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Abstract Maxillofacial and craniofacial surgery is on the
increase, which exposes more patients at risk of acquiring
microbial infections. The use of antibiotic-loaded calcium
phosphate bone cements has been shown to reduce the
incidence of infection. A marked increase in antibiotic-
resistant pathogens, including multidrug-resistant patho-
gens, has been reported. This has led to the investigation of
various compounds as alternatives to conventional treat-
ments. In this paper, we report on the incorporation and
release of a broad-spectrum class II antimicrobial peptide,
bacteriocin ST4SA produced by Enterococcus mundtii,
into a calcium orthophosphate-based bone cement. Our
results suggest class II bacteriocins may be incorporated
into self-setting bone cements to produce implants with
antimicrobial activity over extended periods of time.

Keywords Bacteriocin - Brushite bone cement -
Antimicrobial activity

Introduction

With the increase in life expectancy, orthopaedic implant
surgery is on the rise, which in turn puts more patients at
risk of acquiring microbial infections [17, 26]. In maxil-
lofacial and craniofacial surgery, antibiotics are usually
administered prophylactically to prevent post-operative
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infections. However, the increase in the number of antibi-
otic-resistant bacteria, especially methicillin-resistant
Staphylococcus aureus (MRSA), has narrowed the choice
of antibiotics down to only a few [13, 14, 26, 34]. Fur-
thermore, antibiotics administered intravenously or orally
are not always effective [13, 14]. The main reason for this
is the restriction in blood flow in areas surrounding the
implant and hence less contact between the antibiotic and
site of infection [14, 37]. In severe cases of infection,
surgical intervention is often the only alternative to a cure
[37, 38].

A number of papers have been published on the incor-
poration of antibiotics and therapeutic agents in bone
cement [2, 6, 15, 18, 20, 32, 33, 36]. Thornes et al. [34]
observed a decrease in Streptococcus epidermis infection
with gentamicin incorporated into bone cement (41%
infection rate compared with 73% in the absence of gen-
tamicin). However, the number of S. epidermis cells that
developed resistance to gentamicin increased from 19 to
78% [34]. In other studies, antibiotic-loaded bone cements
used as a prophylactic significantly reduced the incidence
of prosthetic joint—associated infection [13, 19].

Bacteriocins with a broad or narrow spectrum of activ-
ity, and mechanisms of action different from conventional
antibiotics, may serve as an alternative in the treatment of
antibiotic-resistant pathogens. Some of these peptides
have shown activity against MRSA, vancomycin-resistant
enterococci as well as other clinical isolates [7, 11, 22, 23,
28]. Most of the bacteriocins are small, ribosomally syn-
thesized, cationic and hydrophobic/amphiphilic peptides
with 20-60 amino acid residues. They are grouped into two
main classes [9, 10, 21]. Class I bacteriocins are defined as
lantibiotics and are divided into subgroups A and B based
on structure and mode of action [10]. Class II bacteriocins
are heat-stable, non-lanthionine-containing peptides and
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separated into four subgroups [4]. Pediocin-like bacterio-
cins [1, 35] are grouped into class Ila, bacteriocins that
require two peptides for activity are grouped in class IIb,
cyclic peptides in class Ilc and single non-pediocin-
like peptides in class IId [10]. Class III contains the
bacteriolysins [10].

Bacteriocin ST4SA, produced by Enterococcus mundtii
ST4SA, belongs to the class Ila bacteriocins and is
active against various Gram-positive bacteria, including
S. pneumonia and S. aureus, as well as the Gram-negative
bacterium Pseudomonas aeruginosa [22]. This paper
describes the incorporation of bacteriocin ST4SA in cal-
cium orthophosphate-based cement (CPC) and reports on
the release rate and antimicrobial activity of the peptide in
vitro. We have chosen CPC due to its excellent osteocon-
ductive properties and stability during in situ moulding
[29]. Furthermore, CPCs are usually resorbed by osteo-
clasts and do not need to be removed, thus reducing the risk
of infection caused by secondary operations [8, 27].

Materials and Methods

The p-tricalcium phosphate (STCP, 95%) and monocal-
cium phosphate monohydrate (MCPM, 85%) were
acquired from Sigma-Aldrich (Sigma—Aldrich, Germany).
Tri-sodium citrate dihydrate was obtained from Saarchem
(Saarchem, Gauteng, South Africa) and ammonium sul-
phate (99.5%) and Listeria Enrichment Broth (LEB) from
Merck (Merck, Darmstadt, Germany). Dialysis membranes
(1 kD, Spectra/Por® 6) were from Spectrumlabs (Spectrum
Inc., CA, USA). The BCA protein assay kit was from
Thermo Scientific (Pierce Biotechnology, Rockford, IL,
USA). All other growth media used were from Biolab
(Biolab Diagnostics, Midrand, South Africa).

Preparation of Bacteriocin ST4SA

Enterococcus mundtii STASA was cultured in 1 L MRS
broth for 24 h at 30 °C. Cells were harvested at 8,000¢g for
10 min at 4 °C. The pH of the resulting supernatant was
adjusted to 6.5-7.0 and then incubated at 80 °C for 10 min
to inactivate proteolytic enzymes. Proteins were precipi-
tated from the cell-free supernatant with 80% saturated
ammonium sulphate [25]. The precipitate was collected by
centrifugation (10,000g for 1 h at 4 °C), and the pellet was
re-suspended in 10 mL sterile distilled water. The con-
centrated bacteriocin was dialysed against 4 L sterile dis-
tilled water using a 1-kDa cut-off dialysis membrane
(Spectrumlabs). The dialysed product was concentrated by
freeze-drying and stored at —20 °C. Antimicrobial activity
was determined using the agar-spot method [22]. Activity
was expressed in arbitrary units per mL (AU/mL). One AU
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is defined as the reciprocal of the highest serial twofold
dilution showing a clear zone of growth inhibition. Listeria
monocytogenes EGD-e, grown in LEB supplemented with
7.5 pg/mL chloramphenicol and incubated at 37 °C on a
shaker, was used as sensitive strain model.

Preparation of Bone Cement

Cement samples were prepared according to the method
described by Barralet et al. [3]. f-TCP and MCPM were
ground to a fine powder with a pestle and mortar and mixed
in equimolar amounts. The powder (250 mg) was mixed
with 75.76 pL. 500 mM tri-sodium citrate (P/L ratio of
3.3 g/mL), which served as retardant. Samples containing
bacteriocin ST4SA were prepared by first adding the pep-
tide to the dry cement powder (5%, w/w) before mixing
with 500 mM tri-sodium citrate. Mixing was performed on
a glass slab for 30 s to form a homogeneous paste. The
paste was moulded into insulin syringes, from which the
tips have been cut off, and dried at 37 °C for 2 h. The set
cement cylinders were approx. 8 mm long and 4 mm in
diameter.

Characterization of Bone Cement

The crystal structure of the bone cement was studied using
a Zeiss EVO MAIS5SVP scanning electron microscope
(SEM). The cement cylinders were fractured, placed on an
adhesive stub and coated with gold before SEM analysis.
Powder X-ray diffraction (XRD) patterns of the set
cements were recorded on a PANalytical X’Pert PRO MPD
(Multi-Purpose Diffractomator). Data were collected from
20 = 10°-60° with a step size of 0.02° and a normalized
count time of 1 s/step using Cu Ka, radiation. Phase
composition was checked by means of ICDD (international
centre for diffraction data) reference patterns for -TCP
(00-009-0348), MCPM (01-070-0359), brushite (00-009-
0077 & 01-072-0713) and hydroxyapatite (00-001-1008).

Release of Bacteriocin ST4SA from Bone Cement

Bone cement cylinders, made from 250 mg -TCP/MCPM
powder mixed with 12.5 mg bacteriocin ST4SA prepara-
tion, were incubated in 5 mL PBS buffer (pH 7.4) at 37 °C
and slowly stirred. At selected time intervals, the entire
volume of buffer was collected and centrifuged at
8,000g for 1 min to remove non-dissolved particles. Pro-
tein concentration (mg/mL) in the particle-free buffer was
determined using the colorimetric BCA protein assay
method at 562 nm to determine the release of bacteriocin
ST4SA. Readings were recorded from standard curves
prepared with bovine serum albumin. Buffer extracted was
replaced with fresh buffer, and the bone cement cylinders
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were incubated until the next reading. Readings were
recorded over 120 h. Release of protein from the bone
cement was expressed as percentage of the original protein
content present in the sample.

In a separate experiment, the bone cement cylinders
were removed from the PBS buffer (pH 7.4), inserted
into 10 mL soft agar (1.0%, w/v) and seeded with 1 mL
L. monocytogenes EGD-e (1 x 107 cfu/mL). The plates
were incubated at 37 °C for 24 h, and bacteriocin ST4SA
activity was recorded by the formation of a clear zone of
growth inhibition around the cement cylinders.

Antimicrobial Activity of Peptide ST4SA Released
from Bone Cement

To determine the rate at which bacteriocin ST4SA is released
from the bone cement, a delayed agar diffusion method was
used [5]. Bone cement (250 mg) containing 12.5 mg peptide
ST4SA, equivalent to 102,400 AU/mL, was incubated in
20 mL 1% LEB soft agar seeded with 1 mL L. monocytogenes
EGD-e (1 x 107 cfu/mL). After 24 h of incubation at
37 °C, the diameter (cm) of growth inhibition zones was
recorded. The cement cylinders were then aseptically
removed and placed into fresh soft agar seeded with
L. monocytogenes EGD-e. The experiment was repeated
until no zones of growth inhibition zones could be detected.

Statistical Analysis

Data were collected in Microsoft Excel 2007, and data
points, indicated with standard deviations, represent an
average of three repeats.

Results

Cement Characteristics

Addition of bacteriocin ST4SA to the [-TCP/MCPM
powder produced a slightly more viscous cement paste

compared with samples without the peptide. SEM of
cement cylinders with and without bacteriocin ST4SA
revealed similar textures, i.e. a dense surface with charac-
teristic plates and blocks (Fig. la, b). XRD patterns
corresponded well with that recorded for ICDD patterns of
brushite (00-009-0077 & 01-072-0713), although some
peaks for S-TCP (00-009-0348) and MCPM (01-070-0359)
could be seen in samples with and without bacteriocin
ST4SA (Fig. 2). No peaks characteristic of hydroxyapatite
were observed in any of the samples.

Control
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Fig. 2 XRD patterns of unloaded (control) cement samples and
bacteriocin ST4SA-loaded samples (protein). Solid lines under the
XRD pattern indicate main brushite peaks (ICDD 00-009-0077)

Fig. 1 SEM images (5.00K) of fractured cement samples without (a) and with (b) bacteriocin ST4SA (5%, w/w)
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Fig. 3 Cumulative release of bacteriocin ST4SA (5%, w/w) from
brushite cement, expressed as a percentage of the original protein
content

Release of Bacteriocin ST4SA from the Bone Cement

Most of bacteriocin ST4SA (approx. 80%) was released
from the bone cement during the first 12 h (Fig. 3). This
was followed by a 4% increase in release over the next
108 h. After 120 h of submersion in PBS buffer, bacte-
riocin ST4SA-loaded bone cement was still active, i.e.
repressed the growth of L. monocytogenes (not shown).
Bacteriocin ST4SA incorporated into the bone cement
inhibited the growth of L. monocytogenes EGD-e for up to
13 consecutive days, as shown by clear zones of growth
inhibition (Fig. 4a). Zone sizes ranged from 3.5 cm in
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Fig. 4 a Antimicrobial activity of bacteriocin ST4SA incorporated
into brushite cement. L. monocytogenes EGD-e served as sensitive
strain. Images of antimicrobial activity are as recorded on days 1, 8

and 13. b Release of peptide ST4SA (5%, w/w) from brushite cement
over 13 days. L. monocytogenes EGD-e served as sensitive strain
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diameter, reported at day 2, to approx. 1.7 cm in diameter
on day 13 (Fig. 4b).

Discussion

Incorporation of bacteriocin ST4SA into [-TCP/MCPM
did not lead to drastic structural changes (Fig. 1), sug-
gesting that crystal formation and setting of the cement
were not altered. XRD results indicated that the main phase
of the set cement is brushite, and addition of bacteriocin
ST4SA did not cause any significant changes (Fig. 2).
Peaks for f-TCP and MCPM could be seen in control
samples and bacteriocin ST4SA-loaded samples, possibly
due to the presence of non-reacting starting material [6].
Similar results have been reported with the incorporation of
other therapeutic agents in bone cement [24, 33].

Release of the active agent from bone cement depends
on several factors, such as cement-drug interaction,
porosity of the cement and solubility of the drug [16, 20,
33]. Release of most therapeutic agents from bone cement
is characterized by a sudden burst, followed by slow
release over several hours [6, 15, 20, 33, 36]. Rapid release
of bacteriocin ST4SA (Fig. 3) suggests a high initial dif-
fusion from the bone cement, which is supported by the
small size (3.5 kDa) of the peptide. Bacteriocin ST4SA, on
the other hand, was not completely released from the bone
cement, as evident by the prolonged antimicrobial activity
recorded (Fig. 4b) as well as the release study (Fig. 3). The
release profile of bacteriocin ST4SA out of the cement was
slightly higher than that reported for other therapeutic
agents in unmodified cement [6, 15, 20, 33, 36]. Solubility
also plays a major role in the release rate. Hofmann et al.
[20] reported a higher burst release rate for vancomycin
(80% in 24 h) as opposed to the less soluble ciprofloxacin
(60% in 24 h). Concluded from results obtained in our
study, bacteriocin ST4SA was released from bone cement
for at least 120 h, suggesting that a certain percentage of
the peptide takes longer to dissolve. It may also be that the
cationic peptide adheres to the bone cement by electrostatic
forces. However, XRD and SEM results did not indicate
chemical or structural changes (Figs. 2, 3). Another pos-
sibility may be that the peptide is only released upon
cement dissolution/resorption [20, 33]. L. monocytogenes
EGD-e was used as a model pathogen in this study.
In future in vitro and in vivo experiments, Streptococcus
epidermidis and S. aureus will be included.

Release of bacteriocin ST4SA from the bone cement
may be enhanced by incorporating the peptide into micro-
or nanoparticles. The concept has been shown in several
other studies [12, 29-32]. The porosity of bone cement is
easily changed by increasing the powder:liquid ratio, which
in turn will enhance the release of a therapeutic agent [20].
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Conclusions

Bacteriocin ST4SA proved stable and active for at least
13 days in -TCP/MCPM cement. The incorporation of
bacteriocins into bone cement and developing implants
with inherent antimicrobial activity seems possible. The
challenge would be to select antimicrobial peptides with
broad-spectrum activity that would not elicit a host
immune response and with a mode of action that would
prevent the emergence of microbial resistance. The possi-
bility of combining antibiotics with a suitable bacteriocin
may also reduce the chances of microbial resistance.
Encapsulation of antimicrobial peptides with micro- and
nanoparticles in vitro as well as in vivo trials with mice is
currently being investigated.
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