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Abstract The aim of this study was to compare the

bacterial adhesion of Staphylococcus spp. on Ti–6Al–4V

with respect to Ti–6Al–V modified alloys with a set of

Cubic yttria stabilized zirconia (YSZ) and Ag-YSZ

nanocomposite films. Silver is well known to have a natural

biocidal character and its presence in the surface predicted

to enhance the antimicrobial properties of biomedical

surfaces. Microbial adhesion tests were performed using

collection strains and twelve clinical strains of Staphylo-

coccus aureus and Staphylococcus epidermidis. The

adherence study was performed using a previously pub-

lished protocol by Kinnari et al. Both collection strains and

clinical isolates have shown lower bacterial adhesion to

materials modified with respect to the alloy Ti–6Al–4V and

the modification with silver reduced the bacterial adhesion

for most of all the strains studied. Moreover the percentage

of dead bacteria have been evaluated, demonstrating

increased proportion of dead bacteria for the modified

surfaces. Nanocrystalline silver dissolves releasing both

Ag? and Ag0 whereas other silver sources release only

Ag?. We can conclude that YSZ with nanocrystalline sil-

ver coating may lead to diminished postoperative infec-

tions and to increased corrosion and scratch resistance of

YSZ incorporating alloys Ti–6Al–4V.

1 Introduction

Despite their importance in different aspects of modern

medicine, the presence of an implanted device usually

results in an increased susceptibility to infection for the

patient [1, 2]. Infection related to orthopaedic implants is

an emerging problem occurring at a rate of 5 % [3], and in

many cases the only solution to an infected implanted

device is its surgical removal [4]. The main pathogenic

factor of prosthetic joint infections is the development of a

bacterial biofilm. This structure allows bacteria to resist

antimicrobial agents and immune responses [5], so patients

with this type of infection require a longer period of

antibiotic therapy and repeated surgical procedures [6, 7].

The prevention of bacterial adhesion without drugs may

be one of the best ways to reduce these infections [5].

Hence, it is desirable to develop biomedical coatings for

implants, which are repellent to bacteria, in order to min-

imize the colonization of the implant surface with circu-

lating planktonic bacteria that can lead to biofilm

development, especially against staphylococci, which are

the leading cause of these infections [8].

Pure titanium and titanium alloys are frequently used as

biomaterials in orthopaedic surgery because of their cor-

rosion resistance, good biocompatibility, mechanical

properties, and low cell toxicity [9]. Zirconia (ZrO2)

ceramics are also used in orthopaedic implant materials,

offering superior corrosion, and scratch resistance relative

to metal and better resistance to brittle fracture than
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alumina for example. Medical grade ZrO2 is usually sta-

bilized with yttria, so it is somewhat stronger because of its

nearly 100 % tetragonal structure [10].

The main application of yttria stabilized Zirconia (YSZ)

is in the manufacture of ball heads for total hip replace-

ments. YSZ ceramics are used in structural and biomedical

applications for the toughening effect on the material

coupled with high bending strength, relatively low Young

modulus, fairly high hardness and biocompatibility [11,

12].

Silver has been recognized as an effective antimicrobial

agent that exhibits low toxicity in human and has diverse

in vitro and in vivo application. Ag-nanoparticles have

attracted considerable attention and have been used due to

their antibacterial activity and the unlikeness to develop

resistant microorganisms [5].

The reactive sputtering process is a valuable deposition

tool that has proved its efficiency for the synthesis of oxide

films incorporating silver nanoparticles [13] and YSZ

incorporating noble metal nanoparticles [14].

The purpose of this study is to combine the higher

corrosion resistance and scratch resistance of YSZ with a

potential antimicrobial activity of silver for coating of Ti–

6Al–4V alloys.

2 Materials and methods

2.1 Materials synthesis and microstructure

Cubic YSZ and Ag-YSZ nanocomposite films were

deposited on Ti–6Al–V coupons by reactive magnetron co-

sputtering of Ag and Zr/Y targets (50 mm diameter, 3 mm

thick and purity higher than 99.9 %). The current applied

to the Zr/Y target was kept constant at 0.7 A. For deposi-

tion of the nanocomposite ceramic films, the same

parameters were applied to the Zr/Y target and the silver

target was powered by an Advanced Energy MDX 1.5 kW

DC using a current of 0.1 A. The resulting silver content,

characterized by the Ag/(Ag ? Zr ? Y) ratio of atomic

concentrations, was close to 41 at% as measured by energy

dispersive X-ray spectroscopy (EDSX). The deposition

time was set such that the film thickness was close to 1

micron. After deposition, the samples were annealed in air

at 300 �C for 2 h. The film surface was observed using

secondary electron detection with a Philips XL 30S-FEG

scanning electron microscope (SEM) (Fig. 1). The surface

morphology was characterized by the presence of facetted

micronic crystals identified by EDS as silver particles as

well as by rough features containing silver. In addition,

X-ray diffraction (XRD) analysis was performed on YSZ

and nanocomposite films deposited on glass substrates and

annealed under the same conditions (not shown here).

2.2 Staphylococcal adhesion experiments

Ti–6Al–4V coupons coated with Ag-YSZ were compared

against controls of uncoated Ti–6Al–4V coupons and Ti–

6Al–4V coupons coated with YSZ film.

Staphylococcal adhesion experiments were performed

as described by Kinnari et al. [15]. Briefly, the biofilm-

forming collection strains S. aureus 15981 [15], Staphy-

lococcus epidermidis ATCC 35984 and six clinical strain

from each species, isolated from patients with implant-re-

lated infection by sonication [16], were cultured overnight

in tryptic soy broth (bioMérieux, Marcy l’Etoile, France) at

?37 �C in 5 % CO2 atmosphere. After culturing, bacteria

were harvested by 10-min centrifugation at 35009g at

room temperature. Supernatant was discarded and the

pellet was washed three times with sterile phosphate buf-

fered saline (PBS). Bacteria were then suspended and

diluted in PBS to 108 colony-forming units (CFU)/mL. The

biomaterial discs were placed into the bacterial suspension

and incubated for 90 min at ?37 �C. Afterwards, the bio-

material plates were rinsed three times with sterile PBS to

remove any nonadherent bacteria [15].

Dried plates were stained for 15 min with a rapid fluo-

rescence staining method using the Live/Dead� Back-

lightTM Bacterial Viability Kit (Invitrogen, Eugene, OR,

USA) [17]. On each plate, eight fields were viewed and

photographed with Nikon Coolpix 8400 (Nikon, Melville,

NY, USA) under a fluorescence microscope at 940 mag-

nification (Fig. 2). All experiments were performed in

Fig. 1 shows the SEM image of the film surface of a Ag/YSZ

nanocomposite layer deposited on a Ti–6Al–V coupon after annealing

in air at 300 �C. The facetted crystals were identified to metallic silver

using EDSX. TEM analysis was conducted on a cross section lamella,

which evidenced the nanocomposite architecture of the film as

consisting of silver nanoparticles in the 10–20 nm range embedded by

the YSZ matrix

6 Page 2 of 9 J Mater Sci: Mater Med (2016) 27:6

123



triplicates. The number of microphotographs studied was

24 per each material and bacterium. The surface area

covered with adhered bacteria was calculated using the

ImageJ software (National Institue of Health, Bethesda,

MD, USA).

2.3 Statistical analysis

For the statistical study, non-parametric tests have been used.

Mann–Whitney or Wilcoxon tests were used for two samples

and the Kruskal–Wallis test was used for more than two

samples. EPI-Info software version 3.5.1 (CDC, Atlanta,

GA. USA) was used to perform the statistical studies.

3 Results

3.1 Ag-YSZ thin film morphology

XRD analysis evidenced the formation of face centered

cubic metallic silver after annealing. Further analysis of the

microstructure of the film cross section by transmission

electron microscopy (TEM) proved that ceramic

nanocomposite film was formed including silver nanopar-

ticles of 15 nm of average size embedded by the oxide

matrix (Fig. 1). Hence, silver nanoparticles are present

within the film and silver micro particles grew on top of the

film during annealing.

3.2 Bacterial adhesion tests

3.2.1 Bacterial adhesion for collection strains

The adherence results, represented in Fig. 2 indicates that

both strains showed lowered bacterial adherence to

modified surface materials compared to untreated Ti–6Al–

4V surface (P B 0.0001 for all the comparisons except

P = 0.0002 for S. aureus with respect to Ti–6Al–4V with

YSZ). Figure 3a, b shows an example of the images

obtained for S. aureus and S. epidermidis.

The incorporation of silver produced a decrease of

bacterial adherence for both bacteria with respect to Ti–

6Al–4V coated with YSZ (P\ 0.0001 for S. aureus and

P = 0.0112 for S. epidermidis). S. epidermidis showed

more adhesion than S. aureus to all materials (P\ 0.0001

for all materials).

3.2.2 Bacterial adhesion for clinical strains

The adherence results, represented in Fig. 4a, b, indicates

that all clinical strains showed low adherence to modified

surface materials (P\ 0.05) except for the S. epidermidis

strain p33 where no differences between Ti–6Al–4V and

Ti–6Al–4V coated with YSZ were observed (P = 0.6724).

Moreover, Ti–6Al–4V coated with Ag-YSZ showed

significantly lower adhesion except with respect to YSZ-

coated coupons for p2.

Figure 5 shows that considering Ti–6Al–4V S. aureus

strain p61 and S. epidermidis strain p6 showed the highest

adherence and for the modified surface materials the

highest adherence was shown by S. aureus p4 and S. epi-

dermidis p33.

3.3 Percentage of the dead bacteria on each surface

3.3.1 Percentage of the dead collection strain bacteria

on each surface

Only materials with YSZ or Ag-YSZ modified surface

showed bactericidal effect on collection strain bacteria.

YSZ-coated coupons for both collection strains (mean

percentage of dead bacteria per image (% dead bacte-

ria) ± standard deviation (SD) = 9.64 ± 9.20 for S. aur-

eus and 7.23 ± 7.08 for S. epidermidis) and Ag-YSZ only

for S. epidermidis (22.12 ± 21.89) (P = 0.0014 for S.

epidermidis). There were not statistically significant dif-

ference between S. aureus and S. epidermidis for Ti–6Al–

4V with YSZ.

3.3.2 Percentage of the dead clinical strain bacteria

on each surface

The incorporation of silver showed bactericidal effect for

all the clinical strains of S. aureus with respect to Ti–6Al–

4V (Fig. 6a) except for p18 (P = 0.1878). However, con-

sidering the clinical strains of S. epidermidis there was

statistically significant difference only for p53 (P\ 0.

0001).

Fig. 2 Mean percentage of biomaterial surface covered with each

collection strain of S. aureus and S. epidermidis for the respective

material. The error bars represent the standard deviation
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Figure 7 shows that each clinical strain seemed to have

variable behaviour depending on the implant material.

However, in p2 and p95 strains the bactericidal effect was

always weak and in p4 and p18 strong, whereas any of the

materials killed p74 strain bacteria.

4 Discussion

Bacterial adhesion to a material surface is the first step in

biofilm development [15, 18]. It is determined by the

combination of interactions between bacterial surface, the

substrate surface and the environment around them. It

depends largely on the structure and atomic composition of

the surface of implanted biomaterials, surface charge,

hydrophobicity, and its roughness and surface morphology

[19].

Coated implants resistant to infection could prevent the

progression and development of infections [20]. With

increasing bacterial resistance against antibiotics, silver

and its compounds—historically well known for their

antimicrobial effect—have come back into the focus of

research [21].

YSZ is among the most used ceramic materials in dental

implants, due to its mechanical properties and biocompat-

ibility, because YSZ implants are bio-inert and have

excellent resistance to wear and corrosion. Due to the high

flexural strength and fracture resistance [22, 23], YSZ

could be an excellent alternative to Ti–6Al–4V alloys.

With regards to osseointegration, the results are in fact

comparable or even better than those obtained for titanium

[24]. Moreover, it does not induce cytotoxic effect on

fibroblasts [23]. It is a ceramic based on zirconium oxide,

in which the particular crystalline structure becomes

stable at room temperature by the addition of yttrium

oxide. Pure ZrO2 has a stable tetragonal crystal structure at

temperatures above 1273 K, but changes to a monoclinic

crystal structure below that temperature and to cubic above

2643 K.

The objective of the study was to assess whether it is

possible to combine the beneficial properties of YSZ with

the antimicrobial properties of silver.

YSZ AND Ag-YSZ coated plates showed a decreased

bacterial adherence of collection and clinical strains of S.

aureus and S. epidermidis in comparison to uncoated plates

supporting the results of the previous studies [22, 25].

Moreover, the incorporation of silver produced a decrease

of the adhesion compared to YSZ only.

The mechanism of the antimicrobial effect shown by

YSZ coating is not clear. However, as shown by Poortinga

et al. [26] the electric conductivity of superficial structure

of zirconium oxide could explain the reduction on the

bacterial adherence compared with uncoated Ti–6Al–4V.

During bacterial adhesion, depending on the specific

resistivity of the substratum, bacteria either donate to or

accept electrons from the substratum. It could be hypoth-

esized that YSZ donates electrons to the bacteria which

produces a repulsive force between the bacteria and the

substratum and leads to a lowered bacterial adhesion.

The bactericidal mechanism of silver targets cysteine

residues, which are omnipresent in proteins. Therefore,

silver is effective on a large spectrum of bacteria, and

Fig. 3 Example of the fluorescence microscope images for Ti–6Al–4V surface, Ti–6Al–4V coated with YSZ surface and Ti–6Al–4V coated

with YSZ-Ag surface covered by the collection strains of a S. aureus and b S. epidermidis
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target based mutation to silver resistance is unlikely to

develop. It could be for this reason that the silver coating

has a similar bactericidal effect for most of the strains.

Nanocrystalline silver is a unique structure of silver; it is

a metastable, high-energy form of silver prepared by

reactive sputtering, producing crystals of oxidized silver

and metallic silver. Bulk silver placed in water does not

dissolve, but nanocrystalline silver dissolves to provide a

concentration in solution of around 70 ppm releasing both

Ag? and Ag0 whereas other silver sources release only

Ag? [27].

Furthermore, released silver ions act immediately, as

shown by blockage of protein activities, which is beneficial

for preventing local infections. Possibly the main

Fig. 4 Mean percentage of

biomaterial surface covered

with each clinical strains of a S.

aureus and b S. epidermidis for

each material. The error bars

represent the standard deviation
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indication for these compounds will be prevention of

perioperative infections [20].

Silver has been known to be eliminated via the renal

system, and can be absorbed easily through the gastroin-

testinal system [28]. Hence, metallic silver appears to

present a minimal risk to health. In contrast, soluble silver

compounds are more readily absorbed than insoluble

metallic silver and, therefore, have a greater potential to

cause adverse effects in humans [29].

S. epidermidis showed higher adherence for all materials

than S. aureus. In this study, we first evaluated the

adherence of collection strains. These strains can have

lower genetic load than clinical strains isolated from

patients, because they are laboratory-adapted strains that

lose genes due to several passages on culture medium.

Further experiments were performed to evaluate adherence

using clinical strains isolated from patients with a diagnosis

of prosthetic joint infection which often show different

properties compared to laboratory-adapted collection

strains [30]. These experiments showed a variability in the

response of the different strains probably due to the dif-

ferent pathogenic properties of the strains. For this reason

Fig. 5 Comparison of the mean

percentage of biomaterial

surface covered with the

different clinical strains of a S.

aureus and b S. epidermidis for

each material. The error bars

represent the standard deviation

6 Page 6 of 9 J Mater Sci: Mater Med (2016) 27:6

123



we think that, when studying bacterial adhesion, it is

advisable to study the largest possible number of strains to

predict reliably the effect of in vivo.

Finally, and given the fact that resources are increas-

ingly scarce; the economy is a factor to be taken into

account. It is true that silver-coated prostheses are 5–7 %

more expensive than uncoated prostheses [31]. However,

the significant decrease in the period of hospitalization and

decreased revision surgeries should be factors to be taken

into account when considering the cost-effectiveness of

the changes to be implemented in the future relationship

[32].

Fig. 6 Mean percentage of

dead bacterial of each clinical

strains of a S. aureus and b S.

epidermidis for each material.

The error bars represent the

standard deviation
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5 Conclusions

The combination of osteointegration properties of YSZ

with the likely broad-spectrum antimicrobial activity and

low risk of resistance development to silver nanoparticles

makes Ag-YSZ nanocomposite film potential candidate for

clinical applications. This is largely supported by this study

using clinical bacterial strains obtained from infected

patients. Future studies must analyze the effect of Ag-YSZ

on biofilm development, which requires longer incubation

times and provides more silver elution that can have a

prolonged effect on sessile cells. This effect cannot be

detected in adhesion experiments, where only immediate

interactions between bacteria and the surface can be

studied.
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Appendix

Certain figures in this article are difficult to interpret in

black and white. The full colour images can be found in the

online version.
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