-vitro hemocompatibility (ISO 10993-4) 

In-vitro hemocompatibility/hemolysis tests were 
performed on four samples according to the ISO 10993-4 
standard. Samples were placed inside 15 mL tubes and  
2 mL of diluted blood was added to each tube. The test 
was performed using fresh blood diluted with PBS as the 
negative control, and distilled water-diluted blood was 
used as positive control. Control groups and samples 
were incubated at 37 °C for 2 h. After the incubation 
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stage, blood samples were centrifuged at 1500 r/min for   
10 min. The spectrophotometric measurement of the 
supernatants was performed at 545 nm. 
2.4.5 Osteogenic cell culture 

Rat bone marrow mesenchymal stem cells 
(BM-MSCs) were isolated from the femurs of adult 
Wistar rats ((27525) g), and expanded as previously 
reported [41,42]. Cells at the 2nd passage were seeded on 
bare and nanofibers-coated titanium substrates at a 
density of 4×104 cell/cm2 inside 12-well culture plates. 
Then, they were cultured in DMEM containing 10% FBS, 
1% penicillin–streptomycin and 2 mmol/L L-glutamine 
(all from Sigma), at 37 °C with humidified 5% CO2. 
When cells reached ~80% confluence (within 1−2 d), the 
medium was switched to the osteogenic medium (same 
medium containing 50 mg/mL ascorbic acid, 10 mmol/L 
Na--glycerophosphate, and 1×10−8 mol/L dexa- 
methasone). Osteogenic BM-MSC cultures were 
maintained with fresh medium which was changed twice 
per week, for up to four weeks. Samples (collected media 
and cell cultures on titanium substrates) were retrieved at 
set time points for further analyses. 
2.4.6 Alizarin red staining 

Alizarin red staining was performed to determine 
the amount of calcific deposition of cells on nanofiber 
substrates. After 7, 14, 21 and 28 d of osteogenic culture, 
samples from each group were collected and washed 
three times in PBS and fixed with 2.5% glutaraldehyde. 
Fixed substrates were washed three times with distilled 
water and later stained with alizarin red S (Sigma) 
solution at pH 4.2. After staining, the samples were 
imaged and investigated macroscopically. 
2.4.7 Alkaline phosphatase activity 

Quantitative concentration of ALP can be used as an 
index for evaluating bone formation and bone diseases. 
The ALP activity was determined on medium samples 
collected during the osteogenic cell culture study, using 
the Quantichrom ALP Assay Kit (Bioassay Systems, 
Hayward, CA, USA). This assay is based on the 
fundamental principle of enzymatic conversion of 
p-nitrophenyl phosphate to p-nitrophenol and phosphate 
products. Absorbance of p-nitrophenol was measured by 
using a SpectraMax M2 model microplate reader 
(Molecular Devices) at a wavelength of 410 nm, and the 
enzyme activity was estimated from a p-nitrophenol 
standard curve. 
2.4.8 Calcium assay 

Calcium assay was performed by using the 
Quantichrom Calcium Assay Kit (DICA−500, Bioassay 
Systems) using collected media on the 14th and 28th  
days, according to the manufacturer’s instructions. 
Phenolsulphonephthalein dye in the kit forms a blue 
colored complex with free calcium. Optical density was 
measured at a wavelength of 612 nm by using a 

Spectramax M5 model spectrophotometer (Molecular 
Devices). A standard curve was used to calculate calcium 
content. 
 
2.5 Statistical analysis 

For statistical analysis, all data are expressed as 
mean ± standard deviation. Unless stated otherwise, all 
experiments were repeated in triplicates. Statistical 
significance was defined as p<0.05. The results of the 
experiments were analyzed by using Student’s t-test for 
calculating the degree of significance. 
 
3 Results and discussion 
 
3.1 Titanium surface characterization 

Performance of the cleaning protocol was evaluated 
via SEM, AFM and AFM force−distance analysis before 
the electrospinning process. According to the obtained 
data, cleaning protocol was successful in terms of 
attaining surface homogeneity and removal of the 
inactive metal oxide layer. The SEM micrographs of 
titanium foil surfaces are shown in (Figs. 1(a1)−(a3)). As 
can be seen, untreated titanium surfaces are high in 
impurities and have an uncontrolled oxide layer. After 
the cleaning procedure, the entirety of the impurities and 
most of the oxide residues and elevations were removed 
successfully (Figs. 1(a4)−(a6). 

Further analysis of surfaces indicated similar results 
with the SEM findings. AFM and AFM force−distance 
analyses support that the cleaned surfaces are generally 
homogeneous and free from impurities as shown in  
Figs. 1(b3), (b4) and 1(c2), respectively. The roughness of 
the titanium surfaces (Figs. 1(b1) and (b2)) disappeared 
following the cleaning procedure, and showed a 
homogenous appearance as seen in Figs. 1(b3) and (b4). 
AFM force−distance analysis of the cleaned titanium 
surface is in line with the SEM and AFM findings. 
Approach and attract curves shown in Fig. 1(c2) display 
proximity and significant similarities each other. 
 
3.2 Electrospun nanofiber characterization 

The morphological evaluation of the PCL, 
PCL/nHAp and PCL/nHAp/SrRan composite nanofiber 
coatings was performed with SEM and AFM. SEM 
micrographs revealed that titanium substrate had a highly 
porous surface, and after the coating process, the 
produced nanofibers were homogenous as shown in  
Fig. 2. Elemental composition of the coatings was 
analyzed by using EDS and XRF. In accordance with the 
obtained data, composite nanocoatings include titanium, 
calcium, phosphorus and strontium. 

Figure 2 shows the SEM images of the PCL, 
PCL/nHAp and PCL/nHAp/SrRan composite nanofiber 
coatings at different magnifications. These surfaces  
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Fig. 1 SEM images of uncured titanium (a1−a3) and cleaned titanium (a4−a6) surfaces, 2D (b1, b3) and 3D (b2, b4) AFM micrographs 

of uncured titanium (b1, b2) and cleaned titanium (b3, b4) surfaces, and force−distance diagrams of uncured titanium (c1) and cleaned 

titanium (c2) samples 

 

consist of homogeneous, bead free and morphologically 
similar nanofibers. As seen in Figs. 2(c)−(f), HAp 
nanoparticles were embedded within the PCL nanofibers. 
PCL/nHAp/SrRan nanofibers have an average diameter 
of (130±20) nm without any sign of bead formation. 
Homogeneous nanofibers were obtained and the particles 
were successfully embedded in the fiber structure in line 
with the previous study of VENUGOPAL et al [43]. 

The results of the SEM−EDS analysis showed that 
the calcium content was 24.62% and the phosphorus 
content was 13.75% (Fig. 3). Ca/P mass ratio of 
developed nanocoating was measured to be 1.79. The 
results of the qualitative SEM−EDS characterization 

experiments with PCL/nHAp/SrRan coated titanium 
substrates also ascertained the presence of titanium, 
calcium, phosphorus and strontium elements, as seen in 
Fig. 3. 

We performed X-ray fluorescence spectrometer to 
obtain quantitative elemental chemical composition of 
the proposed nanocoating. The results of XRF analysis of 
the nanocoated titanium sample are presented in Table 2. 
As expected, titanium, calcium, phosphorous and 
strontium are the main components of the sample. Also,  
sodium, potassium, silicium, vanadium, chlorine, iron, 
barium, and nickel are present, along with impurities   
of titanium and HAp. According to XRF data, the  
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Fig. 2 SEM micrographs of 10% PCL (a, b), PCL/nHAp (c, d) and PCL/nHAp/SrRan (e, f) composite nanofiber coated titanium 

samples 
 

 

Fig. 3 EDS results of PCL/nHAp/SrRan composite nanofiber 

coated titanium samples 
 
Ca/P mass ratio was 1.61. Ca/P mass ratio is in close 
agreement with the stoichiometric value for 
hydroxyapatite (1.67), also underlined by CAMARGO  
et al [44]. 

Table 2 Elemental compositions (XRF analysis) of PCL/HA/ 

SrRan composite nanofibers 

Element 
Mass 

fraction/%

Titanium 52.45 

Phosphorus 2.85 

Calcium 4.6 

Strontium 2.67 

Sodium, potassium, silicium,  

Vanadium, chlorine, iron, barium, nickel 
0.275 

 
XRD patterns of the PCL, PCL/nHAp, PCL/SrRan 

and PCL/nHAp/SrRan nanofiber coatings are given in 
Fig. 4(a). XRD spectrum of PCL exhibited sharp 
diffraction peak at 2θ values of 21.4° and relatively low 
intensity peak at 23.6°. These angle values are 
characteristic peaks of the PCL [45,46]. On the other 
hand, XRD patterns of PCL/nHAp and PCL/nHAp/ 
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SrRan composite nanofiber coatings indicated that 
hydroxyapatite was present in these samples shown by 
distinct characteristic HAp peaks appearing at 2θ values 
of 25.9o, 32°, 33°, 34° and 40°. In addition, there was no 
peak at 2θ of 39°, which is the carbonate-specific peak. 
This shows that the used nHAp did not contain carbonate 
impurities, which was an issue for other works in the 
related literature [47]. 
 

 

Fig. 4 XRD patterns of PCL, PCL/nHAp, PCL/SrRan and 

PCL/nHAp/SrRan nanofiber coated foils (a) and FT-IR spectra 

of PCL, electrospun PCL, nHAp and PCL/nHAp/SrRan 

nanofiber coated foils (b) 

 
Functional groups associated with PCL and nHAp 

were investigated by FT-IR analysis. Figure 4(b) shows 
the FT-IR spectra of PCL, electrospun PCL, nHAp and 
PCL/nHAp/SrRan composite nanocoated titanium alloy. 
In the PCL and electrospun PCL spectra, we can  
identify the bands such as asymmetric —CH2 stretching  
around 2965 cm−1, symmetric —CH2 stretching around    
2870 cm−1, carbonyl streching around 1730 cm−1, 
asymmetric C—O—C stretching around 1250 cm−1 and 
symmetric C — O — C stretching around 1175 cm−1 

[48,49]. Comparison of FT-IR spectra findings of 
electrospun PCL constructs and PCL in pellet form 
shows that there is no difference in the functional groups 
present after-electrospinning (Fig. 4(b)). These spectral 
findings show that the electrospinning process does not 
adversely affect the amount of functional groups present 
in the structure. PCL reveals the C—H peaks present   
at 1730 and 2850 cm−1 and C—O—C peaks at 1250 cm−1. 
The phosphate groups in pure HAp showed  
characteristic FT-IR bands around 970, 1030 and   
1090 cm−1 (Fig. 4(b)) [44]. 
 
3.3 In-vitro cytotoxicity and hemocompatibility 

Phase contrast light micrographs of the four 
experimental groups and the two control groups for 
in-vitro cytotoxicity assay are given in Figs. 5(a)−(f). 
Upon MTT cell proliferation assay, cells produced 

formazan in dark blue. Quantitative MTT cell viability 
assay data showed that cell viability was about 85% in 
comparison to the control as given in Fig. 5(g). We 
accepted the cell viability as 100% in the negative 
control group, while the cell viability was almost 0 in the 
positive control group. The in-vitro cytotoxicity assay of 
the PCL/HAp/SrRan composite nanofiber coating and 
other experiment groups, i.e., titanium, PCL and 
PCL/nHAp showed that none of them was toxic to 
human dermal fibroblast cells, according to the ISO 
10993-5 standard. 

In addition to in-vitro cytotoxicity, the in-vitro 
hemocompatibility experiment was also performed on 
PCL, PCL/nHAp, PCL/SrRan and PCL/nHAp/SrRan- 
coated titanium substrates. The results of the hemolysis 
experiments are summarized in Table 3. Percent 
hemolysis value of the positive control group was 
~98.9%; this value was 0.26% for the negative control. 
In the experimental groups, in-vitro hemolysis values 
were close to each other, showing that the nanocoatings 
on titanium substrates did not cause toxic effects to the 
fresh blood, and were basically hemocompatible. 

 
3.4 Osteogenic culture study 

Alizarin red staining of the coating membranes 
showed calcific deposition after 7, 14, 21 and 28 d of 
culture, as seen in Fig. 6. Between four experiment 
groups, Alizarin red-positive nodule amounts were 
different. According to the staining results, Alizarin red 
positive nodules in PCL/nHAp/SrRan group were high, 
but there was no obvious difference between days in the 
same experimental group as seen in Fig. 6. In a similar 
study performed by CHEN et al [50], cross-sections of 
PCL and HA/TCP-PCL scaffolds were stained with 
Alizarin red and HA/TCP-PCL was shown to contain 
higher amount of calcium after 7 d. However, there was 
no difference between groups on days 14 and 21. Our 
finding showed that PCL/nHAp/SrRan group contained 
higher calcium amount in comparison to other groups 
since PCL/nHAp/SrRan coating stimulated cell 
proliferation, leading to the increase in the mineralization 
of culture environment. This underlines the osteogenic 
role of SrRan in MSC behavior and its effect on the 
modification of the environment for calcium phosphate 
mineralization. In a similar study performed by 
QUERIDO and FARINA [51], Sr2+ was shown to 
promote an increase in the formation of mineralized 
nodules in osteoblast cell cultures. 

 
3.5 Alkaline phosphatase and calcium findings 

ALP activity values of rat mesenchymal stem cells 
cultured on the nanocoatings are given in Fig. 7(a). ALP 
activity decreased in all experimental groups from day 
14 to day 28. The increased bone-specific ALP activity  
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Fig. 5 Phase contrast micrographs (a−f) and MTT test results (g) of 4 experimental and 2 control groups for in-vitro cytotoxicity 

assay: (a) Positive control; (b) Bare titanium foil; (c) 10% PCL-coated titanium foil; (d) PCL/nHAp coated titanium foil; (e) PCL/ 

nHAp/SrRan coated titanium foil; (f) Negative control; (g) MTT test results 

 

Table 3 Hemolysis values of fresh blood interacted with 

samples 

Group Hemolysis/% 

Positive control 98.9±0.2 

Negative control 0.26±0.001 

Titanium foil 0.29±0.001 

PCL 0.39±0.001 

PCL/HAp 0.38±0.002 

PCL/SrRan 0.34±0.001 

PCL/HAp/SrRan 0.29±0.001 

 

in human serum is an indicator of known diseases such 
as hyperparathyroidism, osteosarcoma, osteoporosis and 
skeletal metastases [52]. As ALP assay is based on the 
detection of ALP activity released from the disrupted 
cells, the measured decrease in the growth medium 

 

Fig. 6 Alizarin red stained osteogenic BM-MSC cultures on 

nanocoated titanium substrates retrieved at 7, 14, 21 and 28 d 
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Fig. 7 Results of ALP activity assay after osteogenic culture of 

rMSCs (a) and time course experimental results to determine 

calcium content of osteogenic BM-MSC cultures (b) 

 
indicates a decrease in the levels of cell loss through the 
duration of the study. 

According to the calcium assay findings (Fig. 7(b)), 
similar to ALP results, medium calcium content of PCL, 
PCL/nHAp and PCL/SrRan groups decreased from day 
14 to day 28. Only for PCL/nHAp/SrRan, calcium 
content showed a minor increase on day 28. This could 
be attributed to the higher rate of release of nHAp 
particles during the first 14 d of culture. Overall, the data 
suggest the release of mineralized matrix produced by 
differentiated stem cells, which is advantageous for 
titanium implant applications. Owing to increased cell 
proliferation, the release of mineral compounds can 
induce tissue regeneration at the site of implantation. 
 
4 Conclusions 

 
In the present study, a novel osteogenic composite 

nano-coating for titanium implant surfaces has      
been developed. This electrospun PCL/nHAp/SrRan 
nanocoating shows a porous structure and a composition 
similar to that of the natural human bone, as confirmed 
by chemical analyses. The novel bioactive nanocoating is 

not toxic to human cells and to blood. The 
PCL/nHAp/SrRan is suitable for the adhesion and 
proliferation of cells and displays osteoinductive 
properties. Thus, PCL/nHAp/SrRan induces the in-vitro 
differentiation of bone marrow derived mesenchymal 
stem cells into the osteogenic lineage, in terms of ALP 
activity and calcium release. This study also underlines 
the osteogenic role of SrRan in MSC behavior and its 
effect on calcium phosphate mineralization. Overall the 
findings show that electrospun PCL/nHAp/SrRan 
composite could be a potential candidate as a bone 
implant coating material. However, further animal 
studies will be required to evaluate key elements such as 
capacity for in-vivo bone healing and implant fixation. 
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摘  要：钛及其合金常被用作牙科和骨植入材料。钛表面的仿生涂层可以改善其成骨性能。本文作者开发一种新

型的、具有成骨作用的钛合金表面纳米复合涂层，为骨髓间充质干细胞(MSCs)的粘附、增殖和成骨分化提供自然

环境。用静电纺丝法制备基于聚己内脂(PCL)、纳米羟基磷灰石 (nHAp)和雷尼酸锶 (SrRan)的纳米复合涂层。因

此，涂覆在钛合金表面的涂层有 4 种，分别为 PCL、PCL/nHAp、PCL/SrRan 和 PCL/nHAp/SrRan。采用 EDS、 FTIR、

XRD、XRF、SEM、AFM、体外细胞毒性和血液相容性测试等技术评估涂层的化学性能、形貌和生物学性能。结

果表明，纳米复合涂层具有细胞相容性和血液相容性，PCL/HAp/SrRan 纳米复合纤维涂层具有最高的细胞活性。

MSCs 在纳米涂层上的成骨培养显示干细胞向成骨分化，碱性磷酸酶活性和矿化测试结果证实了这一点。研究结

果表明，所制备的复合纳米涂层具有促进新骨形成和增强骨−植入体整合的潜力。 

关键词：成骨纳米涂层；复合纳米纤维；钛植入体；纳米羟基磷灰石；雷尼酸锶；聚己内酯；静电纺丝；间充质

干细胞 
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