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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel composite coating of nAg/HP 
particles was coated on the surface of 
titanium substrates. 

• Continuous CO2 laser treatment was 
performed to improve the surface prop-
erties of the samples. 

• Mineralization assessment revealed the 
treated surface is a favorable place for 
apatite formation. 

• NAg-containing composites enhanced 
antibacterial activity significantly. 

• Gene expression represented a positive 
effect of functionalized and treated Ti 
substrate for MG-63 cells.  
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A B S T R A C T   

In the present study, a novel composite coating consisting of nano-silver (nAg) with an association of hy-
droxyapatite (HA)- β-tricalcium phosphate (β-TCP) particles was developed by surface coating onto Ti substrate 
through two different but aligned steps: first nAg-HP (containing a different ratio of HA and β-TCP particles) 
composite was coated by sol-gel technique with the association of poly (vinyl alcohol) (PVA) as a binding agent 
to the substrate, then continuous CO2 laser treatment was carried out to improve the surface properties. The 
physicochemical properties of fabricated coatings were evaluated by using X-ray diffractometry (XRD), and field 
emission scanning electron microscopy (FESEM) equipped with energy dispersive X-ray detector (EDX). The 
biological properties of composite coatings were observed by bioactivity measurement, antibacterial perfor-
mance, MTT assay, and real-time PCR. The FESEM images and cross-section micrographs showed that the par-
ticles were distributed homogenously, and the interface was well-integrated. Mineralization assessment revealed 
treated surface was a better place for apatite nucleation and growth. The antibacterial measurement showed Ag 
nanoparticles enhanced significantly antibacterial activity reached up about 90%. The mRNA expression level for 
COL1A1, ALP, RUNX2, OCT, and GAPDH revealed the positive effect of functionalized and treated Ti substrate 
on osteoblast cell differentiation. The composite coating illustrated enhanced biological properties suggesting it 
is a promising candidate for further studies for practical biomedical applications.  
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1. Introduction 

Titanium (Ti)-based scaffolds are widely used as biomaterials and 
biomedical devices because of their excellent biocompatibility, desirable 
mechanical strength, and good corrosion resistance [1–4]. However, 
pure Ti and Ti-based alloys present a bioinert nature that directly affects 
osteoconductive [5]. Thus, osteoblast differentiation and bone forma-
tion could be relatively slow and limited, and new tissue cannot 
regenerate/reconstruct well on the surface [6,7]. To solve this issue, 
some techniques such as physicochemical treatment [8,9], plasma im-
mersion ion [10–12], thermal spray [13,14], surface nano functionali-
zation [15,16], and laser surface treatment [17,18] were carried out. 
These techniques can activate the surface as well as promote osseoin-
tegration and local bioactivity. 

Despite the mentioned approaches fabrication of bone tissue-like 
structure has not been addressed yet entirely because of the lack of 
bacteria-induced infection. It should be mentioned that Ti-based im-
plants, do not possess antibacterial activity. It can be concluded that 
bacterial infection results in severe pain and bone-implant failure during 
clinical therapy [15]. To improve the antibacterial performance of Ti, 
the incorporation of inorganic antibacterial agents such as copper or 
silver ions is suggested because of excellent antibacterial activity and 
less cytotoxicity at low concentrations [19]. The current approach is 
designed to use silver (Ag+) by fixing this antibacterial agent onto the Ti 
surface to eliminate the risk of inducing cytotoxicity between the 
implant and surrounding tissue [15]. Also, to improve the cell/compo-
site coatings interactions, hydroxyapatite (HA, Ca10(PO4)6(OH)2) which 
has a similar structure to the mineral component of bone, was used. This 
biomaterial is osteoconductive and promote the connection with the 
surrounding tissue [20–24]. Nevertheless, significant drawbacks of HA 
are fragility and improper rate of degradation, preventing its application 
in bone surgery [25,26]. β-tricalcium phosphate (β-TCP) represents 
faster biodegradation in comparison with HA. However, both HA and 
β-TCP illustrate limitations because of poor mechanical properties and 
difficulty of shaping [20,21]. Some studies have proposed the incorpo-
ration of synthetic biopolymers such as polycaprolactone (PCL) [27–29], 
polylactic acid (PLA) [30–32], and polyvinyl alcohol (PVA) [19,33–37] 
with HA or β-TCP. PVA possesses good chemical stability, biocompati-
bility, and desirable flexibility, making the composite scaffold more 
flexible and shapable. Several studies have used PVA as a binder agent in 
the process of laser treating due to its good chemical stability [33, 
38–42]. For example, Chien et al. compared PVA and water glass as 
binder agents where a titanium substrate was treated by Laser cladding 
technique (LCT). They proved that PVA usage resulted in fewer required 
temperatures showing that it is a more environmentally friendly binder. 
Although PVA was evaporated after surface modification technique, 
bioactivity assessment showed that PVA improved apatite formation 
compared to water glass [42]. 

Different techniques have been accomplished for preparing com-
posite coating such as sol-gel deposition, which can be selected as a 
dominant method for the preparation of composites due to controllable 
properties, low applied temperature, and simple manufacturing pro-
cedure. However, this technique usage is limited because of the lack of 
enough adhesion between coating and Ti, causing separation from the 
substrate in vivo [43]. Thus, the process of coating preparation can be 
divided into two steps. Firstly, HA/β-TCP/Ag-incorporated PVA solution 
is coated onto Ti. Then, a post thermal treatment is carried out for the 
improvement of bonding as well as the elimination of the risk of implant 
failure [44–47]. LCT is a novel technique due to its remarkable preci-
sion, speed, and non-contact nature compared to traditional thermal 
methods [48]. LCT is based on melting the cladding material, forming an 
excellent bonding between the coating and substrate [49–52]. 

To the best of our knowledge, the fabrication of HA/Ag-incorporated 
PVA coating has been explored by some researchers. Anjaneyulu et al. 
[19] developed HA/Ag-incorporated PVA electrospun nanofibers, 
resulting in better antibacterial activity against Escherichia coli (E. coli), 

Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa 
(P. aeruginosa) pathogens and good blood compatibility. Also, the scaf-
fold promoted apatite formation. Moreover, Saini et al. [53] character-
ized gelatin, alginate, and PVA 3D porous scaffolds via cryoablation 
technique, then Ag-HA particles were loaded into this component. The 
results showed that the scaffold revealed good textural properties, and 
80% porosity with 75–90 μm pore size. Its porous structure was inter-
connected completely with good mechanical properties (compressive 
strength: 4.02–29.5 MPa and young’s modulus: 34–198 MPa). In addi-
tion, the antibacterial performance and cell compatibility were signifi-
cantly positive. Thus, using HA and Ag nanoparticles can offer favorable 
properties for bone regeneration/reconstruction. 

In this study, a novel and innovative coating composed of nAg and 
HA/β-TCP was dip-coated on the surface of Ti followed by laser LCT to 
promote surface adhesion of the coating and bioactivity properties. The 
fabricated composite coating was characterized by X-ray diffractometry 
(XRD), field emission scanning electron microscopy (FESEM), energy 
dispersive X-ray (EDX), and cell compatibility measurements (bioac-
tivity measurement, antibacterial performance, MTT assay, and real- 
time PCR). 

2. Methods and materials 

2.1. Synthesis of HA 

HA particles were prepared as described before [54] by slowly 
adding 100 mL diammonium hydrogen phosphate ((NH4)2HPO4, Merck, 
Germany) solution to 100 mL calcium chloride (CaCl2, Merck, Germany) 
solution to produce the stoichiometric Ca/P molar ratio of 1.67 while 
maintaining the solution pH at 10 using further adding aqueous 
ammonia solution (NH4OH, Merck, Germany) to the main solution. The 
obtained solution was then placed on magnetic stirring and aged for 2 h. 
Finally, suspension of HA particles was filtered, rinsed three times with 
deionized water, and then solution was dried at 80 ◦C for 6 h to obtain 
HA powder. The final product was characterized by XRD. 

2.2. Synthesis of β-TCP 

β-TCP particles were synthesized as described before [55] by the 
solid-state synthesis process. Firstly, calcium carbonate (CaCO3, Merck, 
Germany) and calcium hydrogen phosphate (CaHPO4, Merck, Germany) 
were combined by milling for 3 h to produce the stoichiometric Ca/P 
ratio of 1.50. Then, the mixture was calcined at a high temperature at 
1150 ◦C for 4 h, and finally quenched at room temperature. The final 
product was characterized by XRD. 

2.3. Pretreatment of substrate 

To improve the surface roughness of prepared Ti substrates (Ti 
medical grade 2, 5 × 10 × 2 mm3), specimens were ground using silicon 
carbide sandpaper (400–1200 grit) and then were polished. Then, to 
clean pollution, the samples then ultrasonically washed in ethanol for 3 
h and then dried for further investigations. To assess surface adhesion of 
the coating, ASTM D 3359 [56] cross-cut tape-test was considered. Dried 
samples were cut with 1 mm gaps and coating down to the substrate. 

To prepare the coating solution, first Ag nanoparticles (2%) was 
mixed into deionized water under ultrasonic condition for 2 h. 2% so-
lution was considered as a safe percentage without any toxicity 
regarding previous studies [57]. After that, PVA (Merck, Germany) was 
dissolved into deionized water to prepare a 6% w/v solution, and the 
solution was stirred with the speed of 600 rpm and kept at 70 ◦C for 4 h. 
Then, a completely homogenous aqueous solution was combined with 
60 wt. HPs (containing a different ratio of HA and β-TCP particles 
regarding Table 1), and the magnetic condition was kept till a homog-
enous solution was obtained. 
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2.4. Dip coating of the substrate 

Ti substrate were placed into the prepared sols three times (each time 
at a rate of 200 mm/min and for 5 min) with the coordination of an 
electrician-driven pulley. The process was continued till the coated 
substrate thickness increased up to 5 μm, and 200 mm/min was chosen 
as a withdrawal speed. Finally, the prepared substrate were dried at 
room temperature overnight. 

2.5. Laser cladding technique 

To improve the surface properties, nAg-HP-coated Ti was treated 
using a continuous mode CO2 laser with the following parameters; scan 
speed: 0.1–4 mm/s, spot size: 1 mm, and maximum output power: 80 W. 
In addition, argon was considered as an inert gas to eliminate the risk of 
oxidation and oxygen penetration into the prepared composite coatings. 
The treated samples were named as Table 1. 

2.6. Characterization of nAg-HP-coated Ti samples 

To observe the microstructural of the prepared composite coatings, 

FESEM (TESCAN-Vega 3, Czech Republic) and EDX were used after 
surface treatment. The structure of organized composite layers was 
evaluated by XRD (D4, SIEMENS, Bruker Co, Germany), where X-ray 
wavelength (λ) was fixed at 1.54056 A◦. 

2.7. In vitro bioactivity 

One of the most reliable ways to analyze the apatite formation ability 
onto the fabricated coatings is by dipping them into simulated body fluid 
(SBF) [58]. The coated composites (5 × 10 × 2 mm3) were submerged in 
SBF solution for up to 2 weeks, then at the preselected day, they were 
rinsed with deionized water and dried at room temperature. Finally, its 
surface was observed via FESEM to measure their apatite formation. 

2.8. Antibacterial measurement 

The antibacterial performance was tested by Direct contact test (ISO 
20660 Nanotechnology-Antibacterial Silver nanoparticles standard) 
using three different microorganisms, including E. coli ATCC 25922, 
S. aureus ATCC 6538, and P. aeruginosa ATCC 9027, which are gram- 
negative, gram-positive, and gram-negative, respectively. Before 
assessing the antibacterial performance, samples (5 × 10 × 2 mm3) were 
sterilized under UV light for 20 min. Pure Ag nanoparticles and uncoated 
Ti were chosen as control samples. Then, bacterias were seeded and 
spread over the surface (1.5 × 106 CFU/mL) [59]. Then, the samples 
were incubated at room temperature overnight, and the viable bacterias 
were calculated. 

2.9. MTT assay 

The viability and proliferation of MG-63 cultured [60,61] were 
assessed through using 3-(4, 5-dimethylthiazol-2-yl) - 2, 5-diphenylte-
trazolium bromide (MTT) procedure by a multistep protocols step by 
step as follows: (1) sterilizing of samples by an autoclaving process for 
30 min; (2) placing them into 96-well plates; (3) culturing the cells at the 
density of 5000 cells per well into RPMI-1640 solution (Gibco, USA) 
containing 10% fetal bovine serum (FBS), 1% antibiotic pen-
icillin/streptomycin (Gibco, USA); (4) incubating at room temperature 
for overnight under 5% CO2; (5) adding Dimethyl sulfoxide (DMSO) 
(Sigma, Germany) for dissolving the formazan crystals, and finally, 
assessing the optical density of the cells after 48 and 72 h via BioTek 
microplate reader (Biotek, USA) at the 570 nm wavelength. 

Table 1 
Compositions of prepared coatings.  

Samples Ag% (w/w) HA% (w/v) β-TCP% (w/v) 

GHPT1 2 100 0 
GHPT2 2 70 30 
GHPT3 2 50 50 
GHPT4 2 30 70 
GHPT5 2 0 100  

Table 2 
Primer sequences considered for RT-PCR.  

Gene Forward (5′–3′) Reverse (5′–3′) 

COL1A1 CATCTCCCCTTCGTTTTTGAC CCAAATCCGATGTTTCTGCTG 
ALP ACCATTCCCACGTCTTCACAT GACATTCTCTCGTTCACCGC 
Runx2 AGATGATGACACTGCCACCTC GGGATGAAATGCTTGGGAACT 
GAPDH ACCCACTCCTCCACCTTTG CTCTTGTGCTCTTGCTGGG 
OCN CAGGAGGGCAGCGAGGTAG CCGATGTGGTCAGCCAACT 

*(COL1A1) Collagen Type I Alpha 1; (ALP) Alkaline Phosphatase; (RUNX2) 
RUNX Family Transcription Factor 2; (GAPDH) Glyceraldehyde-3-Phosphate 
Dehydrogenase; (OCN) Osteocalcin. 

Fig. 1. XRD patterns of synthesized HA and β-TCP particles, pure Ti substrate.  
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2.10. Real-time PCR 

An RNeasy kit (RNX-PLUS) was used to extract RNA from MG-63 
cells, then reverse transcription PCR was applied regarding cDNA 
following vendor’s instructions (Promega, Madison, WI, USA). An iQ5 
real-time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, 
USA) was employed to detect gene expression after fourteen days of cell 
culture. The ΔΔCt method was used to normalize gene expressions, in 
contrast to GAPDH (Table 2). 

2.11. Statistical analyses 

All data are reported as the mean ± SD (n = 3). The one-way ANOVA 
assessment was considered via SPSS software, and the statistical signif-
icance was considered p < 0.05. 

3. Results 

3.1. Characterization of hydroxyapatite and β-tricalcium phosphate 
particles 

X-ray analyses were carried out to assess the synthesized HA, β-TCP 
particles, and pure Ti substrate. The XRD patterns of HA, β-TCP, and Ti 
are shown in Fig. 1. It illustrates that the distinguishable peaks of β-TCP 
(card number JCPDS 169-009), HA (card number JCPDS 96-900-2215), 
and Ti (card number JCPDS 00-001-1198) were observed. 

3.2. Characterization of nAg-HP-coated Ti samples 

The surface adhesion of the coatings to the substrates was evaluated 
by a cross-cut tape test (ASTM. D 3359). The results are demonstrated in 

Table 3 
Cross-cut test.  

laser 
power 
(w) 

Separated value 
before surface 
treatment (%) 

Separated value after 
surface treatment 
(%) 

Grade of separation 
after surface 
treatment 

10 100 35–65 0B 
20 100 15–35 1B 
40 100 5–15 3B 
80 100 5 4B  

Fig. 2. Scoring of cross-cut test results.  

Fig. 3. The FESEM images, and mapping of the prepared composite coatings plus mapping of GHPT1, GHPT2, GHPT3, GHPT4, GHPT5.  
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Table 3. Increase the laser power have led to improve surface adhesion 
(Fig. 2). It should be noted that using a higher amount of the laser power 
has caused damage to the samples. For this reason, an optimum laser 
power of 40w was considered for further evaluations. 

Morphological and elemental properties along with cross-sectional 
FESEM micrographs of the coated substrates are shown in Fig. 3. 
Fig. 3 illustrated that Ag-HP particles were uniformly distributed. 
Regarding Fig. 3, the cross-section micrographs showed the interface 
regions between the substrate and the coating area. Based on the ob-
tained results, no additional elements except Ag, C, O, P and Ca were 
observed and the components were homogeneously distributed (Fig. 4). 

According to Fig. 5, due to the formed coating, the intensity of HA, 
Ti, and β-TCP decreased. The peaks of nAg-HP/Ti coatings proved the 
presence of components. Furthermore, the peaks regarding the presence 
of Ag can be seen at 33◦ [15]. 

3.3. In vitro bioactivity 

By combining particles in a pure substrate, the biological behavior of 
ossification induction can be observed in bone surgery [62]. Because of 
the presence of certain ions, ceramics have been recognized as prom-
ising materials for improving biological properties and enhancing 
cell/composite coating interactions. In addition, a multifunctional 
composite coating modified with a calcium phosphate layer leads to 
osseointegration with the target area [63]. In this project, the composite 

coatings were incubated on a pure titanium substrate in laboratory 
conditions for 2 weeks, and the potential of the coatings to regenerate a 
calcium phosphate layer on the layers was evaluated. The FESEM mi-
crographs and EDX analyses were employed to see and assess the newly 
formed layer. According to Fig. 6, after 2 weeks of incubation of the 
composite coatings in SBF, a layer of calcium phosphate was formed on 
the composite coatings. On the other hand, through Fig. 7, EDX analysis 
confirmed that all the composite coatings were coated with calcium 
phosphate. 

3.4. Antibacterial measurement 

A composite coating with the presence of antibacterial agents re-
duces the activity and penetration of bacteria in the desired position 
[64]. In Table 4, the antibacterial activity of composite coatings was 
compared with control samples for each microorganism after 24 h of 
incubation. As can be seen in Fig. 8, the antibacterial compounds of the 
composite coatings of all samples are more than 90% against different 
bacterias (P. aeruginosa (99.99 ˃), E. coli (~96%) and Staphylococcus 
aureus (~95.2%) was obtained. 

3.5. Cell compatibility 

The cell viability and proliferation on composite coatings and un-
coated substrate were evaluated up to 72 h in vitro. 

Fig. 4. EDX analyses of the prepared composite coatings plus mapping of GHPT1, GHPT2, GHPT3, GHPT4, GHPT5.  

Fig. 5. The XRD patterns of composite coatings including GHPT1, GHPT2, GHPT3, GHPT4, and GHPT5.  

B. Rahnejat et al.                                                                                                                                                                                                                               



Materials Chemistry and Physics 293 (2023) 126885

6

Fig. 9 shows the collected results of MTT assessment, and uncoated 
titanium substrate was chosen as a control sample. The results showed 
cell compatibility increased on the coated composites while there was a 
significant difference between the control sample and GHPT3. More-
over, the cell viability and proliferation were enhanced by increasing in 
the culture time, which revealed a similar trend with the previous 
period. However, the results showed that GHPT3 with equal percentages 
of HA and β-TCP have a better cell/composite coatings interaction 
compared to other samples. 

3.6. Real-time PCR 

The mRNA expression was carried out to assess the expression level 
of collagen Type I Alpha 1 (COL1A1), alkaline phosphatase (ALP), RUNX 
family transcription factor 2 (RUNX2), osteocalcin (OCN), and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for the treated Ti 
substrate. Notably, the culture medium was considered as the control 

sample. As shown in Fig. 10, the expression of COL1A1, ALP, RUNX2, 
OCN, and GAPDH for the treated samples was enhanced. 

4. Discussion 

As shown in Fig. 2, the homogeneous distribution of the mentioned 
elements proves the presence of apatite and nAg into the composites. 
The cross-section micrographs can confirm the strongly bonded coating 
section with the substrate. In general, treating the titanium substrate by 
LCT resulted in four occurring regions as follows: (1) coated zone; (2) 
fusion zone; (3) heat-affected area; (4) pure titanium substrate [15]. 
Moreover, the composite coatings were free from noticeable cracks or 
pores, suggesting an excellent interface due to the high temperature of 
LCT. Thus, these properties are appropriate for bone-related implanta-
tions, because reformation can be enhanced, and crack occurrence and 
peeling are limited [65–68]. As shown in Fig. 3, the different peaks 
become narrower and more intense compared to GHPT1, confirming 

Fig. 6. The FESEM analyses related to bioactivity assessment of GHPT1, GHPT2, GHPT3, GHPT4, and GHPT5, soak in SBF solution for 2 weeks. (Bar length = 1 μm).  

Fig. 7. EDX analyses related to bioactivity assessment of GHPT1, GHPT2, GHPT3, GHPT4 and GHPT5, soak in SBF solution for 2 weeks.  

B. Rahnejat et al.                                                                                                                                                                                                                               



Materials Chemistry and Physics 293 (2023) 126885

7

that the addition of more β-TCP into the compositions and the high 
temperature of LCT lead to the creation of apatite section [69]. Based on 
the results, the surface of composite coatings was a proper place to 
create a calcium phosphate layer which proved the positive effect of 
coatings’ components on the titanium surface. The results of bioactivity 
assessment illustrated the bioceramic induced the bioactivity of com-
posite coatings substantially. As stated, all the samples have good anti-
bacterial activity against different bacterias, suggesting the positive 

effect of Ag nanoparticles to induce composites properties [15,19]. Up to 
now, different studies have been explored about the antibacterial per-
formance of Ag nanoparticles [70–72]. For example, Ivask et al. showed 
nAg attached to the cell membrane, resulting in damaging of intermo-
lecular structure [73]. Regarding the previous studies, Ag nanoparticles 
are well-known as Lewis acid. They have a high tendency to interact 
with Lewis’s base, which is a major component of the cell membrane. 
Thus, it can aggregate on the cell wall and bind with membrane proteins, 

Table 4 
Antibacterial activity of samples.  

Samples P. aeruginosa E. coli S. aureus 

RD (%) VC (CFU/ml) RD (%) VC (CFU/ml) RD (%) VC (CFU/ml) 

GHPT1 99% 1 × 103 94% 4 × 103 91% 9 × 103 

GHPT2 99% 1 × 103 95% 5 × 103 92% 2 × 103 

GHPT3 ˃ 99.99% <1 × 101 99% 1 × 103 99% 1 × 103 

GHPT4 99% 1 × 103 97% 7 × 103 95% 5 × 103 

GHPT5 99% 1 × 103 95% 5 × 103 99% 1 × 103 

Control sample (Ag nanoparticle) 99% 1 × 103 99% 1 × 103 99% 1 × 103 

Control sample (titanium substrate) 40% 4 × 104 40% 4 × 104 40% 4 × 104 

*RD = reduction percentage; VC = viable count. 

Fig. 8. Antibacterial rates of all samples toward a) P. aeruginosa, b) E. coli, and c) S. aureus.  

Fig. 9. The cell viability and proliferation of GHPT1, GHPT3, GHPT5 composite coatings; *p ≤ 0.05.  
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resulting in decomposition of microorganisms [74,75]. It is noted that 
Ag, HA, and β-TCP are considered compatible materials [15,76]. The 
MTT results of this study are similar to the ones collected by Abdal-hay 
et al. [77], where they coated AZ31 Mg alloy with HA for orthopedic 
application. They reported cell viability, proliferation, and growth, were 
induced substantially. Moreover, another study by Zhou et al. [78] 
proved that cell viability and proliferation of the samples are improved 
after laser treatment. They showed that this substrate could be suitable 
for newly apatite formation and enhancement of cell attachment. 
Therefore, it is concluded that releasing these ions can improve the 
biological properties of composite coatings. At the same time, an equal 
percentage between HA and β-TCP shows better biological properties 
[43]. The results of mRNA expression indicate the positive effect of 
functionalization and treatment on MG-63 cells. The results show that 
adding HA and β-TCP in equal percentages (GHPT3) and laser treatment 
allowed the COL1A1, ALP, RUNX2, OCN, and GAPDH expression to be 
upregulated. 

5. Conclusion 

In this study, a novel composite coating of nAg/HP particles was 
coated on the surface of titanium substrates through two steps. Firstly, 
the nAg-HP composite was coated onto the Ti substrate using the sol-gel 
technique and PVA was used as a binding agent. Then, continuous CO2 
laser treatment was performed to improve the surface properties of the 
samples. The composite coating showed a strong fusion bonding with 
the titanium substrate. The FESEM images and cross-section micro-
graphs showed the particles were distributed homogenously, and the 
interface was well-integrated, respectively. Mineralization assessment 
revealed the treated surface is a favorable place for apatite formation. 
The antibacterial measurement showed nAg-containing composites 
enhanced antibacterial activity significantly. Gene expression was also 
assessed in vitro and represented a positive effect of functionalized and 
treated Ti substrate for MG-63 cells. The overall results illustrated 
enhanced antibacterial activity and biological properties of the func-
tionalized and treated composite, suggesting it as a promising candidate 
for biomedical applications. 

CRediT authorship contribution statement 

Bibi Rahnejat: Visualization, Resources, Investigation, Writing – 
original draft. Nahid Hassanzadeh Nemati: as the corresponding 
author suggested the title, Project administration, Supervision, Valida-
tion, Writing – review & editing. Sayed Khatiboleslam Sadrnezhaad: 

Writing – review & editing, helped in, Methodology. Mohammad Ali 
Shokrgozar: Advisor, review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgments 

We have not received substantial contributions from non-authors. 

References 

[1] R. Zhang, N. Xu, X. Liu, et al., Dose-dependent enhancement of bioactivity by 
surface ZnO nanostructures on acid-etched pure titanium, Adv. Appl. Ceram. 118 
(3) (2019) 121–125, https://doi.org/10.1080/17436753.2018.1540449. 
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