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Abstract: To prevent biomaterial-associated infections, antibiotic agents are recommended for various medical con-
ditions requiring biomaterial implants, but resistance often appears after the introduction of antibiotics into clinical 
use. Therefore, new strategies for the prevention or treatment for biomaterial-associated infections are required. 
The purpose of this study was to evaluate the effects of antimicrobial peptides on growth and biofilm formation 
of Staphylococcus aureus isolated from implant-associated infections. A total of 20 patients with culture-proven 
staphylococcal infection associated with stable orthopedic implants were selected as the experimental group. S. 
aureus were isolated from tissue biopsies for identification, the isolated strains were mixed with Tet213 incubated 
at 37°C and viable bactrial number of S. aureus was counted. For the biofilm formation, the broad spectrum AMP 
Tet213 was selected and loaded onto the Ti coating first. At the same time Ti coated with Tet213 were mixed with S. 
aureus in vitro to form biofilm. After 30 min, 2 h, 4 h, 6 h, 8 h, the population of S. aureus in the biofilm was counted. 
Tet213 showed significant antibacterial effect on 16 strains (P < 0.05, Table 1). The inhibition rate reached above 
80% among 12 strains of the clinically isolated strain. In biofilm experiments, counts of the NO. 1, 2, 3, 4 strains in 
biofilms decreased significantly after 2 h (P < 0.05), while there was no obvious difference in counts of NO. 5 strain 
(P > 0.05). The broad spectrum AMP Tet213 could strongly reduce the growth and biofilm formation of S. aureus in 
vitro, and the use of this might be an important new approach to target implant-associated infections.
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Introduction

Bacterial infections associated with implanted 
devices pose a significant threat to patients 
and a serious challenge to clinicians [1]. 
Inadequate treatment may result in failure of 
the medical device before the lifetime of the 
device. Staphylococcus aureus is a major 
cause of potentially life-threatening infections 
acquired in health care settings and is a lead-
ing cause of biomaterial-associated infections 
[2]. To prevent biomaterial-associated infec-
tions, antibiotic agents are recommended for 
various medical conditions requiring biomateri-
al implants [3, 4]. However, resistance often 
appears after the introduction of antibiotics 
into clinical use [5]. Therefore, new strategies 
for the prevention or treatment of biomaterial-
associated infections are required.

Cationic antimicrobial peptides (AMPs) make 
up a promising class of antimicrobial agents. 
AMPs are predominantly expressed in epithelial 
cells lining the respiratory, digestive, and geni-
tourinary tracts, and also in the granules of cir-
culating phagocytes., These peptides exert 
their activity mainly by disrupting the cell mem-
branes of cellular pathogens [6], and this non-
specific mode of action may be responsible for 
the broad-spectrum activity of many peptide 
antibiotics [7].

The antibacterial properties of AMPs have 
recently become a hot area of study in biomate-
rial-associated infections [8, 9]. One peptide in 
particular, a membrane-active peptide known 
as Tet213, has shown significant antibacterial 
effects [10, 11]. However, as is the case with 
most studies on antibacterial compounds, the 
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S. aureus used in the studies on Tet213 were 
standard strains [12], and studies on the effi-
cacy of antibacterial compounds on clinically 
isolated strains of S. aureus are limited. In this 
study, we isolated S. aureus from patients with 
implant-associated infections to study the anti-
bacterial activity of AMPs against clinically iso-
lated strains and the effect of AMPs on their 
biofilm formation.

Materials and methods 

Peptides

Tet-213 (amino acid sequence: KRWWKWWRRC) 
was synthesized by Shanghai Apeptide Co. Ltd. 
(Shanghai, China). Tet-213 was purified by high-
performance liquid chromatography, and its 
purity (> 95%) and mass were confirmed by ion-
spray mass spectrometry.

Bacterial isolation and culture

Twenty patients with stable orthopedia implant-
associated, culture-proven, short infection 
symptom duration (exclusion limit < 1 year; 
actual experience 0-21 days) [13] staphylococ-
cal strains were isolated from tissue biopsies 
and were incubated on Columbia sheep blood 
agar (BioMérieux, France) at 37°C under micro-
aerophilic conditions (5% O2, 10% CO2 and 85% 
N2) for 24 h. The S. aureus were verified by 
Gram-staining and the species was verified 
using Vitek (BioMérieux, France) [14]. After 
identification, S. aureus strains were purified 
on Columbia sheep blood agar once more and 
were kept frozen at -80°C until needed.

Interference test

Tet213 was diluted to a 1 mg/mL solution with 
PBS. S. aureus clinical isolates were grown on 
Columbia sheep blood agar under microaero-
philic conditions at 37°C for 24 h. After incuba-
tion, the S. aureus culture concentration was 
adjusted to 0.1 McF (3 × 107 CFU/ml) with PBS 
using a Densicheck analyzer (BioMérieux, 
France) [15]. Finally, 500 µl of Tet213 and 100 
µl of the S. aureus cultures were combined with 
2 ml BHI broth and incubated under microaero-
philic conditions at 37°C for 24 h. Fifty microli-
ters PBS were used as blank control.

After incubation, the suspensions were vor-
texed for 1 min and diluted 100-fold. Then, 100 

µl of the diluted suspension was incubated on 
Columbia sheep blood agar at 37°C for 24 h 
under microaerophilic conditions and the colo-
nies were counted. Inhibition rate was calculat-
ed according to the following formula [16]: 
Inhibition rate = (b-a)/b × 100%. Where a and b 
represent the colony number in the experimen-
tal group and blank control group, respectively.

AMP loading on Ti

A previously published method was used to 
load Tet213 onto Ti coating [17]. Briefly, a 1 
mg/mL peptide solution was prepared by dis-
solving 1 mg Tet213 in 1 mL PBS. Ti specimens 
were immersed in Tet213 solution separately 
for 1 h while slowly shaking at room tempera-
ture. To remove residual peptides, Ti specimens 
were washed three times for 1 min with PBS. Ti 
specimens were then gently air-dried and 
stored in dry containers.

Biofilm formation 

For this assay, five of the 20 clinically isolated 
strains of S. aureus were randomly selected as 
test strains. They were grown on Columbia 
sheep blood agar under microaerophilic condi-
tions at 37°C for 24 h and were then placed 
into PBS at a concentration of 0.5 MCF (1.5 × 
108 CFU/ml). The bacterial solutions were 
transferred to sterile 9 cm petri dishes with 10 
ml BHI broth, and either a Tet213-coated or an 
untreated Ti slide was added to the petri dish-
es. The petri dishes were incubated under 
microaerophilic conditions at 37°C for 24 h. 
Biofilm formation was examined after 0.5 h, 2 
h, 4 h, 6 h and 8 h incubation. After incubation, 
Ti slides were placed in 1 ml PBS and vortexed 
for 90 s. The culture was then diluted 100 fold 
in PBS. Finally, 100 ul of the diluted culture was 
inoculated on Columbia sheep blood agar at 
37°C for 24 h and the number of colonies was 
counted. The biofilm inhibition rate after 8 h 
was calculated using the formula above.

Statistical analysis

All experiments were performed at least three 
times and data are expressed as the mean ± 
SD. SPSS 14.0 software for Windows was used 
for data analysis. Data were analyzed for statis-
tical significance using the paired t-test. A p 
value < 0.05 was considered statistically 
significant.
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Results

Interference test

Among the 20 clinically isolated strains of S. 
aureus, Tet213 showed significant antibacteri-
al effect on 16 strains (P < 0.05, Table 1). The 
inhibition rate exceeded 80% in 12 of the clini-
cally isolated strains. Tet213 showed no signifi-
cant antibacterial effect on strain 6, 10, 15, or 
16 (P > 0.05), and the inhibition rate of Tet213 
on these strains were 67.2%, 68.2%, 33.2%, 
and 52.2%, respectively.

Inhibition of biofilm formation

After 30 min treatment with Tet213, the bacte-
rial count in the S. aureus biofilm began to 
decrease, but not significant when compared 
with the control group (P > 0.05; Figure 1). After 
2 h, the number of bacteria in the biofilm 
formed by strains 1, 2, 3, and 4 decreased sig-
nificantly (P < 0.05), while there was no statisti-
cal difference in in the strain 5 (P > 0.05). From 
the fourth hour on, biofilm cell counts in strains 
1, 2, 3, and 4 began to stabilize. After 4 h, bio-
film cell counts in strain 5 still showed no sig-

nificant changes compared to the control 
group (P > 0.05). After 8 h, the inhibition rate 
of Tet213 on biofilm formation were 77.2%, 
88.2%, 83.2%, 78.2%, 41.3% in clinically iso-
lated strains 1, 2, 3, 4, and 5, respectively 
(Figure 2).

Discussion

In our interference test, Tet213 showed sig-
nificant antibacterial activity on 80% (16 of 
20 strains) of the S. aureus clinical isolates. 
For other four strains, Tet213 did not show 
any obvious antibacterial effects. This may be 
because some S. aureus clinical isolates 
have acquired the ability to sense and initiate 
an adaptive response to AMPs and resist 
their bactericidal activity [18]. In our biofilm 
experiments, strain 5 seemed to be resistant 
to Tet213, and it was likely that strain 5 
became resistant to AMPs just as the four 
strains were not sensitive to Tet213 in the 
interference test.

AMPs have been isolated and characterized 
from tissues and organisms. They are rela-
tively small in size (< 10 kDa), but their amino 
acid composition, amphipathicity, cationic 
charge, and size allow them to attach to and 

Table 1. Inhibitory effects of Tet213 on S. aureus 
after 24 h (×106 CFU/ml, means ± SD)
Strains CFU (control) CFU Inhibition rate (%)
1 15.76 ± 3.91 3.81 ± 0.41* 75.6
2 14.25 ± 2.82 1.38 ± 0.69* 90.3
3 16.91 ± 2.11 1.44 ± 0.67** 91.5
4 13.53 ± 1.02 1.45 ± 0.96** 89.3
5 11.83 ± 1.04 2.38 ± 0.21* 79.9
6 15.81 ± 1.49 5.18 ± 0.85 67.2
7 15.67 ± 1.71 1.82 ± 0.86* 88.4
8 15.13 ± 0.78 1.76 ± 0.64** 84.9
9 14.06 ± 0.71 2.14 ± 0.22* 84.8
10 18.61 ± 4.05 5.91 ± 1.46 68.2
11 15.19 ± 0.63 2.44 ± 0.22* 83.9
12 15.21 ± 2.07 2.47 ± 0.76* 83.4
13 16.27 ± 0.42 0.94 ± 0.23* 94.2
14 19.37 ± 0.71 2.73 ± 0.68* 85.9
15 11.79 ± 7.99 7.87 ± 2.23 33.2
16 10.83 ± 0.82 5.17 ± 0.52 52.2
17 12.83 ± 0.24 2.98 ± 0.33* 76.7
18 11.47 ± 0.58 1.54 ± 0.34* 86.6
19 12.98 ± 0.78 1.88 ± 0.21* 85.5
20 14.34 ± 1.11 3.01 ± 0.47* 79.1
*P < 0.05, **P < 0.01 compared with PBS controls (paired-t test).

insert into membrane bilayers to form pores via 
the ‘barrel-stave’, ‘carpet’ or ‘toroidal-pore’ 
mechanisms [19]. Studies have shown that 
these peptides exhibit broad-spectrum anti-
bacterial activity against a wide range of patho-
genic microbes including Bacillus subtilis and 
S. epidermidis [20-22]. AMPs are increasingly 
being studied for their clinical potential in vari-
ous animal models, and also in clinical trials. 
Our study demonstrated that the Tet213 AMP 
can inhibit the growth and biofilm formation of 
S. aureus in vitro. These results are consistent 
with previous experiments [23-25].

Biofilm formation on implant surfaces is the 
main reason why implant-associated infections 
are difficult to eradicate [26]. Biofilms are com-
plex structures formed by adhered bacteria on 
various surfaces, including implant surfaces. 
Increased tolerance to antimicrobial agents is 
thought to be largely a consequence of biofilm 
formation [27]. Therefore, finding a simple and 
effective way to control biofilms is especially 
important. AMPs are attracting increasing inter-
est as potential new antimicrobial agents to 
assist the prevention of biofilm formation [28, 
29]. Their effects on biofilm appear to be based 
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on their ability to permeabilize and/or to form 
pores within the bacterial cellular membranes 
[30]. 

While it is interesting to see that antimicrobial 
peptides do exhibit antibacterial effects on S. 

aureus growth and biofilm formation, the envi-
ronment inside the body is far more complex 
than the in vitro assay, and the distribution and 
metabolism of AMPs in the body will affect the 
antibacterial effects of therapeutic AMPs [31]. 
In addition, any additional potential mecha-
nisms of action of AMPs have not yet been thor-
oughly studied. Therefore, further studies on 
the antibacterial effect of AMPs using in vivo 
animal models are still necessary to fully under-
standing the role that AMPs may play in the pre-
vention of implant-associated infections. In the 
meantime, our experiment serves to confirm 
the short-term effects of AMPs on clinically rel-
evant strains, but further studies are required 
to determine their long-term effects.

IIn conclusion, the broad spectrum AMP Tet213 
strongly reduced growth and biofilm formation 
of S. aureus in vitro, and the use of this class of 
antimicrobial agents may be an important new 
approach in targeting implant-associated infec- 
tions.

Figure 1. Viable S. aureus cells in the biofilms 
after 30 min, 2 h, 4 h, 6 h, 8 h in the pres-
ence of Tet213 or PBS. *P < 0.05, **P < 0.01 
compared with PBS controls (paired-t test).

Figure 2. The inhibition rate of Tet213 on biofilm for-
mation of five selected S. aureus clinically isolates 
after 8 h.
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