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Abstract
Infection in bone transplantation process is attracting considerable attention. The current study synthesizes silver/strontium co-
substituted hydroxyapatite (Ag/Sr-HA) nanoparticles with combined osteogenic and antibacterial activities. Different concen-
trations of silver-substituted hydroxyapatite (Ag-HA) nanoparticles were synthesized by hydrothermal method, and then their
physicochemical properties were characterized by X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), transmission electron microscope (TEM), and energy-dispersive X-ray spectroscopy (EDS). Then, Sr was added as
secondary element into Ag-HA to improve the biocompatibility of substrate. The antibacterial experiments indicated that Ag-HA
had excellent antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The effects of
prepared samples on cell proliferation and differentiation were evaluated using MC3T3-E1 cells in vitro. The results showed
that Sr substitution enhanced cell proliferation and differentiation, upregulated expression of osteogenic genes, and induced
mineralization of cells. The substitution of Sr in Ag/Sr-HA nanoparticles can effectively alleviate the negative effects of Ag and
enhance the biological activity of HA. Thus, the synthesized Ag/Sr-HA nanoparticles will serve as a potential candidate for
application of biomedical implants with excellent osteogenic and antibacterial ability.
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Introduction

Hydroxyapatite (HA) has been widely used in orthopedics and
dentistry to enhance bone regeneration due to its excellent bio-
activity, biocompatibility, and osteoinductivity [1, 2]. It has
been also applied as a cladding material of metal implants for
its ability to promote cellular functions and osteoinductivity [3,
4]. The major risk factor during implanting process is postop-
erative infection, which usually leads to severe pain and im-
plant failure [5]. The local implants have no lasting antimicro-
bial effects during bone regeneration [6]. Microbial infections
should be managed in first during transplantation. So lack of
antibacterial activity is a limitation of HA used in tissue

engineering. The antibacterial property should be introduced
into HA for more successful implants. Various types of anti-
bacterial materials included silver (Ag), zinc oxide (ZnO), and
copper (Cu) have been reported to be useful with their antibac-
terial activity [7, 8]. The incorporation of inorganic antimicro-
bials such as Ag, ZnO, and Cu in biological grafting materials
is a strategy to prevent microbial infection [9–11]. Among
these antibacterial materials, Ag has excellent antibacterial ac-
tivity against several kinds of bacteria and also nontoxic to
mammalian and prokaryotic cells at low concentration [12,
13]. Ag has been incorporated into some compounds to en-
hance the antimicrobial activity. Previous studies have shown
that the higher proportion of Ag in these substrates gives better
antibacterial effects but with increasing cytotoxicity [14].
Therefore, a secondary chemical element needs to be intro-
duced to mitigate negative effects and retain antibacterial activ-
ities of the substrate materials.

Some trace metal elements includedmagnesium (Mg), zinc
(Zn), and Cu can promote bone formation. As an important
trace element in bone, Mg plays a special role in bone resto-
ration process. It has been demonstrated that Ag/Mg-HA had
better antibacterial activity and osteoinductive ability [15].
The incorporation of Mg effectively lessened the negative
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effects and improved the biocompatibility of Ag-HA.
Similarly, the Zn/Ag co-implanted titanium not only promot-
ed the adhesion, spreading, proliferation, and osteogenic dif-
ferentiation of rBMSCs, but also exhibited excellent antibac-
terial ability [16]. With excellent bioactivity and antimicrobial
ability, Cu-doped bioactive glass nanoparticles provided po-
tential applications in the prevention of infectious diseases and
treatment of bone defects [17]. Strontium (Sr) is a natural
element in human body with bone targeting property and
has attracted an extensive interest in the bone injuries man-
agement due to its effective antiosteoporosis activity [18]. Sr
plays an important role in the early stages of osteogenesis,
which inhibits bone resorption, increases bone formation, pro-
motes osteoblastic differentiation, stimulates the expression of
type I collagen protein and dental matrix protein I while in-
creasing the secretion of osteoprotegerin [19–22]. Hence, Sr is
an encouraging auxiliary chemical for mitigating the potential
adverse impact of Ag-HA. The new compound may exhibit
excellent antibacterial activity and acceptable biocompatibili-
ty in bone tissues after incorporation of Sr and Ag into HA.

In this study, a series of Ag and Sr co-substituted HA nano-
particles were synthesized by a hydrothermal method. The
antibacterial activity and cell viability of HA doped with dif-
ferent concentrations of Agwere studied. Then, Ag/Sr-HA co-
substituted with fixed concentration (5.0 wt.%) of Ag and four
different concentrations (1.0, 2.5, 5.0, and 10.0 wt.%) of Sr
was synthesized to improve the antibacterial and osteogenic
activity of HA. The antimicrobial properties of HA, Ag-HA,
and Ag/Sr-HA were performed in interaction with microbial
cultures of E. coli and S. aureus in vitro. Then the effects of
prepared samples on cell proliferation and differentiation were
analyzed using MC3T3-E1 cells in vitro. The results showed
that Ag incorporation improved antibacterial activity of HA
significantly. The incorporation of Sr enhanced cell prolifera-
tion and differentiation, upregulated expression of osteogenic
genes, and induced mineralization of cells. The substitution of
Sr in Ag/Sr-HA nanoparticles can effectively alleviate nega-
tive effects of Ag and enhance osteogenic activity of HA. The
Ag/Sr-HA is a potential candidate for many biomedical appli-
cations in implants due to its improved osteogenic and anti-
bacterial properties.

Materials and Methods

Materials and Reagents

Calcium nitrate tetrahydrate (Ca(NO3)2•4H2O), silver nitrate
(AgNO3), strontium nitrate tetrahydrate (Sr(NO3)2•4H2O),
ethylenediamine tetraacetic acid disodium (EDTA disodium),
ammonia solution (NH3•H2O), and diammonium hydrogen
phosphate (NH4)2HPO4), were purchased from Kemiou
Chemical Reagent Co. Ltd. (Tianjin, China). The osteoblast

precursor MC3T3-E1 cell line was purchased from the
Institute of Cell Research of Chinese Academy of Sciences
(Shanghai, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), β-glycerophophate, penicillin,
streptomycin, dexamethasone, collagen II, ascorbic acid, in-
sulin, alizarin red-S (ARS), cetylpyridium chloride, and
dimethylsulfoxide (DMSO) were obtained from Sigma-
Aldrich (St. Louis, USA). Alpha-modified Eagle’s medium
(α-MEM), fetal Bovine Serum (FBS), and trypsin were pur-
chased from Gibco (Grand Island, NY, USA). All the other
chemical reagents were analytical grade and used without fur-
ther purification.

Synthesis of Nanoparticles

Four types of nanoparticles included HA, Ag-HA, Sr-HA, and
Ag/Sr-HA were prepared by a hydrothermal method. The Ca/
Ag/Sr nitrate solutions were prepared using Ca(NO3)2•4H2O,
AgNO3 and Sr(NO3)2•4H2O, respectively. (NH4)2HPO4 solu-
tions were used as the same phosphorus sources of four synthe-
sized powders. HA was prepared by dissolving Ca(NO3)2·4H2O
andEDTAdisodium in 25mL deionizedwater to 11.25mMand
2.50 mM, respectively, and the pH was adjusted to 10 by
NH3•H2O (solution 1). Solution 2 was prepared by dissolving
(NH4)2HPO4 in 25 mL deionized water to 7.50 mM. Solution 1
was stirred for 0.5 h, and then solution 2 was added to solution 1
drop by drop and stirred for 1 h at 60 °C. The pH was regulated
and kept at 10 using NH3•H2O during the reaction. The mixed
solution was transferred to a teflon bottle (100 mL) in a stainless-
steel autoclave, and kept under a sealed condition of 180 °C for
12 h. After the reaction was over, the precipitate was centrifuged
andwashed three timeswith deionizedwater and ethanol, respec-
tively. The samples were dried in vacuum at 70 °C overnight.
The preparation ofAg-HA, Sr-HA, andAg/Sr-HAwas similar to
the synthesis of HA. Different wt.% of Ag and Sr in synthesized
samples could be obtained by adjusting the amount of AgNO3

and Sr(NO3)2•4H2O.

Characterization of the Samples

The crystalline phase of the prepared samples was character-
ized byX-ray powder diffraction (XRD, D8Advance, Bruker,
Germany). The range of the 2θ angle was from 10 to 60°. The
morphology and size of the samples were investigated by a
transmission electron microscope (TEM, Tecnai G2 F20, FEI,
USA). The length and diameter of the synthesized samples
were measured from the TEM images using Nano Measurer
software (version 1.2). Fourier transform infrared (FTIR)
spectra of samples were measured in KBr pellet on Nicolet
iS10 spectrometer (Nicolet iS10, Thermo, USA). The elemen-
tal analysis of the prepared powders was analyzed by energy-
dispersive X-ray spectroscopy (EDS, PhenomProX,
Netherlands Phenom-World, Netherlands).
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Antibacterial Activity Test

The antibacterial activity of Ag-HA and Ag/Sr-HA powders
was evaluated by agar disc diffusion method. The Ag-HA or
Ag/Sr-HA powders (100 mg) were pressed into thin wafers by
tablet press, respectively. The prepared wafers were sterilized
by ultraviolet and retained for later use. Escherichia coli
(ATCC 25922) and Staphylococcus aureus (ATCC 25923)
strains were used for determining the antibacterial effect of
synthetic powders. An inoculum of the microorganism was
prepared from fresh overnight broth cultures in tripton soy
broth with 0.6% yeast extract, which was treated at 37 °C.
The agar was poured into petri dishes to form 4-mm thick
layers. The layers were dried in the air for 10 min and after
that, the diluted bacteria was coated on the plate, and the
compressed piece of the samples was attached to it. The agar
diffusion test was performed on Muller-Hinton agar. After
incubated at 37 °C for 24 h, the antibacterial activity was
performed by measuring the inhibition zone around the disc.

Cell Viability Assay

The effects of HA, Ag-HA, Sr-HA, and Ag/Sr-HA on cell
viability were tested by MTT assay. MC3T3-E1 cells were
cultured in α-MEM with 10% fetal bovine serum in a CO2

atmosphere at 37 °C and then added in a 96-well plate at a
density of 2 × 104 cells/well. After 24-h incubation, the cells

were treated with materials in three concentrations (20, 40,
and 80 μg/mL) for 1, 4, and 7 days, respectively. After that,
the contents in wells were removed and washed with
phosphate-buffered saline (PBS), then added of 10 μL of
MTT (5 mg/mL) and 90 μL of α-MEM per well. The
formazan crystal formation was observed in the well after
incubation for 4 h. One hundred microliters of dimethyl sulf-
oxide (DMSO) was added to each well, and the absorbance
was detected by a microplate spectrophotometer at 570 nm
(BioRad Model 3550, USA). The cell viability (%) was cal-
culated according to the formula ODsample/ODcontrol × 100.

ALP Activity Assay

For inducing osteogenic differentiation, cells were cultured in
α-MEM supplemented with osteogenic differentiation medi-
um (OS, 5 mMβ-glycerophosphate, 100 μg/ml ascorbic acid)
and 100 nM dexamethasone. Cells were seeded in 48-well
plate at a density of 4 × 104 cells per well and exposed to
HA, Ag-HA, Sr-HA, and Ag/Sr-HA at a final concentration
of 40 μg/mL for 14 days. After the cultural administration, the
plates were washed twice with cold PBS, and the cells were
lysed by repeated freeze-thaw cycles. An ALP kit was used to
measure the expression level of ALP according to the instruc-
tion manual, and the total protein content of the cells was
measured by a micro-protein assay kit. Each value was nor-
malized to total protein content.

Table 1 RT-qPCR primer
sequence Target gene Primer sequence (5′→ 3′) Anti primer sequence (3′ → 5′)

OCN AACATGACCAAAAACCAAAAGTG CATTGTTTCCTGTGTCTTCTGG

Runx2 TTCTCCAACCCACGAATGCAC CAGGTACGTGTGGTAGTGAGT

ALP CAGTTTCCAGCGGGTAGGAAG CCTCATCCCTGACCCTGCAT

BMP2 TGGCCCATTTAGAGGAGAACC AGGCATGATAGCCCGGAGG

GAPDH GACTTCAACAGCAACTCCCAC TCCACCACCCTGTTGCTGTA

Fig. 1 XRD patterns and FT-IR spectra of HA and different concentrations of Ag-HA powders. a XRD patterns. b FT-IR spectra
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Mineralized Matrix Formation Assay

Cells were cultured in 24-well plate at a density of 2 × 106

cells per well with osteogenic differentiation medium OS and
HA, Ag-HA, Sr-HA, and Ag/Sr-HA at concentration of 40
μg/mL. The cells were cultured for 21 days, and then washed
twice with PBS and fixed with 95% ethanol for 10 min. The
ethanol was washed with PBS, and 200 μl ARS (0.1%) was
added and incubated for 30 min in an incubator. The orange
mineralized nodules were observed and photographed. After
taking photographs, 10% (w/v) cetylpyridinium chloride was
used to elute the mineralized nodules for 10 min. The absor-
bance was measured at 570 nm for quantifying the ARS stain-
ing at room temperature.

Osteogenic Gene Expression

The expression of four osteogenesis-related genes included
osteocalcin (OCN), runt-related transcription factor 2
(Runx2), alkaline phosphatase (ALP), and bone morphoge-
netic protein-2 (BMP-2) was detected by quantitative reverse
transcription polymerase chain reaction (RT-qPCR) (Table 1).
GAPDH was used as the housekeeping gene. Briefly, 4 × 104

cells were inoculated per well and cultured with HA, Ag-HA,
Sr-HA, and Ag/Sr-HA at final concentration of 40 μg/mL for
14 days. The total cellular RNAwas extracted from cells using
trizol reagent. All RNA had an A260/A280 absorbance ≥ 1.8.
cDNA was synthesized from 1 to 3 μg of total RNA using
Exscript RTase. Specific primers were used for quantitative
RT-qPCR in an ABI Prism 7000 sequence detection system

(Applied Biosystems, Foster City, USA). The experiments
were performed in triplicate.

Statistical Analysis

Data were presented as mean ± standard deviation (S.D) from
three independent experiments. Statistical comparison was an-
alyzed by two-tailed Student’s t test between different group
comparisons. P values less than 0.05 were considered to be
statistically significant.

Results and Discussion

Characterizations of Pure HA and Ag-HA

The XRD patterns of HA and different concentrations of Ag-
HA were shown in Fig. 1a. The main phase in all synthesized
samples was identified as hexagonal crystal phase of HA
which belonged to space group P63/m (JCPDS No.09-
0432). The diffraction peaks corresponding to the (002),
(211), (112), (300), (202), (310), (222), (213), and (004) crys-
tal planes were attributed to HA. The diffraction peaks were
intense and sharp, and there were no other undesirable peaks
in the synthesized powders. In addition to the peaks originated
from HA, the peaks at 38.1°and 44.3° can be attributed to
elemental Ag (JCPDS No. 87-0179) in the XRD patterns of
Ag-HA. FTIR spectroscopic analysis was carried out to iden-
tify the functional groups of synthesized powders. The FT-IR
spectra of HA and different concentrations of Ag-HA were
shown in Fig. 1b. The absorption bands at 469 cm−1 (ν2),
564 and 604 cm−1 (ν4), 963 cm−1 (ν1), and 1033 cm−1 and
1093 cm−1 (ν3) were attributed to the phosphate groups (PO4

3

−). The peaks at 1635 cm−1 correspond to hydrogen phosphate
(HPO4

2−). The peaks appeared at 3447 and 3571 cm−1 were

�Fig. 2 The elements of different Ag concentrations of Ag-HA powders. a
HA. b 0.5 wt.% c 1.0 wt.%. d 2.5 wt.%. e 5.0 wt.%. f 10.0 wt.%. g
Quantification of the atomic concentration of elements

Fig. 3 TEM images of HA and different Ag concentrations of Ag-HA powders. a HA. b 0.5 wt.%. c 1.0 wt.%. d 2.5 wt.%. e 5.0 wt.%. f 10.0 wt.%
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ascribed to the characteristic tensile vibrational mode of the
adsorbed water and structural -OH groups on the surface of
the synthesized powders [23]. The FTIR spectra of different
Ag concentrations of Ag-HA were similar to those of HA.
There is no significant difference in the shapes and intensities
of the peaks. It suggested that the substitution of Ag had no
change on the structure of the pure HA. This was consistent
with the previous report [15]. The chemical elements of cal-
cium (Ca), phosphorous (P), oxygen (O), and silver (Ag) were

found in Ag-HA by EDS analysis (Fig. 2). The morphology
and size of the HA and different concentrations of Ag-HA
were investigated by TEM. TEM micrographs gave the direct
information about the size and shape of the synthesized sam-
ples. Both pure HA and Ag-HA exhibited a rod-like morphol-
ogy with a relatively narrow size distribution. The length of
Ag-HA was about 180.5 ± 17.9 nm and the diameter was
about 21.2 ± 3.1 nm (Fig. 3). The results showed that substi-
tution of Ag in HA had no effect on the morphology of HA.

Fig. 4 Inhibition zone of HA and
different Ag concentrations of
Ag-HA powders to E. coli and S.
aureus by the disc diffusion assay.
a Inhibition zone of different
samples. b Quantification of the
inhibition zones of different
samples. *P < 0.05 comparedwith
the corresponding Ag0.5HA
group

Fig. 5 XRD patterns and FT-IR spectra of the synthesized HA, Ag-HA, Sr-HA, and Ag/Sr-HA nanopowders. a XRD patterns. b FT-IR spectra
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Antibacterial Property of Ag-HA

The agar disc diffusion method was used to detect anti-
microbial activities of HA and Ag-HA. The inhibition
zone of HA and different concentrations of Ag-HA
against E. coli and S. aureus was shown in Fig. 4a. It

was found that higher concentration (5.0 and 10.0 wt.%)
of Ag-HA exhibited effective antibacterial activity with a
4-6-mm inhibition zone. However, pure HA had no bac-
tericidal property against bacterial strains. The Ag-HA
had stronger antimicrobial activity than pure HA, and
the antimicrobial activity of Ag-HA was enhanced with

Fig. 6 The elements of different Sr concentrations of Ag/Sr-HA powders. a 1.0 wt.%. b 2.5 wt.%. c 5.0 wt.%. d 10.0 wt.%. fQuantification of the atomic
concentration of elements
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Fig. 7 TEM images of different
Sr concentrations of Ag/Sr-HA
powders. a 1.0 wt.%. b 2.5 wt.%.
c 5.0 wt.%. d 10.0 wt.%

Fig. 8 Effects of the synthesized HA, Ag-HA, Sr-HA, and Ag/Sr-HA nanopowders on the MC3T3-E1 cell viability. a Ag-HA. b Sr-HA. c Ag/Sr-HA.
Data are expressed as means ± standard deviation from three independent experiments (n = 6). **P < 0.01, *P < 0.05 compared with the control group
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the increasing Ag concentration in HA. It seemed that the
antibacterial effect of Ag-HA (5.0 wt.%) was better than
that of Ag-HA (0.5 and 1.0 wt.%). So the Ag/Sr-HA used
in following experiments had a fixed concentration of Ag
(5.0 wt.%) and different concentrations of Sr. Therefore, it
was concluded that Ag played a key role in the excellent
antibacterial action of Ag-HA.

Characterizations of Ag/Sr-HA

The XRD patterns of Ag/Sr-HA were shown in Fig. 5a. It was
found that the Ag/Sr-HA exhibited similar peaks to that of Ag-
HA. However, the 2θ values of Ag/Sr-HA sample were slight-
ly different from that of Ag-HA. The peak shift may due to the
different ionic radius of Sr (1.13 Å) and Ca (0.99 Å). The
lattice parameters would be changed with the incorporation
of ions, such as Mg2+, Zn2+, and Ba2+, which were different
from the ionic radius of Ca2+ [24–26]. The EDS spectra also

indicated that the Sr had been incorporated into Ag-HA struc-
ture (Fig. 6). The FT-IR spectra of HA, Ag-HA, Sr-HA, and
Ag/Sr-HA were shown in Fig. 5b. The FTIR spectra of Ag/Sr-
HA were similar to that of Ag-HA. After co-substitution of Sr
into Ag-HA, the shape and intensity of the peaks have no
change significantly. The TEM images of different Sr concen-
trations of Ag/Sr-HA were shown in Fig. 7. After co-
substitution of lower Sr concentrations (1.5, 2.5, and 5.0
wt.%), Ag/Sr-HA had regular nanoparticle morphology with
good crystallinity. The morphology of Ag/Sr-HA had no re-
markable change. The length of Ag/Sr-HA was about 175.8 ±
18.5 nm and the diameter was about 18.3 ± 2.6 nm. But the
morphology became slightly irregular when the Sr concentra-
tion up to 10.0 wt.% (Fig. 7d). It indicated that the lower
crystallinity due to the incorporation of higher concentration
of Sr in Ag-HA. After the Ca in crystal lattice of HA was
replaced by Sr, the lattice constant, cell volume, and density
of HA were increased linearly. The crystallinity and

Fig. 9 Effects of the synthesized HA, Ag-HA, Sr-HA, and Ag/Sr-HA
nanopowders on the cells differentiation of MC3T3-E1 cells. a ALP
activity of cells. b Quantification of the mineralized matrix of cells. c
The expression of mRNA for OCN, Runx-2, ALP, and BMP-2 in cells.

d The mineralized matrix nodules of cells stained by ARS. Data are
expressed as means ± standard deviation from three independent experi-
ments (n = 6). **P < 0.01, *P < 0.05 compared with the corresponding OS
group.
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morphology of HAmay change to a certain extent. The reason
might be that Sr has a larger ionic radius than Ca [27]. So the
concentration of Sr of Ag/Sr-HA used in following ALP ac-
tivity andmineralizedmatrix formation experiments was fixed
to 5.0 wt.%.

Effects of Synthesized Samples on Cell Viability

The results of the cell viability assay showed that the HA and
Ag-HA nanoparticles almost had no toxicity on cells. The cell
viability was similar to that of control group after treated by
HA and Ag-HA (2.5 and 5.0 wt.%) nanoparticles (Fig. 8a). It
indicated that lower Ag doped in HA had no toxicity. As the
concentration of Ag increased to 10.0 wt.%, the samples ex-
hibited a certain degree of cytotoxicity which was proved by
the lowered cell viability compared to the HA group. This
result was consistent with earlier studies that the higher Ag
concentration of Ag-HA exhibited cytotoxicity, resulting in
cell proliferation limitation and cell death [28]. Therefore, it
can be concluded that the Ag-HA nanoparticles containing a
small quantity of Ag were more appropriate for applications in
implant. Compared with pure HA, the Sr-HA and Ag/Sr-HA
nanoparticles can promote cell proliferation more effectively.
All samples can improve cell viability after training 4 days to 7
days (Fig. 8b, c). The incorporation of Sr in HA plays a key

role in the cell proliferation. It has demonstrated that Sr2+ ions
may stimulate phosphorylation of extracellular signal-
regulated kinase (ERK) in mouse osteoblastic MC3T3-E1
cells expressing the calcium sensing receptor (CaR) endoge-
nously, and thus enhance themRNA expression of osteocalcin
and bone morphogenetic protein-2 in MC3T3-E1 cells, pro-
mote cell proliferation and mineralization [29].

Effects of Synthesized Samples on Osteogenic
Differentiation

The effects of synthesized nanopowders on osteogenic differ-
entiation of MC3T3-E1 cells in vitro were investigated
through ALP activity assay, Alizarin Red staining (ARS)
and RT-qPCR analysis. As an early stage marker of oste-
ogenic differentiation of MC3T3-E1 [30], ALP activity
was evaluated quantitatively. The ALP activity of
MC3T3-E1 cells cultured with different nanopowders for
14 days was shown in Fig. 9a. The ALP level of several
nanopowders group was strongly increased than that of
OS group. The Sr ions in hydroxyapatite had a significant
stimulatory effect on ALP activity. The mineralization
product serves as a late stage marker of osteogenic differ-
entiation. The cellular mineralization was tested at
prolonged culture periods of up to 21 days by Alizarin

Fig. 10 Inhibition zone of
different Sr concentrations of Ag/
Sr-HA powders to E. coli and S.
aureus by the disc diffusion assay.
a Inhibition zone of different
samples. b Quantification of the
inhibition zones of different
samples
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red staining (ARS) and quantitative mineralization assay.
The mineralized matrix nodules of cells and quantification
of the stained extracts were shown in Fig. 9b, d. The min-
eralization promotion rate was in the sequence: Sr-HA >
Ag/Sr-HA > HA > Ag-HA > OS > Blank. It was indicated
that Sr element could further enhance nodule formation
and calcium deposition while reducing silver cytotoxicity.

The gene expression of osteogenic markers was evaluated
by RT-qPCR method. The expression of OCN, Runx-2, ALP,
and BMP-2 plays a key role in the progress of osteogenic
differentiation. In order to further investigate the effects of
synthesized nanopowders on osteogenic differentiation of
MC3T3-E1 cells at the molecular biological level, the gene
expression of cells was detected after cultured with different
nanopowders for 14 days. The expression levels of OCN,
Runx-2, ALP, and BMP-2 were increased in four synthesized
nanopowder groups than that of OS group (Fig. 9c).
Furthermore, the Sr-HA and Ag/Sr-HA particularly promoted
genes expression involved in bone formation. The results in-
dicated that Sr element can enhance a series of cellular
response included proliferation, differentiation, and min-
eralization of osteoblasts in vitro, which agreed with
previous studies [31–33].

Antibacterial Property of Ag/Sr-HA

The antibacterial activity of different Sr concentrations of Ag/
Sr-HA was shown in Fig. 10. The results indicated that the
synthesized Ag/Sr-HA had excellent antibacterial activity
against E. coli and S. aureus. The antibacterial activity of
Ag/Sr-HA was a little higher than that of Ag-HA. The inhibi-
tion zone of Ag/Sr-HA was about 6–7 mm, whereas the inhi-
bition zone of 5.0 wt.% Ag-HA was found to be around 4–5
mm. It was possible that co-substitution of Sr improved the
antibacterial property of Ag-HA. The antibacterial ability of
Ag/Sr-HA had no dose-dependent relationship with increas-
ing concentration of Sr.

Conclusion

In summary, a novel Ag/Sr-HA nanopowder with osteogenic
and antibacterial activity was synthesized by hydrothermal
method. The power exhibited excellent osteoinductive activi-
ty, and displayed better antibacterial activity against E. coli
and S. aureus in vitro. The formation of Ag-HA and Ag/Sr-
HA nanopowder was revealed clearly by structural character-
ization. The incorporation of Ag in HA improved antibacterial
activity of HA significantly. As a second element, Sr alleviat-
ed the cytotoxicity of Ag to osteoblasts. Hence, the co-
substitution of Sr in Ag-HA counteracted the toxicity of Ag
though enhancing cell viability. So the biocompatibility of
Ag/Sr-HA was improved by optimizing the ratio of two

elements included Ag and Sr. Therefore, these synthesized
materials can help to develop more effective bone implants,
due to their excellent osteogenic properties as well as antibac-
terial characteristics.
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