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Abstract

An antibacterial bioceramic, silver containing yttria-stabilized zirconia (YSZ), was fabricated by sintering for dental prosthesis

applications. The biocompatibility, hemocompatibility and antibacterial ability of the silver containing YSZ were evaluated. The

addition of silver did not cause tetragonal phase to transform into monoclinic phase and the silver containing YSZ maintained an

excellent mechanical property. Furthermore, the sintered silver containing YSZ showed no toxicity and possessed a good antibacterial

ability against both Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) cell.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In 1969, zirconia was first proposed to be used in
orthopedic application especially for replacing the hip
head due to its superior mechanical properties [1]. Since
1990, zirconia has been confirmed to possess no cytotoxi-
city and create less inflammation reaction compared to
titanium [2–5]. Based on the aesthetic point of view, the
dental research towards metal-free prosthetic restorations
in order to maintain the color of soft tissue resembling the
natural one [6]. Recently, zirconia based ceramic system
has been successfully used in restorative and prosthetic
density due to its high flexural strength and fracture
toughness [7–9] and its color is similar to tooth color [10].
Two possible failures of zirconia implant are considered
as mechanical fracture and biological infection of the
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peri-implant tissues [11–14]. The fracture toughness of
zirconia can be improved by alloying zirconia with Y2O3

and the yittra stabilized zirconia was named YSZ [15,16].
The toughening mechanism of YSZ is based on crack-tip
shielding under compressive stresses associated with tetra-
gonal zirconia transform into the monoclinic phase with an
increase in volume [17].
However, YSZ does not possess the properties to protect

against bacterial adhesion or infection. Bacterial adhesion
to implant surfaces is a major source of inflammation and
infection. When bacterial adhesion occurs on implant
surfaces, it is very difficult to be clinically treated because
of the formation of bacterial biofilms, which can obstruct
the immune response, systemic antibiotic therapy, and the
integration of the indwelling implants with the surround-
ing tissue [13]. Hence, it is necessary to develop an
antibacterial YSZ ceramic by adding various active anti-
bacterial agents to combat biofilm formation, without
sacrificing any useful mechanical or biological properties.
It is well known that Ag ions and Ag-based compounds

can effectively destroy the cell walls and cell membranes of
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bacteria to inhibit their growth [18,19]. Furthermore, Ag
possess a suitable biocompatibility because of its remark-
ably low human toxicity compared to other heavy metal
ions. [20]. In recent year, the chemical reduction technique
has been used to fabricate Ag particles and Ag incorpor-
ating coating; however, it is a long time procedure and
produce pollutant solution [21]. Therefore the aim of the
present study was to develop an antibacterial ceramic by
co-sintering Ag and YSZ nanoparticles. This study further
investigated the microstructural characteristics and
mechanical properties of YSZ–Ag ceramic sintered at
varying temperature. In addition, the biocompatibility,
hemocompatibility and antibacterial ability were
evaluated.
2. Materials and methods

2.1. Sample preparation

ZrO2 powder partially stabilized by 3 mol% Y2O3 (YSZ)
was used in this study. The YSZ powder was mixed with
5 wt% silver powder (commercially available). Then the
mixed powder was pressed in a stainless steel mould
(10 mm in diameter) under a hydraulic pressure of
300 MPa for 1 min. Pressing was followed by the con-
solidation of the green compacts by ambient pressure
sintering performed in air using a furnace. All samples
were heated at the following temperatures: 1100, 1200,
1300 and 1400 1C for 1 h, with a ramp rate of 5 1C/min.
The same rate was also followed up to 500 1C during
cooling. After sintering, the properties of interest were
characterized for each compact. In this study, the Ag
containing YSZ sintered compact was named YSZ–Ag.
And the YSZ–Ag sintered at 1100, 1200, 1300 and 1400 1C
were denoted as YSZ–Ag-1, YSZ–Ag-2, YSZ–Ag-3 and
YSZ–Ag-4, respectively.
2.2. Characterizations of sintered samples

The sintering temperature was optimized based on
the sintered density of the samples. The relative density of
the compacts was measured by the Archimedes’ method.
The Vickers0 hardness of the compacts was measured by
using a hardness tester (MVK-H1, Meter-Mitutoyo, Japan).
Indentations were performed on polished surfaces at a test
load of 300 N with an indentation time of 15 s. In this study,
six samples for each sintering process were performed to
obtain an average relative density and hardness.

The phases of the sintered compacts were characterized
by X-ray diffractometry (XRD) (Model 2200, Rigaku Co.,
Tokyo, Japan). Monochromatic Cu Ka radiation was used
at operating values of 40 kV and 30 mA. The XRD data
were collected over the 2y range of 20 –401 at a step size of
0.041/step and a count time of 5 s. The microstructure was
examined using scanning electron microscopy (SEM;
Model JSM, JEOL Co., Tokyo, Japan) and transmission
electron microscopy (TEM; Model JEM2100, JEOL Co.,
Tokyo, Japan).
2.3. Cell culture

YSZ and YSZ–Ag specimens were placed into a 24-well
polystyrene plate. Before cell culturing, all the specimens
were shined by ultraviolet ray (UV) for 24 h. The test
specimens were sterilized and washed several times with
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) and
phosphate-buffered saline (PBS, 0.1 M, pH 7.2). The
culture medium consisted of DMEM containing 10% fetal
bovine serum (FBS), 100 mg/ml of streptomycin, and
100 units/ml of penicillin.
The L929 cell suspension with a density of 1� 104 cells/ml

was added into the culture well. 500 ml culture solution
and 50 ml 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazo-
lim bromide (MTT) label solution were added into every
culture well before placing the plate inside a culture
chamber at 37 1C in a humidified atmosphere of 95% air
and 5% CO2. The culture medium was changed every three
days. The test specimens were cultured for various periods
of time, i.e., 8 h, 24 h, 72 h, 120 h, 168 h and 216 h. The
proliferation behavior was determined by performing
MTT assay to obtain the cell optical density (OD) by the
plate reader (ELISA, DYNEX-MRX II) at l¼595 nm.
2.4. Antibacterial activity test

The antibacterial procedure was following the Japan
Industrial Standard (JIS) Z2801:2010 specifications. The
tests were performed by using bacteria containing solu-
tions (suspensions) held in close contact with test surfaces.
The bacterial strains, Gram-positive Staphylococcus aureus

(S. aureus) ATC C6538P, and Gram-negative Escherichia

coli (E. coli) ATCC8739 were used as test organisms in the
test. Before examination, the specimens and experimental
tools were sterilized at 121 1C for 15 min by autoclaving.
Single colonies were incubated in a nutrition broth (Difco
234000, USA) and the initial bacterial suspensions were
prepared at 4� 105 cfu ml�1. Subsequently, the bacterial
suspension (400 ml) was spread on specimens and incu-
bated at 37 1C for 24 h. After incubation, the bacterial
suspension on the specimens was washed into a centrifuge
tube (Crystalgen, 50 ml) by using 2 ml buffer solution
(Invitrogen, GIBCO pH 7.4). A serial dilution of the
corresponding specimens using the dilute buffer was
performed to concentrations of 100, 101, 102, 103 and 104

fold. Then, these diluted bacterial suspensions were
pipetted (100 ml) onto nutrition agar (Difco 214530,
USA) plates with a streaked out loop and grown overnight
at 37 1C. The number of viable cells was determined by
counting the number of bacterial colonies that grew in
each Petri dish. The antibacterial rate (AR) was deter-
mined using following equation according to JIS



Fig. 2. The XRD patterns of the YSZ–Ag compacts sintered at various

temperatures.
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Z2801:2010 specifications,

AR %ð Þ ¼ 100� ½NðcontrolÞ�NðsampleÞ�=NðcontrolÞ ð1Þ

where N(control) is the number of bacteria adhering to the
Ag-free specimens after a 24 h incubation period, and
N(sample) is the number of bacteria adhering to the Ag-
containing specimens after incubation for 24 h.

3. Results and discussion

3.1. Microstructural evaluation

The ZrO2 particles with the size of 70 to 120 nm were
shown in Fig. 1(a). Fig. 1(b) shows the TEM micrograph
of Ag particles and the size between 100 and500 nm.

Fig. 2 shows the XRD patterns of the YSZ–Ag compact
sintered at various temperatures. The XRD patterns
associated with tetragonal YSZ and no monoclinic phase
were observed. Comparing all samples, only a slight
difference in the full width at half maximum of principal
reflection (1 1 1) was found. It suggested that raising
temperature is beneficial for grain growth.

Fig. 3(a)–(d) show the surface morphology of the YSZ–
Ag-1, YSZ–Ag-2, YSZ–Ag-3 and YSZ–Ag-4, respectively.
Obviously, a great numbers of pores resided in the
compact when the compact was sintered at 1100 1C as
Fig. 1. The TEM micrographs of (a) ZrO2 particles and (b) Ag particles.
shown in Fig. 3. The grain consisting of nano-particles was
observed in upper right corner of Fig. 3. The grain size
increased while population density of pores decreased as
the temperature increased to 1200 1C (Fig. 3(b)). Above
1300 1C sintering, the grains compactly contacted to each
other and the pores were greatly eliminated. With regard
to the grain size, a typical sintering phenomenon, the grain
size increases while the porosity decreases with raising the
sintering temperature, was recognized in Fig. 3.

3.2. Densification studies

In this study, the relative density was presented as a
percentage of the theoretical density by assuming a
theoretical density of ZrO2. Fig. 4 shows the effect of
sintering temperature on the grain size and the relative
density. The relative density of the YSZ–Ag compact
increased with temperature to the maximum of 95% at
1400 1C.
Densification is a process of eliminating the pores along

the grain boundaries that were introduced during green
compact fabrication. During the initial sintering, grain
boundaries moved faster than pores, so isolated pores
remained within the grain interior. Although pores could
be moved by surface diffusion, this is hard to achieve, so
the maximum density was limited.
Fig. 4 also shows the average grain size of the YSZ–Ag

compacts as a function of sintering temperature. In the
beginning, the grains slowly grew with temperature
between 1100 and 1200 1C. Generally, the rate of grain
growth depends on the densification of the sintered
compact. For instance, during the initial sintering period,
the pores were induced during green compact fabrication
and the pores can inhibit grain boundary migration, since
they exist along grain boundaries [22]. However, because
grain boundary migrates faster than the pores, the pores
gradually transform into the isolated pores within grains
with raising temperature. Consequently, the extent of the
pinning of pores at grain boundaries would decrease at a
high temperature. Thus, it resulted in an accelerated grain



Fig. 3. The SEM micrographs of the YSZ–Ag compacts sintered at

Fig. 4. The grain size and relative density of the YSZ–Ag compacts as a

function of temperature.

Fig. 5. The hardness and relative density of the YSZ–Ag compacts as a

function of temperature.
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growth, which occurred at 1300 1C in this study as shown
in Fig. 4.

Fig. 5 shows the hardness and relative density of the
YSZ–Ag compacts as a function of sintering temperature.
The hardness of the YSZ–Ag compacts increased with the

(a) 1100, (b) 1200, (c) 1300 and (d) 1400 1C.
temperature to the maximum hardness of 1460 Hv at
1300 1C and followed by maintained constant as the
temperature increased to 1400 1C.
The mechanical properties of YSZ–Ag compact gener-

ally varied with the sintering temperature and depended on
the density and grain size. In the present study, at low
temperature (o1200 1C), the relatively low hardness
obtained is mainly attributed to a relatively low bulk
density of the sintered compact. The hardness shows
similar trend as the relative density, suggesting the
strengthening of the sintered compact is directly related
to the densification of the sintered compact. On the other
hand, after 1300 1C, the reason for an insignificant decline
in hardness is due to grain growth.
3.3. In vitro tests

ZrO2 and YSZ have been demonstrated to be not
cytotoxic in the literature [23–25]. In the present study,
the biocompatibility of Ag contained YSZ was evaluated
by culturing L929 cell line on the YSZ–Ag compact
sintered at 1400 1C (specimen YSZ–Ag-4). And the
in vitro results show that the YSZ–Ag-4 compact
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possessed a similar biocompatibility and as the YSZ
compact and control specimen, as shown in Fig. 6.

Table 1 lists the antibacterial rate of the YSZ and YSZ–
Ag-4 compact. The YSZ did not have antibacterial ability;
in contrast, YSZ–Ag-4 displayed excellent antibacterial
ability against S. aureus and E. coli. In our previous study
[14], the antibacterial mechanism of Ag-containing stain-
less steel has been clarified and the released Ag ions were
considered as the main agent to attack bacteria. In the
present study, Ag ions were also detected in the bacterial
suspension of YSZ–Ag-4 compact by the inductively
coupled plasma mass spectrometer. Consequently, the
antibacterial mechanism of Ag-containing YSZ is consid-
ered as following steps: the released Ag ions were absorbed
into the surfaces of negatively charged bacterial cell walls
because of the electrostatic attraction between negatively
charged bacterial cells and positively charged Ag ions [26].
Furthermore, the Ag ions destroy the cell walls and cell
membranes. When the Ag ions combined with the bacterial
DNA by penetrating the cell walls, they caused bacterial
degeneration and inhibited cells to replicate [27].

In addition, the results of antibacterial activity indicated
that the YSZ–Ag-4 shows a better antibacterial ability
against S. aureus than against E. coli. The resistant ability
of bacterial strain depends on the sensitivity and the
structure of the outer membrane of bacteria. Ag ions have
demonstrated to have a lower sensitive to the Gram-
negative bacteria. Moreover, the outer membrane of
Gram-negative bacteria provided an efficient resistant
Fig. 6. Variation in optical density of cell culture as a function of

culturing time.

Table 1

The antibacterial rate of the YSZ and YSZ–Ag-4 specimen.

Specimen S. aureus (%) E. coli (%)

YSZ 0 0

YSZ–Ag-4 98.6 87.9
barrier because the outer membrane comprised tightly
packed lipopolysaccharide molecules [28,29].
In order to observe the distribution of bacterial, the

bacteria suspension cultured on the YSZ and YSZ–Ag-4
was dropped onto carbon tape. For the YSZ specimen, a
great number of E. coli aggregations and the biofilm
covering on the surface were observed in Fig. 7(a). How-
ever, with respect to YSZ–Ag-4, only few E. coli were
observed, as shown in Fig. 7(b), and no biofilm was
observed. It suggests that Ag can effectively inhibit
bacteria from adhering on the surface, which is also
observed on the Ag–Pd alloy surface [30].
To sum up, the Ag containing YSZ compact with

advantageous antibacterial properties against both E. coli

and S. aureus is attributed to 0.5 wt% Ag addition. The
Ag-containing YSZ compact can be considered as an
antibacterial metal candidate for use as a biomaterial use.

4. Conclusions

This study fabricated an antibacterial bioceramic by
co-sintering silver and YSZ powder with nano-size.
Fig. 7. The SEM micrographs of E. coli cultured in the (a) suspension of

YSZ and (b) suspension of YSZ–Ag-4 after 24 h incubation.
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The biocompatibility and antibacterial properties of Ag
containing YSZ were evaluated. As the sintering tempera-
ture increased from 1100 to 1400 1C, a decrease of porosity,
an increase of density and an increase of hardness were
observed. Adding Ag did not result in tetragonal phase
transforming into monoclinic phase and hence the silver
containing YSZ maintained excellent mechanical properties.
In addition, the Ag containing YSZ exhibited biocompat-
ibility. The Ag containing YSZ behaved as excellent anti-
bacterial agent against S. aureus and E. coli cell by releasing
Ag ions to destroy and penetrate the cell wall which resulted
in death of the cell.
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