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A B S T R A C T   

Biofunctionalization of an implant using functional ceramics with exceptional electrical charac
terization, such as BaTiO3 and SrTiO3, has gained considerable attention in creating a composite 
coating with bio-polymer to activate metal implant surfaces for bone tissue engineering appli
cations and, at the same time, resist bacterial infection. A Ti–Zr alloy sample was created by 
powder technology, and then a coating was applied using the electrospinning technique. Indi
vidually, nanopowders of ceramic compounds such as nBaTiO3 and nSrTiO3 were added to a 
blend of polycaprolactone and chitosan to create composite solutions that could be converted into 
a nanofibrous coating layer using the electrospinning technique. The samples were analyzed for 
their morphology, chemical composition, surface roughness, dielectric constant, and wettability. 
The techniques employed were SEM, EDS, FTIR, an LCR meter, and a contact angle goniometer. 
The samples’ cytocompatibility was assessed by examining the cell viability, ALP activity, pro
liferation, and attachment of MC3T3-E1 osteoblast cells on both coated and uncoated sample 
surfaces.The bacterial resistance assays were conducted against Staphylococcus aureus and 
Streptococcus mutans. The findings demonstrate a notable enhancement in the biocompatibility 
of the coated specimens following a week of cellular cultivation. The composite coating con
taining piezoelectric BaTiO3 has a dielectric constant Ɛr (16) close to dry human bone at 100HZ 
frequency. Cell proliferation increases dramatically with time in coated samples, and the 
improvement approaches 125.16% for (BA1) and 111.38% for (SR1) as compared to uncoated 
Ti–25Zr sample. Cell viability percentage for the coated samples is compared with bare Ti–25Zr, 
which has an 80.52 ± 1.97% crucial increase, while (BA1) has 181.63 ± 17.87 and (SR1) 170.09 
± 18.12%. No zone of inhibition was detected in the bacterial resistance test for the uncoated 
sample, while the samples with composite coating show an adequate and comparable inhibitory 
zone. The composite nano-fiber has a strong biocompatibility, and the coating process is simple 
and economical, holding potential for use in orthodontic and orthopedic bone regeneration 
applications.   

1. Introduction 

Bone possesses an intricate structure, and bone defect recovery is especially difficult because of the diverse cell types and its 
mechanical characteristics. The inability of the body to cure a large-volume bone lesion presents further difficulty [1]. The therapeutic 
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benefits of the two most prevalent procedures for bone regeneration, autologous bone transplant and bone allograft, can not be assured 
because patient complications and mortality are common. As a result, research into alternative bone substitutes continues to be crucial 
and important [2,3]. 

The development of biomaterials that can treat bone ailments has increased notably over the past few years. The need to replace 
native bone with a suitable multifunctional biomaterial is one of the main reasons for its development [4]. 

Metallic implants, especially those made from titanium and its alloys, are the most commonly utilized biomaterials in orthopedic 
and dental procedures. This is primarily because these implants have desirable mechanical qualities, resistance to corrosion, and 
favorable biocompatibility in the live body [5,6]. Nevertheless, there are still specific issues that need to be resolved. Because of the 
inert surface of these alloys, one of the main challenges is the insufficient integration of the materials with the natural tissue around 
them. An implant material’s poor biointegration is frequently linked to unsatisfactory long-term medical results [7–9]. 

Researchers have recently shifted their attention to active layers with electrical polarization that can enhance the biological ef
ficacy of the coatings. These advanced coatings promote bone cell growth using non-linear electrical characteristics, including 
piezoelectricity, ferroelectricity, and dielectric constant (Ɛr). Additionally, these electrically active layers are crafted to support 
electrical stimulation of cells, triggering specific cellular reactions, like the proliferation of osteoblasts in bone graft implants [10,11]. 

Piezoelectric materials have attracted much interest in the area of bone tissue engineering because they can be used to stimulate 
bone growth with electricity. The number of smart nanocomposites made of biocompatible, functional, and non-toxic materials used in 
biomedical applications has grown. Piezopolymers are needed to fix living tissues like skin, bone, cartilage, tendons, and the heart. In 
this way, ceramic nanoparticles having piezoelectric capabilities are combined with polymer matrices, and the resulting hybrid 
materials hold promise for diverse biomedical uses. This is because nanomaterials have a much more reactive surface area than micro 
or macroparticles, which makes it easier for them to react chemically with a biological medium. Furthermore, The fibrous components 
in all connective tissues, such as keratin, collagen, fibrin, reticulum, elastin, and cellulose structures, give them piezoelectric char
acteristics. These tissues’ generating piezoelectric potential is essential for cell adhesion and growth [3,10]. 

In the field of bone tissue engineering, piezoelectric ceramics, especially barium titanite (BaTiO3), have gotten a lot of attention 
because they are biocompatible, can keep a charged surface, and help bone cells stick together and grow. The ferroelectric perovskite 
oxide barium titanate, BaTiO3, is regarded as a smart material since it exhibits piezoelectric capabilities by generating electric po
larization when subjected to minor structural distortions. Several claims have been made about the biological features of BTO, 
including its biocompatibility with cells. Because of this, it is viewed as a substance with great potential for use in biomaterial ap
plications [12–14]. 

Strontium Titanate (SrTiO3, ST) is a perovskite that has been extensively investigated for utilized in varistors, as fuel cell anodes, 
and for various further relevant advantages. SrTiO3 with paraelectric characteristics is typically the most favored addition to a 
composite due to its exceptionally high dielectric constant (Ɛr) values [15]. The majority of the strontium present in human bodies, 
approximately 98%, is located within the bone tissue, where it helps to improve bone metabolism by promoting bone growth and 
inhibiting the resorption of bone. Sr has been found to be a potential agent for treating bone disorders, and strontium ranelate, for 
instance, has been utilized in clinics for decades [16]. 

However, these ceramic materials’ brittleness and poor processability prevent their manufacture and common use. One of the most 
suggested methods for overcoming this limitation involves adding the active ceramic component to the polymer as filler to create a 
composite multifunctional coat. 

Polycaprolactone (PCL) was chosen as the dispersion phase because of its low melting point, ease of processing, and widespread 
applicability in bone tissue engineering [13,17]. Chitin deacetylation produces the polymer known as chitosan (CS). CS is a natural 
polymer known for its impressive absorption ability, biodegradability, and compatibility with biological systems. It is also antimi
crobial. As CS interacts with the tissue of the host, its interaction with different cellular activities related to wound healing can expedite 
the recovery process [10,18]. Thus, PCL/Chitosan combined for the coating procedure is preferable to employing than using two 
ingredients separately to improve biological and mechanical performance [19]. 

In this study, a multifunctional composite coat was prepared to activate the inert surface of the Ti–Zr alloy. Bioactive nano-ceramic 
compounds such as ferroelectric barium titanate (BaTiO3), which has piezoelectric characteristics, and perovskite Strontium Titanate 
(SrTiO3) that display substantially high (Ɛr) were used. These ceramic compounds were individually added to PCL/Chitosan blended 
polymer as filler material to form a composite solution and applied as nanocomposite fiber using the electrospinning method on Ti–Zr 
alloy surface. Coated and non-coated specimens were examined using FTIR, SEM, EDS, and contact angle. The bacterial inhibition zone 
was also tested. Cytotoxicity of the coated and uncoated samples were evaluated invitro. 

2. Experimental 

2.1. Chemicals 

Ti-powder (99.7 purity, APS 150–200 μm, Sigma Aldrich, USA), Zr-powder (99.5 purity, APS 100–150 μm,Sigma Aldrich USA), 
Nano-Chitosan powder (80-nm APS, intermediate molecular mass, deacetylated to 90%)was supplied by (International Hongwu 
Group, China). PCL (Mη = 8 × 104 sigma Aldrich, USA), nanoceramic (BaTiO3, SrTiO3) both (APS 80–100 nm) obtained from 
(Chemical Industry Jinan Boss, China), All of the acetone, Sulfuric acid, hydrochloric acid, formic acid, and acetic acid that were used 
in this study came by (Thomas Baker chemical company, India) and where each component is of analytical-grade quality. 
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2.2. Metallic sample creation 

This study prepared Ti–Zr alloy using powder metallurgy in cylindrical disc shape samples with dimensions (15 mm diameter, 2 
mm height). Titanium powder was combined for 6 h with 25 wt% zirconium powder before being compressed at 500 MPa.Then 
vacuumed furnace at10− 3torr was used to sinter green compact disc at a heating rate of 10 ◦C/min, a dwell time of 2 h at 1300 ◦C, and 
then allowed to cool inside the furnace slowly. 

2.3. Substrate sample surface treatment 

The sintered Ti–25Zr alloy was polished manually using silicon carbide paper with grits from 120 to 1000. The samples underwent 
a cleaning process with acetone followed by deionized water in an ultrasonic cleaner for a duration of 20 min. The implant’s surface 
was made more active and had micro and nano roughness by treating it in a mixture of sulfuric acid, hydrochloric acid, and water was 
used in a 1:1:1 ratio at 60 ◦C for 1 h. Furthermore, the specimens were subjected to a treatment in 10 M Sodium hydroxide (NaOH) 
treatment at 60 ◦C for a day and then dried for a night. 

2.4. Porosity evaluation 

Ti–25Zr sintered alloys were examined to calculate porosity percentage by an Eq. (1): 

p= 1 −
ρ
ρ◦

× 100% (1)  

where ρ: the alloy’s apparent density, determined using the liquid displacement technique based on Archimedes’ principle. ρ0 rep
resents the standard theoretical density of the related alloy, computed by Eq. (2): 

ρ◦ =
1

(
C%
ρC

)
+
(

D%
ρD

) (2)  

where C% and D%: are the element’s mass fractions of C and D, ρC and ρD are the theoretical densities of materials C and D, 
respectively. 

2.5. Mechanical properties of the substrate sample 

The samples’ hardness was assessed utilizing an HVS-1000 Vickers microhardness instrument from Laryee Technologies in China. 
The load applied to the indenter was 9.8 N, and the dwell time was 15 s. The mean microhardness values were determined based on 
local measurements from 10 different locations. The compressive strength was measured at ambient temperature using the Brazilian 
method on a sample with dimensions (15 mm diameter and 18 mm height) (computer control universal testing machine built in China 
by Instron). Finally, the modulus of elasticity was determined utilizing (Ultrasonic CCT-4 Tester, U.K) and the subsequent Eqs. (3) and 
(4): 

ʋ= 1 −
1
2
·

1
1 −

(
Ctrans

/
Clong

)2 (3)  

E= 2 · ρ · (1+ʋ) C2
trans (4)  

In this context, C trans refers to the speed of transverse waves, C long represents the speed of longitudinal waves, ʋ is the symbol for the 
Poisson ratio, while E stands for the modulus of elasticity, and ρ represents the material density. 

2.6. Microstructural and chemical examination for base sample 

An X-ray diffractometer utilizing Cu Ka radiation, operating at 40 kV and 40 mA in room temperature conditions, was employed to 
determine the crystalline phase (XRD, 6000 Shimadzu, Japan). The surface topography and microstructures of the samples were 
examined using scanning electron microscopy (SEM, TESCAN VEGA3, Czech Republic). Energy-dispersive spectroscopy (EDS), which 
effectively combines SEM imaging with elemental composition analysis, was employed to investigate the composition and uniformity 
of the sintered sample. 

2.7. Electrospinning solutions preparation 

To make chitosan (CS) solution, 2% (weight/volume) chitosan was added to 4/6 acetic/formic acid (vol/vol) (100 ml) and stirred 
for 12 h at 50 ◦C using a hot plate magnetic stirrer until we got a clear solution. Polycaprolactone 8% (weight/volume) (PCL) was 
merged with the CS solution and agitated for Three hours until a clear and homogeneous PCL/CS blended solution was obtained. The 
Nano-BaTiO3 and Nano-SrTiO3 were added separately at 1% (weight/volume) each and agitated for 1 h to generate two solutions. The 
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PCL/CS/nBaTiO3(BA1) and PCL/CS/nSrTiO3(SR1) solutions were then homogenized for 3 min with a homogenizer (Ultrasonic Ho
mogenizer, Model 300VT USA) to get them ready to be coated by electrospinning. 

2.8. Electrospinning procedure 

The solutions were filled into a 5-ml syringe that had a blunt-end 22 G gauge needle. The liquid was released with a flow rate of 1 
ml/h through an infusion pump (Kd scientific 200 syringe pump from the USA). The tip of the needle was kept 10 cm away from the 
grounded sample. The needle was exposed to a controlling 20 kV voltage. The room’s relative humidity ranged from 35 to 55%. Before 
an examination, the fibers were dehydrated in a desiccator overnight. 

2.9. Electrospun coating fiber characterization 

The microstructure and cross-section of gold-sputtered electrospun fibers were studied using secondary electrons (SE) generated by 
(FESEM) a field emission scanning electron microscope (Inspect™ F50, Spain) operating at 15 kV. The resulting fibers’ diameters and 
porosity were measured randomly on each fiber and analyzed using (ImageJ) Java-based image processing program. A dispersive 
energy X-ray (EDS) was utilized to verify the existence of Nano (BaTiO3, SrTiO3) in the PCL/CS blended polymer. 

2.10. Mechanical strength and adhesion of electrospun coating fiber 

The hardness of the coating layers was measured using a Vickers microhardness electronic device (HVS-1000, Laryee Technologies, 
China), applying a load of 0.098 N and a dwell length of 25s. The average microhardness values were determined by collecting local 
data from five sites. In contrast, the adhesion strengths of the composite coating films on Ti–25Zr substrates were assessed using a 
scratch test conducted on an auto scratch coating tester (WS-2005, China). A consistent force within the 1–2 N range was exerted, 
accompanied by a 6 mm/min sliding velocity, under ambient temperature conditions. Three replicates were conducted for each 
sample. 

2.11. Electrical properties of coating 

For electrical measurements, electrical capacity was analyzed using an LCR meter (UT612,UNI-T Hong Kong) that facilitate the 
frequency variation in range (100HZ – 100KHZ). The equation (Eq. 5) was employed to compute the dielectric constant at the specified 
five frequency points. 

εr =
C × d
ε0 × A

(5)  

where εr:is the dielectric constant, ε0:stands for 8.85 × 10–12, C: represents the capacitance, A:denotes the surface area of the 
capacitor, and d:is the thickness of the composite layer. 

2.12. Fourier transform infrared (FTIR) spectrometry 

The chemical functional groups were investigated using FTIR test according to (ASTM E1252) with (Bruker Tensor 27 IR, Ger
many). The test was performed in the air after the specimen was placed into the instrument. Fourier transform investigations were 
carried out for pure (polycaprolactone, chitosan, BaTiO3, SrTiO3, and prepared composites coating) and were captured in range (4000- 
500) cm− 1 sectors. 

2.13. Wettability test 

Use of the sessile drop method with distal water was employed to examine the wettability of the coated and non-coated samples 
(Optical contact angle SL200KS, China). The surface was subjected to a test where a droplet of pure water (1 μml) was placed on it and 
allowed to remain for a duration of 10 s, followed by measuring the contact angle. The wettability of a sample was determined by 
measuring the contact angle in triplicate with a camera-based contact angle instrument. 

2.14. Antibacterial evaluation 

The antibacterial potential of the prepared (PCL/CS/nBaTiO3, PCL/CS/nSrTiO3) nano-composite fibers and non-coated sample was 
assessed using the Inhibition Zone technique. The bacteria Model microorganisms included Streptococcus mutans (Strp. mutans) and 
Staphylococcus aureus (S. aureus). The agar plates enriched with nutrients had 1 mL of a solution that contained bacteria at approxi
mately 108 CFU/mL was used to infect the specimens using the spread plate method. After applying the nanofiber coating, the substrate 
in the form of a circular layer measuring 1.5 cm in diameter to the inoculation plates, they were kept inside an incubator set to a 
temperature of 37 ◦C for 24 h. Each electrospun nanofiber sample’s clear area was used to compute the inhibition zones. 
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2.15. In vitro cytocompatibility evaluation 

2.15.1. Purification of samples 
Prior to cell culture, samples were sterilized using UV light over a period of 20 min, immersed for 1 h in 75% ethanol, then washed 

at least three times with PBS for 15 min each. 

2.15.2. Culture of cells 
The Pasteur Institute was the source for the cell line type MC3T3-E1 (Tehran, Iran). The cell lines were kept in Dulbecco’s Modified 

Eagle Medium (DMEM; Gibco, Life Technologies, Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; BioWest SAS, 
Nuaille, France) and 1% PSF (antibiotic antimycotic solution, Sigma-Aldrich®, St. Louis, MO, USA), in a humidified incubator with 5% 
CO2 in air at 37 ◦C. Upon reaching 75% confluence, the cells were dissociated using a solution of phosphate-buffered saline (PBS) 
supplemented with 0.25% trypsin at a temperature of 37 ◦C (Gibco, Invitrogen, Waltham, MA, USA) and 0.1% ethyl
enediaminetetraacetic acid (Merck, Darmstadt, Germany). Subsequently, the cells were resuspended in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin-fungizone (PSF). 

2.15.3. Cells seeding 
The cell suspension was evenly spread across the samples by gently adding five 40 μl drops; the cells were distributed into 24-well 

culture dishes with a concentration of 10,000 cells in each well. Afterward, the cell/sample complexes were exposed to the medium 
following a 30-min attachment phase. 

2.15.4. Cell viability 
The cell viability of coated and uncoated surfaces was evaluated utilizing AlamarBlue test (Sigma-Aldrich, St. Louis, MO, USA).In 

brief, each well was incubated with 1 ml of AlamarBlue solution at 10% (v/v) for about 4 h. Subsequently, an ELISA Reader (Stat Fax- 
2100, Miami, FL, USA) was used to measure the absorbance at 530/560 nm. Cell viability was calculated on days 1, 3, and 7 by 
dividing the absorbance of the sample by the absorbance of the control. Three independent experiments (n = 3) yielded data. 

2.15.5. Cell proliferation 
The proliferation of pre-osteoblast cells (MC3T3-E1) was estimated by counting the cells in the samples on days 1, 3, and 7, as well 

as by employing the AlamarBlue® fluorescent test. At every designated interval, samples were moved to a fresh plate, and after adding 
AlamarBlue®, the fluorescence was recorded. Samples were processed through the AlamarBlue® test daily, rinsed twice using PBS, and 
subsequently kept in a humidified incubator with 5% CO2 at 37 ◦C for osteoblast cultivation. Information was compiled from inde
pendent triplicated experiments on the samples (n = 3). 

2.15.6. Alkaline phosphate (ALP) activity 
An essential technique for determining osteogenesis differentiation is the alkaline phosphatase (ALP) assay. On coated and un

coated samples, alkaline phosphatase (ALP) activity of MC3T3-E1 pre-osteoblasts was measured to determine their osteoblastic 
phenotype. Cell lysis was performed using Milli-Q water, followed by three cycles of freeze-thawing. During the cell culture period, on 
days 3 and 7, the ALP activity on the surface of the sample was examined to evaluate its behavior. The protein content-nitrophenyl- 
phosphate substrate (Merck, Darmstadt, Germany) was employed for the analysis of ALP, at a pH of 10.3, following established 
procedures [20]. A spectrophotometer (BioTek, Winooski, VT) was used to instantly measure the plate at 405 nm to measure the 
absorbance related to the expression of (pNPP). The activity of alkaline phosphate (ALP) was approximated by calculating the ratio of 
para-nitrophenyl phosphate to the protein amount. The findings were presented using a fold Change Formula compared to the 
permitted control. 

2.15.7. Cell morphology 
After seven days of cell seeding on both coated and uncoated samples, scanning electron microscopy (SEM) was utilized to analyze 

the cellular structures on their surfaces. On day 7, the cells that were treated with drugs were immobilized using a 4% glutaraldehyde 
solution. Subsequently, the cells were dehydrated using a succession of ethanol concentrations (50%, 70%, 80%, 90%, and 100%), 
each lasting 3 min. Finally, the cells were dried at ambient temperature. The seeded cells were subjected to gold coating employing 
(Edwards Sputter Burgess Hill Coater S150B from, U.K). Subsequently, the cells were seen via a scanning electron microscope (Zeiss 
EVO LS-15 from Oberkochen, Germany) with an accelerating voltage of 20 kV. 

2.16. Statistical analysis 

Originpro2023 was used to analyze the data (Northampton, Massachusetts, USA). Data is shown as mean ± standard deviation. 
One-way ANOVA and the Bonferroni method were used to compare the groups. Significant results were shown at the P < 0.05 con
fidence level. 

A. Al-Khateeb et al.                                                                                                                                                                                                   



Heliyon 9 (2023) e19594

6

3. Results and discussion 

3.1. Characterization of phase and microstructure 

The phase compositions of the alloy produced were determined utilizing X-ray diffraction analysis (XRD). The Ti–25Zr alloy’s 
typical XRD profile is seen in (Fig. 1 a). The XRD findings indicated that the hcp α phase was the main phase of Ti–25Zr alloy. The Ti 
and Zr system has a complete solid solution that could clarify the reason why Ti–25Zr alloys demonstrate the presence of the α phase, as 
observed through optical microscopy (Fig. 1 b). 

Furthermore, because Zr possesses a greater atomic radius (1.62 A ◦) than Ti (1.47 A ◦), The phase lattice parameters increase when 
Zr is added, which makes the peaks on the XRD chart move to a smaller angle. This observation is consistent with previous findings [21, 
22]. 

The energy-dispersive X-ray spectroscopy (EDS) technique was utilized to examine the chemical composition and uniformity of the 
sintered samples (Fig. 2). shows the semi-quantitative chemical analysis results obtained by (EDS). The EDS analysis indicated the 
powder’s homogeneity and purity, implying the absence of any additional elements, and revealed the proportions of the ingredients, 
demonstrating the proper mixing method. 

3.2. Surfaces treatment 

The Ti–25Zr samples chemically treated and untreated surfaces showed visible morphological variations. The surface of the base 
sample had ground grooves that acted as a baseline for comparison (Fig. 3a). Once the grooves had been etched with acid and alkali, 
they were clearly visible (Fig. 3b). The pit (Fig. 3c) also appeared to deepen and become more acute after treatment (Fig. 3d). The 
chemically altered surface is rougher with micro, nano-roughness, porosity, and more energy, enhancing the wetting properties of the 
surface and promoting better adhesion of the coating layer. 

3.3. Mechanical and physical properties 

Ti–25Zr’s microhardness, tensile strength, compressive strength, elongation, porosity, and density are all detailed in. (Table 1). 
As previously stated, the influence of Zr concentration on the mechanical characteristics of Ti–25Zr alloys was to improve all 

mechanical parameters over commercially Pure titanium [23,24]. Because Zr substitution caused impeded dislocation motion and 
deformed the crystal lattice, The hardness of Ti–25Zr alloys rises as the Zr content increases [21,24]. In addition, the complete solid 
solutions of Ti–25Zr alloys improved hardness, which was most likely caused by α phase solid solution hardening as well as the role of 
microstructure refinement [25]. 

Yet, adding Zirconium to a Ti improves its strength, but Zr concentrations beyond 25 wt% inhibit calcium phosphate synthesis, the 
main constituent of natural bones [26,27]. Also, high Zr concentrations must be cautiously approached because of increased proneness 
to experience pitting corrosion [28]. 

The alloy’s strength in compression and tension is greatly enhanced by adding a small amount of Zr [21]. Probably, two causes 
contributed to the enhancement of tension and compression strength generated through alloying. The phase diagram demonstrates the 
absence of intermetallic compounds inside the α phase in the Ti–25Zr alloy. This implies that the mechanism of the solid solution 
introduces additional barriers to the slip system, enhancing its mechanical characteristics. Also, the Hall-Petch equation shows that 
alloy yield strength is increased by fine-grain strengthening. As Zr rose, the starting temperature of the phase transition fell, preventing 
phase growth. Increased the area of grain boundary due to grain refinement improved resistance to dislocation motion and enhanced 
qualities [29]. 

The main cause of aseptic deterioration in long-term service is stress shielding, which is a common problem in clinical cases. This 
happens when the bone and implants do not transfer the load properly. Wolff’s law states that bones change according to the me
chanical load they get, which means that more bone is formed to make the tissue stronger when a person does more activity in a certain 
area of the body. On the other hand, when a bone does not bear any load for a long time, the tissue mass can reduce with bone 

Fig. 1. (a)XRD patterns of Ti–25Zr alloys,(b)Optical micrograph shows α phase microstructure of Ti–25Zr alloy surface at 800×.  
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Fig. 2. EDS analysis of the surface of Ti–25Zr alloy.  

Fig. 3. SEM images show the texture of the surface before and after acid and alkaline treatment. Images (a) and (c) show the surface before 
treatment, while images (b) and (d) show the surface after treatment. The treatment caused the surface to become more rough and textured. 
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resorption [30]. If the implant has a higher elastic modulus, it may not effectively transfer loads to the surrounding bone undergoing 
remodeling. This can cause a phenomenon known as stress shielding, which could result in bone loss and potential implant failure [31, 
32]. The Ti–Zr alloy has garnered considerable attention in research due to its reduced modulus of elasticity and improved mechanical 
and biological characteristics. In contemporary times, there has been substantial progress in the evolution of porous titanium alloys. 
These titanium alloys are engineered with porous structures that effectively decrease the elastic modulus of the implant’s to levels 
similar to natural bone. This enables the growth of new bone within the porous region and facilitates mechanical interlocking [21,26, 
33]. 

3.4. Characterization of electrospun fiber 

The topology of the nanocomposite fiber was detected using field-emission scanning electron microscopy (FESEM). The fibers’ 
average diameter and pores were assessed using Image J, a software tool provided by the (US National Institutes of Health, Bethesda, 
Maryland, USA). Additionally, an energy dispersive X-ray spectrometer (EDS) was utilized to identify the presence of chemical ele
ments. Composite nanofiber (BA1, SR1), homogeneously distributed bead-free non-woven fibers are visible. (Figs. 4–5 a). The 
diameter of fiber (BA1) ranges from (94.112) to (280.399 nm) having an average diameter of (178.58 ± 47.023 nm) and an average 
pore size of (1176.742 ± 517.69 nm) (Fig. 4c and d). EDS analysis (Fig. 4 b) shows that fiber-containing (Ba) which was related to 
utilizing (BaTiO3) (Fig. 5 c-d). Displays that the diameter of (SR1) fibers range (111.23–321.197 nm) having diameter of an average 

Table 1 
Ti–25Zr alloy mechanical and physical characteristics.  

Microhardness, Hv 283 ± 21 

Compression strength, MPa 713 ± 79.3 
Tension strength, MPa 453 ± 33.4 
Elastic Modulus, GPa 78 ± 8.1 
Apparent density 4.46 ± 0.02 
Porosity % 9 ± 0.36  

Fig. 4. (a) FESEM, (b) EDS, (c) distribution of fiber diameters, (d) distribution of pore sizes. Concerning PCL/CS/Nano-BaTiO3 (BA1) Nano- 
composite fiber. 
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(195.54 ± 9.25 nm) and the pore size average of (1615.99 ± 96.11 nm) and EDS prove the existence of strontium in relation to the 
incorporation of SrTiO3 into the precursor (Fig. 5 b). 

The cross-sectional structure of the coated specimens was examined using FESEM (Fig. 6 a,c). shows the image of the cross-section 
for BA1/Ti–25Zr and SR1/Ti–25Zr layers respectively. It can be seen that both BA1 and SR1 have a dense, uniform, and even layer over 
metal substrates. The film thickness of the two coatings is comparable, BA1 has 155.8 μm, and SR1 has 160.3 μm thickness. The 
thickness can be adjusted by controlling the time of coat applied. There are no cracks or defects on both coating layers and no 
delamination in the interface between the coating layer and the metal surface, suggesting that the adhesive strength between them is 
good. The substrate’s chemical composition (EDX) was shown in Fig. 2; only Ti and Zr elements were found, while (EDX) of the upper 
coating layer revealed more elements to be involved in the composition of the coating layer (Fig. 6 b,d). 

3.5. Microhardness and adhesion of coating layers 

The average value of microhardness for nanofiber-coating layers over Ti–25Zr substrate was measured.BA1(PCL/chitosan/BaTiO3) 
has a value of 24.44HV, while SR1 has 20.78HV, revealing that BA1 has more strength than SR1. The same trend was observed when 
evaluating the adhesion of coating layers by scratch test, where BA1 adhesion strength is better than that of SR1 (Fig. 7) shows a 
qualitative image of the scratch test used to compare the scratch result between different coats. The optical image (Fig. 7 a,c)at load 1 N 
for both coating layers did not fail, and the layer resisted load. As the load continues to rise, the width and depth of the scratch increase 
to reach the metal surface at a load of 1.8 N for BA1 and 1.5 N for SR1 (Fig. 7 b,d). The result shows that the coating layer containing 
BaTiO3 has more strength than SrTiO3, which may be attributed to the different elastic properties of BaTiO3 and SrTiO3, as BaTiO3 has 
a higher elastic modulus than SrTiO3. Elastic modulus of BaTiO3 is 190 GPa, while that of SrTiO3 is 130 GPa [34]. 

3.6. Dielectric behavior and polarizability 

The dielectrics are electrically insulating materials that can generate dipoles without or with an external electric field by the 
relative motion or separation of positive and negative charges. The term for this is polarization. The dielectric constant quantifies the 
polarizability of a dielectric substance in response to an external stimulus [35]. 

The polarizability of living, natural bone results from the hydrogen bond between collagen and hydroxyapatite. The dielectric 

Fig. 5. (a) FESEM, (b) EDS, (c) distribution of fiber diameters, (d) distribution of pore sizes. Concerning PCL/CS/Nano-SrTiO3 (SR1) Nano- 
composite fiber. 
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Fig. 6. The SEM micrograph and EDX analysis were conducted on the cross-section of the BA1 coating layer, represented by (a,b), and the SR1 
coating layer, represented by (c,d). 

Fig. 7. Optical microscopy captured images of the coating following a scratch test, depicting (a,b) for BA1 and (c,d) for SR1.  
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characteristics of bone change based on frequency and moisture content. Studies have indicated that the dielectric constant of dry 
human bone is around 10 over the frequency range of 1–100 kHz [35–37]. 

After measuring the electrical capacity of each composite sample, the dielectric constant was determined through equation (5), as 
shown in (Fig. 8). The findings suggest the category of nano-ceramic compound affects the electrical properties of PCL/CS/nano- 
ceramic composites. It is revealed that the Nano-BaTiO3 content improved the dielectric constant. Furthermore, various polariza
tion mechanisms still have an influence through lower frequency ranges, including electronic, ionic, and oriental polarization. 
However, at higher frequencies, the value of Ɛr experiences a change due to the incapacity of dipoles present in thin films to adapt to 
the frequency alteration of the field that applied., resulting in a diminution in thin film polarization [38]. 

In addition, a significant decrease in dielectric constant was observed at high frequency in composites containing Sr2+. This is due 
to the existence of strontium in the formulation. A reduction in the network constant due to Sr2+ limits the oscillation range of titanium 
ions (Ti2+) and alters the structure of the ferroelectric domain. The effects on a dielectric constant, such as increasing or decreasing 
based on the amount of available (Sr) [39]. 

From a biomedical standpoint, the Ɛr of coated implants can be used to determine the fracture recovery rate. It is now standard 
practice in medicine to use external electric fields to accelerate fracture healing. The mechanism underlying the process of healing is 
unknown; however, its effects are incredibly beneficial. When complicated cases involve the using of implants with an electroactive 
coating that can undergo polarization might aid in enhancing the healing process. Moreover, more significant cell proliferation is 
associated with a higher value of Ɛr, which in turn is related to polarization and plays a vital role in diverse biological applications, 
ultimately leading to an accelerated healing process [38]. 

3.7. Fourier-transform infrared spectroscopy (FT-IR) 

The FTIR absorption spectra of PCL, CS, ceramic nano-additives (nBaTiO3 and nSrTiO3), and the electrospun fiber composite 
coating of PCL/CS/nBaTiO3 and PCL/CS/nSrTiO3 are shown in (Figs. 9 and 10). The carbonyl group of the ester group is responsible 
for the dominant peak at 1723 cm− 1 in pure PCL spectra. Moreover, an asymmetric CH2 stretching peak was seen at 2943 cm− 1, while a 
symmetric CH2 stretching peak was observed at 2869 cm− 1. The symmetric and asymmetric C–O–C stretching modes corresponded to 
the bands at 1239, 1161, 1107, and 1045 cm− 1, respectively, while the C–O and C–C stretching modes were related to the absorption 
peak at 1294 cm− 1 [13,40]. 

The carboxylate ion of chitosan exhibited a prominent peak at 1726 cm− 1, while the chitosan spectra displayed a wide band around 
3245 cm− 1, which may be due to the stretching vibrations of O–H and N–H. Additionally, peaks at 2945 and 2897 cm− 1, corresponding 
to the symmetrical and asymmetrical methylene groups, respectively, were observed. Furthermore, a spectrum ranging from 1180 to 
1063 cm− 1, indicative of the saccharide structure of chitosan, was also detected. The central frequency of the chitosan band relevant to 
the stretching of the C––O bond in amide I was found to be 1615 cm− 1, which is rather noteworthy. Similarly, the observed peak at a 
wavenumber of 1510 cm− 1 may be associate with amide II band. Furthermore, the observed sample exhibited a discernible spectral 
feature attributed to the C–C aromatic stretching vibration, which manifested as a discrete band at a wavenumber of 1420 cm− 1. There 
are three distinct peaks seen within the wavenumber range of 1020–1140 cm− 1, which may be relevant to the symmetric and 
asymmetric modes of C–O–C stretching [40–42]. 

For the titanite nano-compound (BaTiO3) (Fig. 9), showed peaks of vibration that had clear signs of a stretching band in the region 
(410-559 cm− 1) that were related to the (Ti–O) [13]. There was also a Ba–Ti–O band found at 597 cm− 1 [43]. The existence of the 
hydroxyl group is revealed by the peak at 1647 cm− 1 associated with the content of molecular water of (O–H) band vibration, in 
contrast to the weak hydroxylate (O–H) band that is also existing in 3378 cm− 1 for BaTiO3 [44,45]. BaTiO3–OH is responsible for the 

Fig. 8. Dielectric constant calculation at a range of frequencies for composite coating.  
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peak that is observed at 1430 cm− 1 for BaTiO3 [46]. 
In order to examine the incorporation of SrTiO3 NPs, absorption analysis using FTIR spectroscopy can be utilized (Fig. 10). The 

spectra still exhibit the stretching and bending vibrations of the TiO6 octahedron, along with prominent absorption bands centered 
around 425 and 650 cm− 1. The absorption at 3300 cm− 1 is attributed to the stretching vibration of the surface hydroxyl group, while 
the remaining minor peak at approximately 1630 cm− 1 is associated with the bending vibration of physically adsorbed water (H–O–H) 
[47]. 

The Fourier-transform infrared (FTIR) analysis of both composite coatings (PCL/CS/nBaTiO3 and PCL/CS/nSrTiO3) verified The 
composite layer that is formed is novel and uniform. This confirmation was obtained through the detection of a stretching vibration 

Fig. 9. FT-IR comparison of pure (PCL, CS, nBaTiO3) and synthesized (8% w/v PCL,2% w/v CS, 1% w/v nBaTiO3).  

Fig. 10. FT-IR comparison of pure (PCL, CS, nSrTiO3) and synthesized (8% w/v PCL,2% w/v CS, 1% w/v nSrTiO3).  

Table 2 
Measurements of the contact angle for various composite coating types.  

Sample Control Bare (Ti–25Zr) BA1 (PCL/Chitosan/nBaTiO3) SR1 (PCL/Chitosan/nSrTiO3) 

Contact angle 43.642◦ ± 8.8  18.534◦ ± 5.4  27.468◦ ± 7.4  
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peak within a similar range to its individual components, albeit with a slight shift towards lower wavenumbers. 

3.8. Contact angle and wettability 

One of the main points of contact between a metallic implant and the living tissue is the implant’s surface. The metal surface 
hydrophilicity may significantly influence the serum proteins adsorption as well as the osteoblasts and bacteria adhesion behavior. The 
coating and the uncoating samples contact angles as shown in (Table 2), ranged from 43.642◦ to 18.534◦, suggesting that all sample 
surfaces were hydrophilic. 

Ti–25Zr, the reference sample, exhibits poor wettability. Acid and base treatment increased the roughness of the surface and its 
energy, which caused the contact angle to reduce significantly values, which became hydrophilic at a contact angle of 43.642◦ after 
being hydrophobic. This is a positive thing for biocompatibility and cell adhesion [23,48]. 

The findings also show that the wettability of the sample with a composite-coated surface has improved. Due to the high porosity 
and roughness of the surfaces, the existence of amino groups, and the hydroxyl group of chitosan, which is bonded to the hydrogen in 
water molecules as a consequence, the coatings were hydrophilic [49]. 

The composite coating containing Nano (BaTiO3, SrTiO3) ceramic compounds incorporated with polymers has a low angle of 
18.534◦ and 27.468◦, respectively, as shown in (Table 2), that may be associated with the existence of nanoceramics filler particles that 
increase hydrophilicity and, in conjunction with chitosan, improve wettability [3,50]. 

3.9. Bacterial resistance evaluation 

In the fields of orthopedics and dentistry, where implants are used, developing biomaterials that are resistant to the growth of 
microbes is a serious challenge. Chitosan is frequently employed as a bactericidal agent, either by itself or in conjunction with other 
natural polymers, due to its nontoxicity, antibacterial, and high biodegradability properties [51,52]. The inclusion of the filler 
nano-ceramic (BaTiO3, SrTiO3) with chitosan was also described as a bacterial resistance substance, enhancing the total inhibitory 
zone surrounding the coating (Fig. 11(a–f)). 

The antibacterial test employed bacterial spacious, namely Streptococcus mutans (S.mutans) and Staphylococcus aureus (S.aureus).All 
the composite coating (PCL/CS/nBaTiO3, PCL/CS/nSrTiO3) Demonstrate similar and effective antibacterial outcomes for both types of 
bacteria, which are illustrated in Fig. 12. 

Nano-BaTiO3 has been found to exhibit antibacterial properties, which may be explained by the blocking ergosterol production 
results in cell mortality [53]. Furthermore, a new approach for electrically polarizing biocompatible ceramics with or without 
piezoelectric properties, such as BaTiO3, has been proposed to create antimicrobial implants. The survival of Staphylococcus aureus 
(S. aureus) and Escherichia coli (E. coli) on charged surfaces was markedly decreased. Polarization’s effect on antibacterial response has 
been investigated through multiple processes, encompassing the production of reactive oxygen species, lipid oxidation, and the 
function of the catalase enzyme [54]. 

As reported, sustained release of Sr2+ from STF powder near the attached E. coli can induce membrane malfunctions, resulting in 
cell demise. According various tests, including surface charge assessment, fluorescence microscopy inspection, inductively coupled 
plasma metrics, and scanning electron microscopy (SEM) examination, suggest that the remarkable bactericidal capability of the 
STF0.8 metal oxide can be credited to its positive surface charge, elevated pH surroundings, Sr2+ dissociation, and its nanoscale 
particles [55]. 

3.10. Invitro cytocompatibility assay 

3.10.1. Cell activity and morphology 
The way the implant and the host tissue interact with each other depends on the cell attachment, survival, and growth at the 

interface. This is an important factor during the implantation process. Because of its biocompatibility and ability to promote cell 
growth, the application of titanium and its alloys in medicine is increasing. Surface activation is necessary for these biometallic alloys 

Fig. 11. (a–c) the inhibition zones for Staphylococcus aureus (S. aureus), and (d–f) the inhibition zones for Streptococcus mutans (S. mutans).  
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Fig. 12. Measurement of the inhibition zone of the non-coated and coated samples.  

Fig. 13. (a) MC3T3-E1 cell proliferation activity was detected by Alamarblue. Regarding proliferation rate, both BA1 and SR1 showed a significant 
difference when compared to Ti–25Zr (p < 0.0001 for BA1, p = 0.00014 for SR1), while there was no noticeable difference between BA1and SR1 (p 
= 0.4743). (b) The percentage of live cells in relation to the total number of cells was used to express the cell viability. The same trend was observed 
in the case of cell viability with a statistically significant difference between BA1 and Ti–25Zr (p < 0.0001, for BA1 vs. Ti–25Zr), followed by SR1, (p 
= 0.000176, for SR1 vs. Ti–25Zr). Although there is no significant difference between BA1 and SR1 (p < 0.47506, for BA1 vs. SR1). 
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to facilitate cell interaction and prevent bacterial infection due to the inert surface and the risk of bacterial contamination (Fig. 13a and 
b). show the results of an investigation of the cytocompatibility of uncoated and coated Ti–25Zr alloys utilizing cell line MC3T3-E1 and 
the Alamarblue assay. 

The cell proliferation of uncoated and coated Ti–25Zr alloys cultivated with MC3T3-E1 cells for 1, 3, and 7 days are depicted in 
(Fig. 13a). Indicating that cell proliferation takes place on both coated and uncoated samples, the cell proliferation values for the 
uncoated and coated Ti–25Zr alloy display a remarkable rise with increasing culture times. Yet, at every given time interval, the cell 
proliferation rates of the coated sample consistently surpassed those of the uncoated one, reaching a maximum on day seven. The 
(BA1) coated sample exhibited the maximum rate of cellular proliferation, with a 125.16% increase compared to the non-coated 
sample, followed by (SR1) with a rise of 111.38%. 

Compared to the uncoated sample, the cell viabilities of the BA1 and SR1 samples are higher at all intervals (Fig. 13 b). The coated 
sample has a much higher cell viability than the non-coated sample, which has 80.52 ± 1.97%, so (BA1) has 181.63 ± 17.87% and 
(SR1) has 170.09 ± 8.12%. On day 7, coated samples exhibited a much higher level of cell viability than uncoated samples. (p <
0.0001,for BA1 vs. Ti–25Zr; p < 0.000176, for SR1 vs. Ti–25Zr). (BA1) coated have no significant cell viability than (SR1) (p <
0.47506, for BA1 vs. SR1). According to the cell toxicity classification standard, with a cell viability of more than 75%, the non-coated 
porous Ti–25Zr alloy is a Grade 1 material that is not cytotoxic. With a cell viability exceeding 100%, the coated surface Ti–25Zr alloy 
is a non-cytotoxic Grade 0 material for biomedical applications [56,57]. When the optical density (OD) values and cell activities are 
combined, it is possible to conclude that coated and non-coated samples have no cytotoxicity and great cytocompatibility with 
MC3T3-E1 cells. The electrospinning coating with composite fiber can significantly increase Ti–25Zr alloy bioactivity and 
cytocompatibility. 

ALP is a marker of the first stage of osteogenic differentiation and is crucial for the regeneration of bone mineralization (Fig. 14). 
depicts a quantitative examination of ALP activity. The ALP activity in all samples increased over time. After three days, the ALP 
activity of the non-coated and coated samples is not significantly different. This may be caused by the time that the coating layer 
spends to become mineralized and interact with the body’s host media. On day 7, cells on coated samples had significantly higher ALP 
activity than cells on non-coated samples (p = 0.0105, for BA1 vs. Ti–25Zr; p = 0.02225, for SR1 vs. Ti–25Zr). (BA1) coated sample 
presented a nonsignificant value when compared to (SR1), (p = 0.78216, for BA1 vs. SR1). 

The MC3T3-E1 cells’ osteogenic differentiation was increased by incorporating BaTiO3 nanoparticles into PCL/Chitosan blended 
polymer. The osteoblast-like cells’ proliferation, vitality, and extracellular matrix deposition were significantly enhanced by the 
piezoelectric action of BaTiO3 created in the nanocomposite fiber produced via electrospinning. This finding is consistent with pre
viously reported results, demonstrating that the piezoelectric performance of piezoelectric polymer composites is significantly affected 
by the viscosity and elasticity of the polymer. When combined with barium titanate, chitosan, which has a deacetylation degree of 
91.2%, demonstrates piezoelectric characteristics and enhances cell activity [10,13]. 

Previous research has shown that the coating layer, which includes strontium titanate (SrTiO3) nano-particles promotes cell 
proliferation. Sr2+ ions increased cell survival and proliferation, which could be explained by the activation of the CaSR, a receptor that 
senses calcium, and the capability of Sr ions to boost the pre-osteoblastic cells to differentiate while inhibiting osteoclasts [16,58,59]. 

(Fig. 15(a–f)) SEM image illustrates the culture of the cells MC3T3-E1 on both coated and uncoated samples after a period of 7 days. 
It was found that the MC3T3-E1 cells was deposited randomly on a forward Ti–25Zr alloy surface and aligned with a somewhat circular 
shape (Fig. 15(e and f)). In contrast, the surface of the coated sample caused the formation of preferable sites for the deposition cells 
with typical osteoplastic polygonal morphology over 7 days. The MC3T3-E1 cell becomes anchored to the composite mat-like coated 
layer pattern with micro and nanostructured that become a platform for further spreading the cell inducing cell growth and meta
bolism (Fig. 15a-d). MC3T3-E1, after 7 days of culture on the coated surface, indicate the beginning of lamellipodia formation. The cell 
process is extended on the rougher surface, so the three-dimensional shape cell is developed more consistently with physiological 

Fig. 14. Fold change of ALP activity in MC3T3-E1 cells on samples with and without coating at 3 and 7 days of culture. On day 7, cells on BA1- 
coated samples had significantly higher ALP activity than uncoated Ti25Zr (p = 0.0105, for BA1 vs. Ti–25Zr). SR1-coated samples also had a 
significant advantage over uncoated Ti25Zr (p = 0.02225, for SR1 vs. Ti–25Zr). While the (BA1) coated samples did not differ significantly from 
(SR1), (p = 0.78216, for BA1 vs. SR1). 
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attachment. One of the reasons for the increased cell attachment capacity on the coated surface is its low-contact angle, which pro
motes greater protein absorption from culture media. It was found that all of the coating surfaces produced using electrospinning 
resulted in higher cell proliferation compared to the uncoated sample. 

3.11. Conclusion 

In this work, active nano-ceramic compounds such as piezoelectric BaTiO3 and perovskite SrTiO3 were dipped individually in a 
blended polymer of PCL/Chitosan to create two solutions ready for use in an electrospinning coat to apply on the Ti–25Zr alloy surface 
as composite nano-fiber to promote cell viability and resist bacterial infections. The coated surface characterization was examined, its 
biocompatibility was evaluated, and it was concluded the following.  

1 Ti–Zr alloy prepared by powder metallurgy form completed sold solution with superior mechanical properties compared to cp-Ti, 
except for the modulus of elasticity, which is reduced by 29%, and this benefit for bioimplant in reduced stress shielding.  

2 The coating process through electrospinning produces nano-fibers with a nano-rough surface, high contact area, and porosity, 
which promotes a favorable reaction with the physiological medium. This enhances the ability of cells to adhere and proliferate.  

3 The composite coating containing piezoelectric BaTiO3 has a dielectric constant close to dry human bone.  
4 The coated samples show a hydrophilic surface with low contact angle  
5 The samples with coating have a reasonable and comparable zone of inhibition, which means they can resist bacterial growth. The 

sample without coating does not have any zone of inhibition, which means it is susceptible to bacterial infection.  
6 Compared to non-coated samples, the coated samples significantly improved cell viability, proliferation, and differentiation. 

Fig. 15. Images taken by scanning electron microscopy (SEM) of cultured MC3T3-E1 cells for 7 days on the surface of (a-b)BA1, (c-d)SR1, (e–f) 
bare Ti–25Zr. 
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