
Materials Science and Engineering C 55 (2015) 497–505

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec
Ultra-trace silver-doped hydroxyapatite with non-cytotoxicity and
effective antibacterial activity
Chao Shi a, Jianyong Gao b, Ming Wang a, Jingke Fu a, Dalin Wang b, Yingchun Zhu a,⁎
a Key Lab of Inorganic Coating Materials, Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295 Dingxi Road, Shanghai 200050, China
b Department of Stomatology, Changhai Hospital, Second Military Medical University, 168 Changhai Road, Shanghai 200433, China
⁎ Corresponding author.
E-mail address: yzhu@mail.sic.ac.cn (Y. Zhu).

http://dx.doi.org/10.1016/j.msec.2015.05.078
0928-4931/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 28 January 2015
Received in revised form 16 April 2015
Accepted 28 May 2015
Available online xxxx

Keywords:
Ultra-trace Ag
Hydroxyapatite
Antibacterial activity
Protein adsorption
Cytotoxicity
Hydroxyapatite (HAp) nanocrystals as themain inorganic component in hard tissue have been extensively stud-
ied for bone regeneration and dental implant treatment. However, failure of surgical reconstruction often occurs
owing to the lack of effective antibacterial ability of HAp. It is still a challenge to develop artificial HAp with both
efficient antibacterial ability and proper biological properties. Herein, a series of ultra-trace Ag-doped HAp
nanocrystals have been elaborately prepared with the optimal doping concentration from 0.27 ppm to
2.2 ppm, which present non-cytotoxicity while possess effective bacteria reduction ability. Ultra-trace Ag-
doped HAp nanocrystals possess higher protein adsorption than pure HAp nanocrystals due to the trace
doping-induced less negative surface potential. The ultra-trace Ag-doped HAp nanocrystals showed effectively
antibacterial ability, non-cytotoxicity and enhanced adsorbability thatmade them idealmaterials for various bio-
compatible and antibacterial applications.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Hydroxyapatite (HAp) has been extensively studied in dentistry and
orthopedics due to its biocompatibility, bioactivity and osteoconductivity,
which result from the structural and chemical similarities to the mineral
component ofmammalian bone and teeth [1–4]. As implantable biomate-
rials, HAp is often used as coating on metallic prostheses to improve the
biological properties. It facilitates the rapid fixation and strong bonding
between host bone and the implants, and accelerates uniform bone in-
growth or ongrowth at the bone-implant interface [5,6]. However, bacte-
rial infections occur frequently after implantation in clinical due to the
lack of antibacterial properties of HAp [7,8]. Once implant-associated in-
fections occur, the pathogens aggregate rapidly and form adherent
biofilmswhichexhibit increasedprotection from thehost defense and en-
hanced resistance to antibiotic treatments [9–11]. Sometimes prosthesis
removal and replacement represent the only salvage method to thor-
oughly eliminate severe infections, which in return will exert physical
and economic stress on patients [12,13]. For this reason, effective antibac-
terial properties of HAp are highly desired to improve the long-time sta-
bility and performance of implantable biomaterials in dentistry and
orthopedics.

In the past few years, silver has been themost stable agent to control
bacteria adhesion and prevent biofilm formation for its broad antibacte-
rial spectrum and oligodynamic bactericidal activity in different
biomedical fields [14,15]. Previous studies have revealed that silver-
doped HAp has been successfully synthesized through wet chemical
method and its antimicrobial behavior was studied [16–19]. Vojislav
et al. prepared Ag+ substituted HAp nanopowders with the atomic
ratio of 0.02–0.4wt.%,which revealed 98.5%–99.7% reduction in number
of viable bacteria after 4 h incubation [20]. Chuang et al. fabricated
210 ppm, 931 ppm and 10,235 ppm Ag doped HAp coatings and
observed apparent inhibition zone for HAp coatings doped with
931 ppm and 10,235 ppm Ag [21]. Although Ag doped HAp can cause
bacteria death enormously, high concentration of doped Ag can be
toxic [22–24]. Ag concentration higher than 300 ppb in human blood
can cause side-effects in the form of leukopenia, liver and kidney dam-
age and the long-time exposure to silver exceeded the threshold limit
can cause argyria to human body [25,26]. Therefore, optimization of
Ag concentration in HAp is critical to guarantee Ag/HAp optimal antimi-
crobial ability without cytotoxicity. Based on this, our aim is to synthe-
size ultra-trace Ag-doped HAp that not merely develops antibacterial
effect to reduce implant-associated postoperative infection, but also ex-
hibits non-toxicity to the surrounding tissues.

In this study, a series of Ag/HAp nanocrystals with different doping
ratios (0.04–197 ppm) were designed elaborately and the antibacterial
effect was evaluated quantitatively against Gram-positive Staphylococ-
cus aureus and Gram-negative Escherichia coli. The surface parameters
and adsorbability related to the biomaterials-host interaction were ex-
amined in physiological environment. The HAp nanocrystals labeled
with fluorescent agent were internalized into cells and the cytotoxicity
was studied through cell viability evaluation. The ultra-trace Ag doped
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HAp nanocrystals may provide new opportunities as protein transport
and non-cytotoxic implant with antibacterial ability in bone tissue
engineering.

2. Materials and methods

2.1. Synthesis of silver-doped hydroxyapatite

The stoichiometric HAp and Ag/HAp nanocrystals were synthesized
by hydrothermal method in this article. Calcium nitrate tetrahydrate
(Ca(NO3)2·4H2O, AR), diammonium hydrogen phosphate ((NH4)2HPO4,
AR), silver nitrate (AgNO3, AR) were used as the precursor without any
further purification. Briefly, aqueous solutions of Ca(NO3)2 (2.8 mol/L),
(NH4)2HPO4 (0.56 mol/L) and AgNO3 were obtained by dissolving them
in deionized water. The mixed solution of Ca(NO3)2 and AgNO3 was
added dropwise to the solution of (NH4)2HPO4. Throughout the process,
the pH of suspension was maintained at 9.0 by adding ammonium hy-
droxide (NH3·H2O, 2 mol/L) under continuous stirring at room tempera-
ture. Then, the suspension was transferred into the reaction vessel with
Teflon liner and subsequent placed in homogeneous drying oven at
150 °C for 24 h. After that, the obtained precipitate was isolated by filtra-
tion, washed with abundant deionized water for several times and dried
at 80 °C. The atomic ratio of (Ag + Ca)/P in the precursor was fixed at
1.67 in all of the cases. For each sample, the varied doping concentrations
were realized by changing initial concentrations of AgNO3 precursor
(from 0.1 ppm to 1000 ppm).

2.2. Characterization

The crystallinity of nanocrystals was investigated using a D/Max-
2200 PC X-ray diffractometer (XRD; Rigaku, Japan) with Cu Kα radia-
tion (λ = 1.5406 Å) under 40 KV and 40 mA. The morphology and
size were characterized by an S-4800 field emission scanning electron
microscope (FESEM; Hitachi, Japan). Transmission electron microscope
(TEM) images were obtained with a field-emission transmission elec-
tron microscope (JEOL JEM-2100 F, Japan) at an accelerating voltage of
200 kV. Samples for the investigation were prepared by ultrasonically
dispersing the powders in ethanol prior to collection on a holey copper
grid covered with porous carbon film. The Ag concentration of samples
was determined by a 4510 Graphite furnace atomic absorption spectro-
photometer (GFAAS; INESA Scientific Instrument Co. Ltd, China) with a
silver hallow cathode lamp radiation (λ = 328.1 nm) at a slit width of
0.5 nm. Specific surface areas were calculated by the Brunauer–
Emmett–Teller (BET) method. All samples were pretreated for 4 h at
423 K under nitrogen before measuring on a Micrometitics Tristar
3000 system. The photoluminescence (PL) and photoluminescence ex-
citation (PLE) of Eu/HAp were analyzed on FluoroMax®-4 fluorescence
spectrometer.

2.3. Silver ion release of Ag/HAp nanocrystals

The simulated release of silver was carried out by soaking 0.5 g
samples with different Ag concentration in phosphate buffer solution
(PBS; 10 mL; pH 7.4). The release-medium was kept at 37 °C with
shaking for 1, 3, 6, 9, 12, 24 and 48 h. Then 1mL of Ag-releasedmedium
was extracted for subsequent GFAAS analysis and replaced with the
same volume of fresh PBS, which was preheated to 37 °C.

2.4. Zeta potential measurement in different buffer solutions

The zeta potential of synthesized sample with varied Ag concentra-
tion was measured by dynamic light scattering using a Nicomp TM
380 ZLS zeta-potential/particle sizer (PSS Nicomp particle size system,
USA). The powders were ultrasonically dispersed in PBS with the pH
fixed at 4.5, 5.5, 6.5, 7.5 and 8.5. The zeta potential of each sample was
measured 6 times and the average value was reported.
2.5. Protein adsorption assay of Ag/HAp nanocrystals against BSA

Bovine serum albumin (BSA; Sigma, purity of 99.8%) was used as
model protein in this study. Initially, 10 mg of synthesized samples
were ultrasonically dispersed in centrifuge tube containing 1mLprotein
solution (250 μg/mL, protein/PBS), and then placed in a sterile humidi-
fied incubator at 37 °C for 4 h. The suspension was centrifuged and the
amount of protein in the supernatant was measured byMicro BCA pro-
tein assay reagent kit (Pierce Biotechnology Inc.) [27]. Specifically, 25 μL
protein supernatant was pipetted into a 96-well cell culture plate with
200 μL BCA working reagent in each well. The plate was mixed thor-
oughly on a plate shaker for 30 s, and then maintained at 37 °C for
30 min. The analysis was performed by using a micro-plate reader
(Bio-Tek ELx800) at 562 nm. Each protein concentration was calibrated
by a concurrently produced standard curve carried out by the same
method as mentioned above. Finally, the amount of adsorbed protein
on HAp or Ag/HAp was determined by subtracting the amount of pro-
tein in the corresponding supernatant.

2.6. Antibacterial activity assay

The antibacterial ability of HAp, Ag/HAp (0.04 ppm), Ag/HAp
(0.27 ppm), Ag/HAp (2.2 ppm), and Ag/HAp (197 ppm) nanocrystals
was evaluated by bacteriological plate counting methods using Gram-
negative Escherichia coli (E. coli, ATCC25922) andGram-positive Staphy-
lococcus aureus (S. aureus, ATCC25923). The bacteria were cultured in
liquid nutrition agarmedium at 37 °C for 12 h and adjusted to a concen-
tration of about 107 CFU/mL. All used laboratory supplies below were
sterilized in an autoclave at 121 °C for 30min. Briefly, 0.5 g of each ster-
ile sample was dispersed in centrifugal tube containing PBS (9 mL) and
bacteria suspension (1 mL) and incubated at 37 °C for 3, 6, 9, 12, 24, 36
and 72 h. For subsequent bacteria counting, 100 μL of suspension was
extracted from centrifugal tube and inoculated into solid nutrition
agar medium followed by 24 h incubation at 37 °C. The bacterial colo-
nies were counted in accordance with the National Standard of China
GB/T 4789.2 and the antibacterial rates (R%) were calculated based on
the following formula:

R ¼ Ct−St
Ct

� 100%

where Ct represents the average number of bacteria in control group
(bacteria suspension diluted by PBS without nanocrystals added in)
and St represents the average number of bacteria in experimental group.

2.7. Cytocompatibility evaluation

2.7.1. Cell culture
In order to perform the cytocompatibility experiments, themousefi-

broblast cell line L929 (Cells Resource Center, Shanghai Institutes of Bi-
ological Science, Shanghai, P. R. China) was used according to the
International Standard Organization (ISO 10993–5) protocol. Cells
were cultured in RPMI 1640 medium supplemented with 2.0 g/L sodi-
um bicarbonate, 4.5 g/L glucose, 0.11 g/L sodium pyruvate, 2.383 g/L
HEPES and 10% fetal bovine serum (FBS). The cells were maintained at
37 °C in a humidified incubator under 5% CO2 with culture medium
changed every 2 days.With regard to the cell passage, all cells were har-
vested using 0.25% trypsin (sigma) in PBS solution (pH 7.4) and
resuspended in fresh culture medium to obtain a cell monolayer sus-
pension for further cultivation until the logarithmic phase.

2.7.2. In vitro cytotoxicity assay
MTT reduction assaywas performed to evaluate the in vitro cytotox-

icity of Ag/HAp nanocrystals. For each sterile sample, series of
suspension (50 μg/mL, 200 μg/mL, 500 μg/mL and 1000 μg/mL) were
prepared by dispersing nanocrystals into RPMI 1640 medium culture,



Fig. 1. The XRD patterns of HAp nanocrystals doped with different Ag concentration.
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respectively. Firstly, 150 μL of cell suspension with a density of
6.0 × 104 cells/mL was seeded in 96-well plates and cultured for 24 h.
Then, the culture medium was removed followed by washing with
PBS and replaced by 150 μL nanocrystals suspension with different con-
centrations. In blank control group, 150 μL RPMI 1640mediumwith 10%
FBSwas added in correspondingwells. After 24 h incubation, the culture
medium was removed and washed twice with PBS to remove residual
nanoparticles. Then, 20 μL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT) solution was added into each
well. After additional 4 h incubation, MTT solution was replaced with
dimethylsulfoxide (DMSO, 150 μL per well). After shaking for 10 min,
the optical density (OD) was measured using a micro-plate reader
(Bio-Tek ELx800) at 490 nm.

2.7.3. Cellular uptake of fluorescently labeled HAp nanocrystals
Eu/HAp nanocrystals were synthesized as photoluminescence agent

using the samemethod mentioned above. For fluorescence microscopy
observations, L929 cells were seeded in 35 mm petri-dishes and incu-
bated with Eu/HAp nanocrystals suspension ultrasonically dispersed
previously. After 24 h incubation, the medium was removed and the
cells were washed thrice with PBS to remove residual nanocrystals.
Then, 1 mL of PBS was added and the cells were visualized through
inverted fluorescence microscope (Olympus IX71, Japan).

2.8. Statistical analysis

All the data were collected in independent triplicate experiments
and expressed as means ± standard deviation (n= 6). Statistically sig-
nificant differences (p) between the various groups were measured
using one-way analysis of variance and Tukey's multiple comparison
tests.

3. Results and discussion

3.1. Characterization of silver-doped hydroxyapatite

Five HAp samples were prepared with different Ag doping concen-
tration of 0 ppm, 0.04 ppm, 0.27 ppm, 2.2 ppm and 197 ppm. Table 1
lists Ag concentration and doping ratio of obtained Ag/HAp products.
It can be found that doping ratio decreased from 80% to 51% when Ag
doping concentration increased from0.04 ppm to 197 ppm. It can be ex-
plained by the lattice distortion of Ag/HAp nanocrystals due to the dif-
ferences in ionic radius between Ag+ and Ca2+ [28]. When more Ag+

substituted Ca2+ in HAp, larger lattice distortion will impede further
substitution which leads to the decrease of doping ratio.

The XRD patterns of un-doped and Ag doped HAp nanocrystals were
shown in Fig. 1. All patterns exhibited pure HAp phase (JCPDS 09-0432)
and the sharp diffraction peaks indicated that HAp nanocrystals were
well crystallized. Compared with un-doped HAp nanocrystals, no new
peaks appeared for Ag doped HAp samples even the doping concentra-
tion increased to 197 ppm(i.e. themole ratio of Ag/(Ag+Ca) is 0.18‰).
It was suggested that Ag+ has been incorporated into HAp lattice in the
way of substituting Ca2+ in the present work.

The morphologies of as-prepared un-doped and Ag doped HAp
nanocrystals were examined by SEM and TEM (Fig. 2). The samples
Table 1
List of Ag/HAp nanocrystals with different Ag doping concentration and doping ratio.

Samples Initial concentration of Ag (ppm)

HAp 0
Ag/HAp (0.04 ppm) 0.05
Ag/HAp (0.27 ppm) 0.38
Ag/HAp (2.2 ppm) 3.84
Ag/HAp (197 ppm) 384
were nanorod-like particles with a length of 100–250 nm and a diame-
ter of ca. 20 nm, which has gained much attention due to the good
adsorbability on various proteins [29]. The average length of Ag doped
HAp nanorods increased from 128 nm to 248 nmwhen Ag doping con-
centration increased from 0.04 ppm to 197 ppm. The ionic radius and
electronegativity of Ag+ are larger than Ca2+, which may facilitate the
crystal growth of HAp nanocrystals [30,31]. From TEM and HRTEM im-
ages of sample Ag/HAp (0.27 ppm) (Fig. 2d), it shows that the Ag/HAp
nanocrystals exhibit clear and homogeneous surface morphology (see
TEM image) and distinct lattice fringes (see HRTEM image inserted in
Fig. 2d) without the existence of Ag nanoparticles and Ag layer on sur-
face of Ag/HAp nanocrystals. The Ag+ in precursor solution has been
successfully entrapped in HAp lattice in the method of substituting
Ca2+.
3.2. Silver ion release of Ag/HAp nanocrystals

Fig. 3a–b displays the time dependency and concentration depen-
dency of Ag+-release profiles for different concentration Ag doped
HApnanocrystals as a function of immersion time. Initially, a fast release
of Ag+ was observed for all tested samples in the first 12 h of immer-
sion. In the following 36 h of continuous immersion, the release gradu-
ally decreased and achieved the maximum concentration at 48 h in all
curves. Generally, increasing amount of Ag doped in HAp nanocrystals
definitely lead to high concentration of released Ag+. Sample Ag/HAp
(197 ppm) released the highest amount of 1900 ppb Ag+ after 48 h im-
mersion in PBS, compared with 46 ppb, 11 ppb and 2 ppb for samples
Ag/HAp (2.2 ppm), Ag/HAp (0.27 ppm) and Ag/HAp (0.04 ppm). Con-
sidering the cytotoxicity of Ag+, an optimum concentration of released
Ag+ should be controlled to minimize potential side-effects. In this
study, the Ag+ released from all Ag/HAp samples except Ag/HAp
(197 ppm) was lower than the maximum toxic concentration
(300 ppb) in human blood, indicating the possibility to be non-
cytotoxic biomaterials [26].
Doping concentration of Ag (ppm) Doping ratio (%)

0 –
0.04 ± 0.01 80%
0.27 ± 0.02 71%
2.20 ± 0.2 57%
197 ± 2.5 51%



Fig. 2. (a–f) SEM and TEM images of un-doped and Ag doped HAp nanocrystals (a) HAp, (b) Ag/HAP (0.04 ppm), (c–d) Ag/HAP (0.27 ppm), (e) Ag/HAP (2.2 ppm) and (f) Ag/HAP
(197 ppm).
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3.3. Zeta potential and protein adsorption analysis

Fig. 4a shows zeta potentials of un-doped and Ag doped HAp
nanocrystals as a function of pH of the buffer solutions. It shows that
all samples exhibited negative zeta potential between −3.66 mV and
−29.3 mV. This is due to the chemicals involved in the synthesis pro-
cess, in which ammonia solution was added to keep the suspension al-
kaline [32]. The zeta potential in all curves exhibits a downward trend
with the upward of pH values in PBS, which results from the aggrega-
tion of negative charges inside the electric double layer (EDL). Com-
pared with un-doped HAp nanocrystals, the zeta potential of Ag doped
HAp becomes less negative and the tendency becomes obvious as in-
creasing the Ag doping concentration. Sample Ag/HAp (197 ppm) ex-
hibits a zeta potential of−21.4 mV while that is −25.7 mV for HAp at
pH 7.5. It can be ascribed to the variation of divalent calcium ions
(Ca2+) in the “calcium-rich layer” formed by initial dissolution of a
small portion of HAp (Fig. 4b) [33,34]. When divalent Ca2+ ions were
replaced by monovalent Ag+ ions, the number of net positive charge
existed in “calcium-rich layer” became less, leading to less anion
attracted to the electric double layer, and a shift toward positive values
appears consequently for Ag doped HAp nanocrystals.

As the initial response of extracellular matrix to biomaterials, the
protein adsorption of Ag/HAp was conducted under physiological con-
dition (pH 7.4). The results of bovine serum albumin (BSA) adsorption
on un-doped and Ag doped HAp nanocrystals at pH 7.4 are shown in
Fig. 5. It can be found that Ag/HAp (0.27 ppm) exhibits the maximum
adsorption (16.7 μg/mg) among these five samples. The amount of
adsorbed BSA increases when Ag concentration increases from
0.04 ppm to 0.27 ppm, but decreases when the concentration increases
to 2.2 ppm and 197 ppm.



Fig. 3. In vitro Ag+-release profiles of Ag doped HAp nanocrystals at different immersion
times in PBS solution.

Fig. 4. (a) The zeta potential of un-doped and Ag doped HAp nanocrystals as a function of
pH inPBS. (b) The correspondingmodel of electric double layer for HApandAgdopedHAp
nanocrystals immersed in PBS. Briefly, less negative charges accumulated around the Ag
doped HAp nanocrystals in stern layer compared with HAp nanocrystals when the Ca2+

was partially substituted by Ag+. And zeta potential at shear plane shifted toward positive
values consequently.

Fig. 5. The protein adsorption histogram of BSA on un-doped and Ag doped HAp
nanocrystals.
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Generally, the interactions between biomolecules and materials are
dynamic and complex, which relate to physical and chemical properties
ofmaterials aswell as intrinsic properties of proteins in themedium [35,
36]. In this study, the differences in the capacity of binding protein are
attributed to a synergistic effect of surface charges and specific surface
area of nanocrystals. It should be noted that the BSA protein (pI 4.7)
will be negatively charged in PBS with physiological pH 7.4. When
more Agwas doped into HAp nanocrystals, the less negative zeta poten-
tial weakened the electrostatic repulsion between Ag doped HAp and
negatively charged BSA, resulting in more protein adsorbed on surface
of Ag/HAp (0.27 ppm) compared with HAp and Ag/HAp (0.04 ppm).
However, when the Ag doping concentration was further enhanced
from 0.27 ppm to 197 ppm, the specific surface area of nanocrystals var-
ied from 32.42 m2/g to 16.21 m2/g (Table S1) and the protein binding
sites may be insufficient to provide the location of BSA protein. As a re-
sult, Ag/HAp (2.2 ppm) and Ag/HAp (197 ppm) exhibited a downward
trend of protein adsorption compared to Ag/HAp (0.27 ppm).

3.4. Antibacterial activity evaluation of Ag/HAp nanocrystals

In order to evaluate the bactericidal effect, the bacteria were culti-
vated with various nanocrystals for a series of time and re-cultivated
on agar according to the bacteria counting method. The viable bacteria
number curves and bacteria reduction percentage for E. coli and
S. aureus as a function of time are depicted in Fig. 6. The proliferation
of bacteria is reduced sharply in Ag doped HAp groups compared with
blank and HAp groups, implying the apparent bacteriostatic effect on
both E. coli and S. aureus (Fig. 6a, c). The bacterium reduction of Ag/
HAp nanocrystals exhibit dose- and time-dependent features (Fig. 6b,
d). The antibacterial rates of Ag/HAp (0.04 ppm) are enhanced from
40% to 63%when the incubation time extended from 3 h to 72 h. More-
over, the antibacterial rate increases from 63% to 99% after 24 h incuba-
tion when the Ag doping concentration is enhanced from 0.04 ppm to
197 ppm. According to the National Standard of China GB/T 20944.3
protocol, the effective antibacterial ability is defined as a percentage of
bacteria reduction above 70% for E. coli and S. aureus. The antibacterial



Fig. 6.The viable bacteria number curves (a, c) and percentage of bacteria reduction (b, d) for E. coli (a, b) and S. aureus (c, d) treatedwithHAp andAgdopedHApnanocrystals as a function
of time. (e) Typical photographs of re-cultivated E. coli colonies on agar for 3 h and 24 h with 10,000-fold dilution. All the data were presented as means ± SDs (n = 6) and exhibited a
significant difference compared with that of HAp. The bacteria reduction (either E. coli or S. aureus) exhibited a dose- and time-dependent phenomenon.
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results show that the antibacterial rates are 82% and 90% when
0.27 ppm and 2.2 ppm Ag are doped in HAp nanocrystals, respectively.
Ag/HAp (2.2 ppm) exhibits effective antibacterial ability with 46 ppb
Ag+ released in solution, which is lower than the 50 ppb limit concen-
tration of Ag+ in drinking-water published by WHO. The maximum
Ag content that exhibits effective antibacterial and non-cytotoxic may
be 2.2 ppm. The effective antibacterial activity of ultra-trace Ag doped
HAp reveals that high doping concentration of Ag is not necessary to
achieve effective antibacterial activity for HAp, appropriate amount of
ultra-trace doping can also be adopted as an ideal option.

The viability of microorganism can be affected by physical and
chemical characteristics of surrounding materials, including morpholo-
gy, surface properties and chemical composition [37,38]. It has been
demonstrated that nanoparticles showed toxicity to test bacteria par-
tially due to their greater tendency to attach to the cell walls than to ag-
gregate together [39]. And the smaller size (diameter) of nanomaterials,
themore toxic occurs to bacteria. In this study, the synthesized samples
exhibit a homogeneous nanorod-like structure with a high specific sur-
face area, which contributes to the antibacterial activity through
undermining cell membrane of bacteria. It can be verified by HAp
group in this test that also shows slightly bacteria reduction which can
be ascribed to the direct contact of microorganism to HAp nanocrystals.

As for the mechanism of the antibacterial activity of Ag/HAp, it is
widely accepted that the broad-spectrum of antimicrobial activity is re-
sulted from the release of Ag+ [40]. Previous studies have revealed that
the released Ag+ will bind to proteins on the membrane, thereby caus-
ing structural changes and damage to the membranes [41]. Then, Ag+

penetrates into cells and interacts with nucleic acids, preventing prolif-
eration process and causing bacteria death [42]. Previous reports re-
vealed that effective antibacterial activity can be obtained when Ag+

concentration reaches as high as 35 ppb [43,44]. For Ag/HAp
(2.2 ppm) and Ag/HAp (197 ppm), the bacteria were 90% and 99% re-
duced with the accumulated Ag+-release amount (46 ppb, 1900 ppb)
higher than 35 ppb. However, the ultra-trace Ag/HAp (0.27 ppm) also
exhibited 82% bacteria reduction with only 11 ppb Ag+ release. It may
be due to the contact antibacterial process that causes bacteria death
at the surface of Ag/HAp nanoparticles. The positive charged Ag+

tends to aggregated at surface of Ag/HAp nanocrystals due to negative
zeta potential as EDL theory described, which lead to higher concentra-
tion of Ag+ at Ag/HAp surface than that detected in the interior of the



Fig. 9. The antibacterial ability and cytocompatibility assay in vitro for Ag/HAp
nanocrystals with different Ag doping concentration. (a): The data represented antibacte-
rial ratio of various Ag/HAp samples for E. coli at 24 h. (b): The data were calculated by
comparing the OD values of experimental groups with blank control group in the case of
1000 μg/mL. The bacteria reduction and cell viability showed upward and downward
trend as the increasing Ag concentration. An intersection of the two curves appears be-
tween 0.27 ppm and 2.2 ppm where Ag/HApmay nanocrystals exhibit optimal biological
effects.

Fig. 7. In vitro cytocompatibility assay of Ag/HAp nanocrystals against L929 cells after co-
incubation for 24 h. The OD values directly proportional to cell viability was determined
with regard to the concentration of nanoparticles (50–1000 μg/mL). All the data exhibited
a downward trend as the increasing concentration of either un-doped or Ag doped HAp
nanoparticles. No significant differences were founded in ultra-trace Ag/HAp (0.04 ppm,
0.27 ppm, 2.2 ppm) groups compared with blank control group. However, Ag/HAp
(197 ppm, 1000 μg/mL) group exhibited certain cytotoxicity with only 62% cell viability
when compared with blank control group (*P b 0.05, n = 6).

503C. Shi et al. / Materials Science and Engineering C 55 (2015) 497–505
solution. When the bacteria contact Ag/HAp nanoparticles, the bacteria
were killed due to the high concentration of Ag+ at Ag/HAp surface.

3.5. In vitro cytotoxicity of Ag/HAp nanocrystals

The in vitro cytotoxicity of antibacterial Ag/HAp nanocrystals was
investigated through cell viability evaluation using mouse fibroblast
Fig. 8.Room-temperature (a) excitation spectrum and (b) PL emission spectra of Eu/HAp nanoc
with Eu/HAp nanocrystals. (e) And the corresponding fluorescence image of L929 cells with UV
tation of the references to color in this figure legend, the reader is referred to the web version
cell line (L929) advised by ISO 10993–5:2009 and the results are
shown in Fig. 7. The results show that the cell viability is affected to
some extent in a broad concentration (50–1000 μg/mL) of each
sample. All five groups of L929 cells show decreased cell viability
with increasing the concentration of treated Ag/HAp nanocrystals,
indicating that the inhibition of cell proliferation is dose-
dependent. Moreover, the cell viability is reduced gradually as the
rystals. In vitromicroscopic images of L929 cells (c) before and (d) 24 h after co-incubating
excitation. The orange-red color located in cells was indicated by the arrow. (For interpre-
of this article.)
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increase of Ag doping concentration for any treated concentration of
nanocrystals. For sample Ag/HAp (197 ppm), the viability of cells
cultured with 50 μg/mL nanoparticles is slightly affected compared
with control group, whereas the cell viability significantly decreases
about 40% when cultured with 1000 μg/mL nanoparticles, which
suggests that the high doping amount of Ag definitely show
toxicity on cells. For ultra-trace doped Ag/HAp (0.04 ppm), Ag/HAp
(0.27 ppm) and Ag/HAp (2.2 ppm) nanocrystals, the OD values
display no significant differences compared with blank control
group, showing no cytotoxicity on L929 cells at a large range of
concentration (50–1000 μg/mL).

3.6. Cellular uptake of cationic doped HAp nanocrystals

To examine the cell-uptake property of HAp nanocrystals, Eu doped
HAp (Eu/HAp) was obtained through the same hydrothermal method
for fluorescence labeling. For nanocrystals-cell system, the cellular up-
take is generally size-dependent for special nanocrystals [45,46]. The
Eu and Ag doped HAp nanocrystals have similar morphology and parti-
cle size (Fig. S1). Fig. 8a–b shows PL excitation and emission spectra of
Eu/HApnanoparticlesmeasured at room temperature. Themost intense
excitation peak of Eu/HAp nanoparticles is located at 393 nm and the
two orange-red light emission peaks at 590 nm and 616 nm corre-
sponds to the 5D0 →

7 F1 and 5D0 →
7 F2 transition within Eu3+, respec-

tively [47]. After incubation for 24 h, Eu/HAp nanoparticles weremainly
located in the cytoplasm or around cell membrane region (Fig. 8d). The
orange-red color was observed in corresponding fluorescence image
shown in Fig. 8e, indicating Eu/HAp nanocrystals were internalized by
L929.

Although it has been identified that the antibacterial properties of
Ag were dose-dependent [21,48], high concentrations of Ag have
been reported to be cytotoxic [22,49]. Therefore, appropriate doping
concentration that possesses considerable antibacterial ability as
well as non-cytotoxicity will be delicate choice in fabrication of Ag
doped HAp implant. Fig. 9 depicted the curves of bacteria reduction
and cell viability in vitro of all five samples as a function of Ag con-
centration. The bacteria reduction showed a downward trend with
increasing Ag concentration while the cell viability exhibited an
upward trend. When the Ag concentration is 0.04 ppm (i.e.
10−1.4 ppm), high cytocompatibility was observed with 97% cell
viability accompanied by 63% antibacterial ratio. When the Ag con-
centration was enhanced to 0.27 ppm (i.e. 10−0.57 ppm), the antibac-
terial ratio was greatly improved to 82% while the cell viability was
reduced to 91%. Upon further adding the doping concentration
(2.2 ppm, i.e. 100.34 ppm), the antibacterial activity was enhanced
unceasingly to 90% with 74% cell viability. When Ag concentration
comes to 197 ppm (i.e. 102.3 ppm), 99% of bacteria were killed
while the cytotoxicity also becomes serious with only 62% cell viabil-
ity. The two curves come into an intersection between 0.27 ppm and
2.2 ppm Ag doped HAp, which exhibited 85% antibacterial activity
and 85% cell viability. Ag/HAp nanocrystals with doping amount at
this point may be an optimal choice for the biological effects
evaluation.

4. Conclusions

In conclusion, our studies demonstrate that HAp nanocrystals doped
with ultra-trace Ag possess effective antibacterial activity and non-
cytotoxicity. The antibacterial rate increases from 63% to 99% while
the cell viability decreases from 97% to 62% when the Ag-doping con-
centration varies from 0.04 to 197 ppm. The optimal properties with ex-
cellent cytocompatibility and antibacterial ability can be achievedwhen
the Ag-doping concentration is between 0.27 ppm and 2.2 ppm. The an-
tibacterial HAp with ultra-trace Ag is non-toxicity to living cells and
tissues even if the particles are internalized by cells. The protein
adsorbability of Ag/HAp can also be enhanced compared with HAp
nanocrystals due to the trace doping-induced less negative surface po-
tential. Taken together, ultra-trace Ag doped HAp nanocrystals are po-
tentially applicable as growth factor transporter and bone substitution
materials in tissue engineering.
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