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Abstract
Attempts are ongoing to improve the surface properties of dental implants by application of different coatings, aiming to 
enhance osseointegration, and decrease the adverse effects of titanium and its alloys used in dental implants. Coating of 
implant surface with hydroxyapatite (HA) is one suggested strategy for this purpose due to its high biocompatibility and 
similar structure to the adjacent bone. This study aimed to quantify the release of silver ions and expression of osteogenic 
genes by MC3T3-E1 cells cultured on nano-HA and silver/strontium (Ag/Sr)-coated titanium plates via the electrochemical 
deposition method. Plates measuring 10 × 10 × 0.9 mm were fabricated from Ti-6Al-4 V alloy, and polished with silicon 
carbide abrasive papers before electrochemical deposition to create a smooth, mirror-like surface. After applying homogenous 
nano-HA coatings with/without silver/strontium on the surface of the plates, the composition of coatings was confirmed by 
energy-dispersive X-ray spectroscopy (EDS), and their morphological properties were analyzed by scanning electron micros-
copy (SEM). The coated specimens were then immersed in simulated body fluid (SBF), and the concentration of released 
sliver ions was quantified by spectroscopy at 7–14 days. The MC3T3-E1 osteoblastic cell line was cultured in osteogenic 
medium for 7–14 days, and after RNA extraction and cDNA synthesis, the expression of runt-related transcription factor 2 
(RUNX2), osteocalcin (OCN), and osteopontin (OPN); osteogenic genes was quantified by polymerase chain reaction (PCR) 
using SYBR Green Master Mix kit. The expression of genes and the released amount of silver ions were compared between 
the two groups using the Mann–Whitney U test. The two groups were not significantly different regarding silver ion release 
at 14 days (P > 0.05). However, silver ion release was significantly higher from nano-HA coatings with silver/strontium at 
7 days (P = 0.03). The difference in expression of RUNX2 (P = 0.04), OPN (P = 0.04), and OCN (P = 0.03) genes was also 
significant between nano-HA coating groups with and without silver/strontium at 7 days, and the expressions were higher in 
nano-HA with silver/strontium group, but this difference was not significant at 14 days. Addition of silver and strontium to 
specimens coated with nano-HA increased the release of silver ions within the non-toxic range, and enhanced the expression 
of osteogenic genes particularly after 7 days.
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Introduction

Osseointegration refers to the direct contact of vital bone 
with the functional implant surface without the interfer-
ence of fibrous tissue, and is the main primary prerequisite 
for the long-term success of dental implants. Chemical 
composition and surface roughness of dental implants are 
two critical factors affecting their osseointegration [1].

Titanium and its alloys are most suitable for use in 
implant dentistry due to optimal biocompatibility, insignif-
icant corrosion, and high mechanical resistance. However, 
titanium and its alloys do not have antibacterial properties 
[2–4]. Since osseointegration refers to mutual interactions 
between the host bone and implant surface, implant surface 
modifications can promote osseointegration by enhancing 
the interactions of biological fluids and cells and facilitat-
ing bone healing around dental implants. Recently, nano-
scale implant surface modifications were suggested for this 
purpose, hypothesizing that nano-structures may be able 
to increase the surface energy and subsequently enhance 
osseointegration by improving matrix protein absorption, 
and migration and proliferation of osteoblasts [5].

Hydroxyapatite (HA) has been used for coating of den-
tal implants due to its optimal osteoconductivity and hav-
ing a chemical structure resembling that of natural bone. 
The HA molecules present in bone are in nano-crystalline 
form. Thus, it is believed that nano-HA may be able to 
create biocompatible surfaces capable of optimal integra-
tion with bone tissue [6, 7]. However, nano-HA coatings 
enhance the adhesion of proteins and cells, and can also 
increase bacterial colonization, which increases the risk 
of bacterial infection of the peri-implant tissues and sub-
sequent development of peri-implantitis [8].

Silver (Ag) has strong antibacterial activity and low 
cytotoxicity in long-term use [9]. Despite the strong anti-
bacterial activity of silver, it can be cytotoxic in concen-
trations higher than a certain threshold [8]. Addition of a 
secondary chemical agent such as strontium (Sr) can neu-
tralize the cytotoxicity of silver while preserving its anti-
bacterial activity. Strontium particles not only have osteo-
genic properties and improve implant osseointegration, but 
also can make silver ions tolerable to cells [10–12].

Several techniques have been introduced for coating of 
implant surfaces with bioceramics to improve their osse-
ointegration and antibacterial properties, such as plasma 
spray, electrophoretic deposition, and electrochemical 
deposition. The plasma spray method is most commonly 
used for coating of implant surfaces; however, the high 
temperature of the process can cause degradation of HA. 
Moreover, this method is not suitable for complex, multi-
dimensional structures. In electrophoretic deposition, a 
high voltage is used, which causes anodic polarization of 

metal and increases the risk of corrosion of its surface, 
and can subsequently affect the attachment of HA crystals. 
Electrochemical deposition is another practical coating 
technique with increasing popularity. The advantages of 
this technique include enabling the deposition of different 
coatings on metal surfaces, simple and fast process, low 
cost, and applicability for coating of multi-dimensional 
and complex implant surfaces [13].

In previous studies, the titanium surfaces were coated 
with HA containing silver and strontium separately and 
together, and the results showed that these coatings had 
antibacterial and osteogenic properties [14–17]. However, 
to the best of the authors’ knowledge, the efficacy of a 
nano-HA coating containing silver/strontium applied by the 
electrochemical deposition method has not been previously 
investigated.

Considering the advantages of nano-HA composition 
with antibacterial ions, this study aimed to quantify the 
concentration of released silver ions and osteoblastic gene 
expression by MC3T3-E1 cells cultured on nano-HP with/
without silver/strontium-coated titanium plates via the elec-
trochemical deposition method as the second step of charac-
terization of this new implant coating which was conceptual-
ized and optimized earlier by the second author and her team 
(Azadeh Esmaeil Nejad, Hanieh Nojehdehian, Amir Pasha, 
and Negin Nikmanesh) that showed acceptable structure and 
biocompatibility (Article in press).

Materials and methods

Specimen preparation

As proposed in the prevoius project, the optimized 
10 × 10 × 0.9 mm plates were fabricated from Ti-6Al-4 V 
alloy (Loterios Timet company, Gerenzano, Italy) using a 
water jet (Robofil 2000, Charmilles technologies, Kaiser-
slautern, Germany) and polished with 400- to 4000-grit 
silicon carbide abrasive papers (Starcke, Melle, Germany) 
to create a smooth and mirror-like surface. The plates were 
then cleaned in an ultrasonic bath containing acetone, alco-
hol, and distilled water in separate steps, each for 10 min. To 
eliminate the superficial oxide layer, the plates were etched 
in a mixture of 20% nitric acid (TAT Chem, Tehran, Iran) 
and 2% hydrofluoric acid (TAT Chem, Tehran, Iran) in 10:1 
ratio for 1.5 min. Eventually, the plates were dried at room 
temperature [18].

The plates in the test group received a homogenous 
coating of nano-HA, strontium and silver, which was con-
firmed by energy-dispersive X-ray spectroscopy (EDS), 
and scanning electron microscopy (SEM) in a previous 
study by the second author and her team. The plates in the 
control group received a homogenous coating of nano-HA, 
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which was also confirmed by EDS, and SEM. The exclu-
sion criterion for the test group was coatings with parti-
cles other than nano-HA, strontium, and silver (formation 
of new compounds such as AgO or Ag2O, indicating the 
participation of silver in new compounds instead of its 
participation in the structure of HA). The exclusion cri-
terion for the control group was coatings with particles 
other than nano-HA.

Electrochemical deposition of nano‑HA silver/
strontium coating

For deposition of coating, first, the titanium plates were 
ultrasonicated in 70% ethanol for 10 min, and were then 
immersed in acetone for 10 min. Next, they were rinsed 
with distilled water, ultrasonicated in 20% HNO3 for 
1.5 min, and rinsed with distilled water. The plates were 
then sonicated again in 2% hydrofluoric acid for 1.5 min 
and rinsed with distilled water. Afterwards, one side of 
the plates was cleaned and etched, and nail varnish was 
applied on this side to provide insolation against the elec-
tric current. To apply HA coating, the plates were prepared 
by potentiometry (0.1 mA, 1.2 V for 1500 s using a stirrer) 
and immersion in 0.5% solution of HA, 0.3% polyacrylic 
acid polymer, and 0.01 molar KNO3. To apply silver/stron-
tium on the plates coated with nano-HA, potentiometry 
with − 10 V constant voltage was used for 180 s [13]. For 
this purpose, first, a solution containing 0.08 mM silver 
nitrate and 0.16 mM strontium nitrate was prepared, which 
was found to be the best mixture solution via the optimiza-
tion procedure carried out in the previous step and then 
silver/strontium coating was deposited by potentiometry. 
The plates coated with HA by the electrochemical deposi-
tion method (devoid of silver and strontium) served as the 
control group (Fig. 1).

Confirming the coating by EDS and SEM

The chemical composition of nano-HA strontium/silver 
coatings was evaluated by EDS, and their morphological 
properties were assessed by SEM (Fig. 2).

Silver ion release test

To quantify the amount of released silver ions, each coated 
plate was immersed in 50  mL of simulated body fluid 
(SBF; Fanavaran, Yazd, Iran) [19], with a composition of 
142.0 mmol/L Na+, 5.0 mmol/L K+, 1.5 mmol/L Mg2+, 
2.5 mmol/L Ca2+, 147.8 mmol/L Cl−, 4.2 mmol/L HCO3, 
1.0 mmol/L HPO42−, and 0.5 mmol/L SO42− with a pH of 
7.4 ± 0.2 at 36.5 °C, and the concentration of silver ions in 
the solution was measured after 7–14 days using inductively-
coupled plasma atomic emission spectroscopy (AA240FS; 
Varian, USA). The measurements were repeated in triplicate.

Cell culture

Osteoblast progenitor cells (MC3T3-E1 osteoblastic cell 
line) were obtained from the Research institute of Dental 
Sciences, (Shahid Beheshti University of Medical Sciences). 
Titanium plates sterilized with 70% alcohol and placed in 
24-well plates in two groups. Three repetitions were consid-
ered for each group. Next, 10,000 cells were cultured on each 
titanium plate. The seeded cells were incubated in standard 
Dulbecco’s modified Eagle’s medium and 15% fetal bovine 
serum for 48 h. Next, the culture medium was changed to 
osteogenic medium (Ready-to-use; Bioidea, Iran), and the 
cells were cultured in osteogenic medium for 7–14 days.

Gene expression analysis

At 7–14 days, the cells were detached from the titanium 
plates using trypsin and a cell scraper. RNA extraction was 
performed using RNAx Plus kit (Cinnagen, Iran). Next, 
cDNA was synthesized using Mo-MuLV RT Master Mix 
kit (Cinnagen, Iran). After cDNA synthesis, the expression Fig. 1   Specimens before (a) and after (b) coating

Fig. 2   SEM micrograph of a specimen to confirm deposition of coat-
ing at × 5000 magnification
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of osteogenic-related genes including runt-related transcrip-
tion factor 2 (RUNX2), osteocalcin (OCN), and osteopontin 
(OPN) osteogenic genes was measured using SYBR Green 
Master Mix kit (Ampliquon, Denmark), and real-time RT-PCR 
(Roche, France), at 7–14 days. Table 1 presents the primer 
sequences for the abovementioned genes. The gene expres-
sion results were analyzed by delta CT formula. B-actin was 
used as the housekeeping gene. All analyses were repeated in 
triplicate.

The measures of central dispersion for the ratio of 
expression of RUNX2, OPN, and OCN genes, and the 
amount of silver ions released from the nano-HA coat-
ings with and without silver/strontium into the SBF at 
7–14  days were calculated and reported. The ratio of 
expression of genes and the amount of released silver ions 
were compared between the test and control groups using 
the non-parametric Mann–Whitney test since the data were 
not normally distributed.

Results

Expression of osteogenic genes

Table 2 shows the mean ratio of expression of osteogenic 
genes in the two groups at 7–14 days. According to the 
non-parametric Mann–Whitney U test, significant differ-
ences were noted in the ratio of expression of RUNX2 
(P = 0.04), OPN (P = 0.04), and OCN (P = 0.03) between 
the two groups of nano-HA coatings with and without sil-
ver/strontium at 7 days, and the expressions of osteogenic 
markers were significantly higher in nano-HA coating with 

Table 1   Primer sequences for 
osteogenic genes

Primer Accession number Sequences 5′-3′ Primer 
length 
(bp)

Product 
length 
(bp)

B-actin/F B-actin/R NM-001101.5 CTC​GCC​TTT​GCC​GATCC​
CGT​CGC​CCA​CAT​AGG​AAT​C

17
19

217

OCN/F OCN/R NM-199173.6 CTC​ACA​CTC​CTC​GCC​CTA​TTG​
GTC​AGC​CAA​CTC​GTC​ACA​G

21
19

246

OPN/F OPN/R NM-001040058.2 TTC​GCA​GAC​CTG​ACA​TCC​
TTC​CTG​ACT​ATC​AAT​CAC​ATCG​

18
22

275

RUNX2/F RUNX2/R NM-0010150513 CGG​AAT​GCC​TCT​GCT​GTT​ATG​
AGG​ATT​TGT​GAA​GAC​GGT​TATGG​

21
23

117

Table 2   Mean and standard 
deviation of the ratio of mRNA 
expression of RUNX2, OPN, 
and OCN genes in the two 
groups of nano-HA coatings 
with and without silver/
strontium at 7–14 days (n = 3)

Gene/day Group Mean (ppm) Std. deviation Std. error

RUNX2/7 days HA with Ag/Sr 1.47 0.21 0.12
HA without Ag/Sr 10 0 0

OPN/7 days HA with Ag/Sr 2.0 0.46 0.26
HA without Ag/Sr 1.0 0 0

OCN/7 days HA with Ag/Sr 1.2 0.17 0.1
HA without Ag/Sr 1.0 0 0

RUNX2/14 days HA with Ag/Sr 1.17 0.29 0.17
HA without Ag/Sr 1.0 0 0

OPN/14 days HA with Ag/Sr 1.5 0.46 0.26
HA without Ag/Sr 1.0 0 0

OCN/14 days HA with Ag/Sr 1.1 0.26 0.15
HA without Ag/Sr 1.0 0 0

Table 3   Mean and standard deviation of the amount of silver ions 
(ppm) released from the nano-HA coatings with/without silver/stron-
tium at 7–14 days (n = 5)

Day Group Mean (ppm) Std. deviation Std. error

7 HA with Ag/Sr 0.06 0.02 0.01
HA without Ag/Sr 0.01 0 0

14 HA with Ag/Sr 0.04 0.01 0.01
HA without Ag/Sr 0.01 0 0
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silver/strontium group. However, no significant difference 
was noted in the expression ratio of RUNX2 (P = 0.7), 
OPN (P = 0.2), and OCN (P = 1.0) between the two groups 
of nano-HA coatings with and without silver/strontium at 
14 days.

Release of silver ions

Table 3 presents the mean and standard deviation of the 
amount of silver ions released from the nano-HA coatings 
with/without silver/strontium at 7–14 days. According to the 
results of non-parametric Mann–Whitney U test, no signifi-
cant difference was noted between the two groups in release 
of silver ions at 14 days (P = 0.15). However, the difference 
in this respect was significant at 7 days, and the amount 
of released silver ions was higher in nano-HA with silver/
strontium group (P = 0.03).

Discussion

This study aimed to quantify the concentration of released 
silver ions and osteoblastic gene expression by MC3T3-E1 
cells cultured on titanium plates coated with nano-HA with/
without silver/strontium via the electrochemical deposition 
method.

SEM micrographs of the surface of specimens prior to 
coating revealed lines created by the polishing process. Also, 
the homogenous HA/Ag/Sr coating was evident on the sur-
face of Ti-6Al-4 V alloy. In general, the coating was uniform 
and homogenous, and the particles had a uniform pattern of 
distribution on the alloy surface. Moreover, condensed rod-
shaped nanoparticles with a mean width of 35 nm and mean 
length of 203.3 nm had covered the surface. These obser-
vations indicated optimal coating process and selection of 
influential factors such as concentration, temperature, time, 
and voltage. On back-scattered FE-SEM images, silver and 
strontium nanoparticles were seen in the form of separate 
islands on the surface of HA coating. Considering the uni-
formity and homogeneity of the coatings in this study, this 
technique can be used as a practical and precise method in 
similar future studies. It has been reported that heterogeneity 
in distribution of crystals on the coated surfaces can lead to 
local defects or a reduction in overall percentage of osseoin-
tegration in dental implant treatments [20].

Silver ion release from HA coatings into a physiologi-
cal environment plays an important role in their antibacte-
rial activity. Release of silver ions into SBF is quantified 
by spectroscopy, and if the concentration of released ions 
exceeds 1.6 ppm, the respective coating would be considered 
toxic [21]. Accordingly, the designed and deposited coat-
ings in the present study were not toxic. Erdem and Turkoz 
(2019) evaluated the pattern of silver ion release from the 

structure of silver-reinforced HA products under in vitro 
conditions, and demonstrated that the amount of released 
silver ions from all products was limited, and the products 
did not show any sign of degradation. Thus, they confirmed 
non-toxicity of nano-HA products containing certain con-
centrations of silver, which was in accordance with the pre-
sent results [22], although they synthesized the nano-HA 
and silver compounds by the deposition method, which was 
different from our methodology.

In the present study, the amount of silver ions released 
from the nano-HA coatings with silver/strontium into the 
SBF was higher than the corresponding value in nano-HA 
coating without silver/strontium group at both 7 (mean 
value of 0.06 ppm versus 0.01 ppm) and 14 (mean value of 
0.04 ppm versus 0.01 ppm) days. However, this difference 
was only significant at 7 days. Thus, the amount of silver 
ions released from nano-HA coatings with silver/strontium 
decreased over time while this value remained constant in 
nano-HA coating without silver/strontium group. Also, this 
value was insignificant and negligible in the latter group. 
Considering the fact that the amount of silver ions released 
from nano-HA coatings with silver/strontium was also very 
low (0.04 ppm), it may be concluded that the designed nano-
HA coatings containing silver/strontium were compatible 
in the respective ratios, and can be safely used in dental 
treatments [22].

Release of silver ions from nano-HA plus silver/stron-
tium coatings can be related to the oxidation of silver fol-
lowing reaction with water, and conversion of silver to its 
ionic form [19]. Release of silver ions into SBF is closely 
correlated with the antimicrobial properties of the coatings. 
The minimum concentration of silver ions for induction of 
antibacterial properties is 0.1 ppm as reported in the lit-
erature, while its cytotoxic concentration is 1.6 ppm [23]. 
Zhu et al. (2009) evaluated the release of silver ions from 
the antimicrobial HA coatings and reported that the release 
of silver ions decreased over time, and reached a plateau at 
7–14 days [24]. In the present study, release of silver ions 
from nano-HA coatings containing silver/strontium was very 
small, and reached a plateau at 7 days; also, reuptake of 
silver ions occurred by day 14 [24]. These findings were 
in agreement with the results of Zhu et al. (2009) to some 
extent. However, they coated the titanium specimens with 
HA by the vacuum plasma spray technique, which was dif-
ferent from our methodology.

In the process of deposition of HA on the titanium sur-
face in SBF, some silver ions are trapped in the new apatite 
layer and thus, the release of silver ions is prevented. Chen 
et al. (2010) reported high amounts of silver ions released 
into SBF in primary phases of immersion, which can be 
beneficial for prevention of bacterial growth in early post-
operative phases [22]. In their study, the concentration of 
silver in SBF decreased after the early phases and reached 
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a plateau at 336 h. Also, they applied silver-containing HA 
coating by the coprecipitation or plasma spray technique 
and reported that ion release from the coatings deposited by 
the coprecipitation technique was higher than that from the 
coatings applied by the plasma spray technique.

Fielding et  al. (2012) demonstrated that silver ions 
released from HA plus silver coatings were attached to 
alkaline phosphatase with areas of high-affinity metal ions 
and changed its functional stability. However, these areas 
showed a better performance with strontium (Sr2 +) ions 
and did not change the functional stability [25]. Therefore, 
strontium can compete with silver for attachment to specific 
sites of cellular function [26]. It appears that reinforced HA 
coatings with low contents of strontium and silver can have 
non-toxic properties and prevent bacterial proliferation while 
enhancing cell proliferation.

The nano-HA particles used in titanium coatings can 
reportedly increase osteoblastic proliferation, adhesion and 
calcium deposition [27]. However, the performance of metal 
implants coated with HA depends on their physicochemical 
and biological properties. The implant surface should be 
able to provide adequate support for osteoblastic synthesis 
of new bone, and at the same time, dental implants should 
be supported by the host defense mechanisms for optimal 
osseointegration and survival, and prevention of bacterial 
attachment. HA serves as a biocompatible ceramic, and 
silver serves as an antimicrobial agent commonly used in 
dental prosthetics and surgical instruments [28]. The antimi-
crobial activity of silver is exerted by damaging the bacterial 
cell wall and subsequent bacterial cell death [29]. However, 
optimal amounts of silver should be incorporated in HA 
coatings to achieve adequate antimicrobial activity while 
minimizing cytotoxicity.

In this study, to assess the release of silver ions, each 
coated specimen was immersed in 50 mL of SBF at 36.5 °C, 
and the ion concentration was measured after 7 and 14 days. 
SBF is an electrolyte solution that simulates the ionic bal-
ance, composition, and pH of human plasma [30]. When 
HA is immersed in SBF for long periods of time, excess 
calcium phosphate may deposit from SBF on the surface 
of HA. Deposition of calcium phosphate from SBF in vitro 
indicates the surface activity of HA to enhance biological 
mineralization.

The nano-HA + silver/strontium coatings often contain 
Al, P, Cl, Ca, Ti, V, Sr and Ag; among which, elements such 
as P and Ca are primarily derived from carbonated HA while 
Sr and Ag are derived from replacement of Ca2+ ions in HA 
crystals with Ag+ and Sr2+. Thus, these coatings are suitable 
for cell proliferation due to the presence of minerals such as 
Sr in HA. The EDS results also indicated the formation of 
Ag/Sr HA coatings on the surface of titanium plates [15].

In this study, the ratio of expression of RUNX2, OPN, 
and OCN genes in nano-HA + silver/strontium coatings was 

significantly higher than that in nano-HA without silver/
strontium group at 7 days; however, this difference was not 
significant at 14 days. At 7 days, the expression of RUNX2, 
OPN, and OCN was 1.47%, 2.0%, and 1.2%, respectively in 
nano-HA coating plus silver/strontium group while these 
values were 1.0%, 1.0% and 1.0%, respectively in nano-HA 
coating without silver/strontium group. The ratio of expres-
sion of genes decreased over time, and the difference in this 
respect was no longer significant between the two groups 
at 14 days. Decreased expression of osteogenic genes at 
14 days compared with 7 days may indicate that the genes 
had already exerted their specific effects and had no addi-
tional effect at day 14. On the other hand, the time of effect 
(early/late) of each gene is also important in the process 
of osteogenesis, and these genes might have an early effect 
on osteogenesis. Thus, further investigations are required 
to assess the expression of osteogenic genes at time points 
earlier than 7 days in more details. On the other hand, early 
events in the process of osseointegration including accumu-
lation of adhesion proteins and osteoblastic precursors, and 
the inductive effects of such surface coatings on improve-
ment of initial events can all affect the results.

In the present study, no significant difference was noted 
in percentage of expression of OCN gene in the two coating 
groups at 14 days; however, this difference was significant 
at 7 days. Also, the expression of RUNX2, OPN, and OCN 
genes remained constant (1.0%) in nano-HA without silver/
strontium group at both time points.

Huang et al. (2017) reported an increase in production of 
OCN by prolonging the cellular incubation time in all sam-
ples [15]. In this study, HA coating containing silver/stron-
tium showed maximum OCN expression compared with 
other samples after 14 days. At the same time, mineral ions 
released from nano-HA coatings containing silver/strontium 
such as silver and strontium ions can induce osteoblastic 
differentiation.

Strontium coatings are used to inhibit the cytotoxic 
effects of silver while maintaining its antimicrobial 
properties. Strontium prevents osteoclastic proliferation, 
improves new bone formation, and decreases bone loss 
by stimulating osteoblastic proliferation [31]. Moreo-
ver, strontium increases osteogenic cell proliferation and 
activity of osteoblasts in synthesis of bone matrix. It also 
increases the alkaline phosphatase activity and simulta-
neously decreases the production of osteoclastic markers 
during differentiation of bone marrow cells. It prevents 
osteoclastic differentiation and decreases the activity of 
osteoclasts as well [32, 33]. Alkaline phosphatase also 
serves as a primary osteoblastic differentiation marker 
[34], and is produced by cells with mineralized extracel-
lular matrix [35]. The activity of alkaline phosphatase 
decreases when the cells are saturated and also at the 
beginning of mineralization. On the other hand, strontium 
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induces the osteogenic differentiation of bone marrow 
mesenchymal stem cells and other progenitor cells [36]. 
It has been reported that combination of strontium with 
HA, calcium phosphate, calcium silicate, calcium sulfate, 
bioglass, and some other compounds can induce bone tis-
sue regeneration and new bone formation and excellent 
antibacterial properties [37–40]. Thus, coating of den-
tal implants with strontium may be beneficial for some 
patients especially those with osteoporosis or osteopenia.

This study described part of the physical and biological 
assessment of the introduced surface which was prooved 
to be suitable and compatible for cell adaptation in the 
previous project.

High cost of coating of specimens, not assessing the 
long-term cytotoxicity of the coatings for osteoblast-like 
cells and other cell types, and high risk of contamination 
of specimens were among the limitations of this study.

The clinicians may choose among several compounds 
according to the clinical conditions and regenerative require-
ments of patients with the aim to enhance and sustain bone 
tissue regeneration and new bone formation [41, 42] Further 
investigations are still required to improve the surface prop-
erties of implants by application of coatings such as nano-
HA plus Ag/Sr and enhance the process of osseointegration 
as such. Also, the proliferation and differentiation of stem 
cells and their long-term behavior on these surfaces, and 
the quality of the regenerated hard tissue, bone, and oste-
oid should all be assessed over time by histomorphometric 
assessments. The behavior of stem cells on such surfaces is 
now under investigation by the authors of the present study.

Conclusion

Addition of silver and strontium to specimens coated with 
nano-HA increased the release of silver ions within the 
non-toxic range, and enhanced the expression of osteo-
genic genes particularly after 7 days.
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