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Periprosthetic infection remains a challenging clinical complication. We investigated the antibacterial properties of pure
(99.9%) magnesium (Mg) in vitro and in an in vivo rat model of implant-related infection. Mg was highly effective against meth-
icillin-resistant Staphylococcus aureus-induced osteomyelitis and improved new peri-implant bone formation. Bacterial icaA
and agr RNAIII transcription levels were also assessed to characterize the mechanism underlying the antibacterial properties of

the Mg implant.

rtificial metal implants are widely used to repair bone injury

due to fractures, tumor resection, and other causes. How-
ever, periprosthetic infections (PPI) are a clinically challenging
complication, as the biomaterial implant surfaces serve as sub-
strates for bacterial adhesion, colonization, and biofilm forma-
tion (1, 2). Prolonged antimicrobial treatment, implant re-
moval, and surgical revision are often necessary to cure PPI,
which leads to increased patient morbidity and places a sub-
stantial health care burden on society. Conventional PPI pre-
vention relies on systemic antibiotics, which possess several
disadvantages: (i) it is difficult to achieve an effective local
antibiotic concentration without risking systemic toxicity, (ii)
therapy is ineffective once the adherent bacteria have formed a
biofilm on the implant surface, and (iii) they increase the emer-
gence of antibiotic-resistant bacteria, such as methicillin-resis-
tant Staphylococcus aureus (MRSA), a common osteomyelitis-in-
ducing pathogenic bacterium. Thus, many studies have focused
on the development of novel medical biomaterials with antibac-
terial properties, such as metal implants, that prevent and/or treat
implant-associated infection (3-6).

Pure magnesium plates were first introduced as orthopedic
implants in 1907. Since then, this biodegradable magnesium-
based metal and its alloy have been widely investigated for their
utility as implant materials suitable for bone and cardiovascu-
lar applications due to their cytocompatibility and mechanical
properties similar to those of natural bone (7-10). Previous
investigations have found that the corrosion products of Mg
degradation possess in vitro antibacterial function because they
increase local alkalinity (11). These characteristics suggest that
Mg-based metal could provide clinical utility as an orthopedic
implant to prevent implant-associated infections. We investi-
gated the in vitro and in vivo antibacterial properties of pure Mg
(99.9%) against MRSA. Rat models of implant-related osteo-
myelitis (Sprague-Dawley rats) were implanted with pure Mg
intramedullary nails. The efficacy of the nails for treating os-
teomyelitis and the amount of new peri-implant bone forma-
tion were evaluated. We also assessed bacterial icaA and agr
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RNAIII transcription to identify the mechanism underlying the
antibacterial properties of pure Mg.

The in vitro antibacterial efficiency of Mg and titanium (Ti)
sample discs (¢ = 15 mm) was analyzed using the spread plate
method (12, 13) after coculturing with MRSA (ATCC 43300) for
6, 12, and 24 h. Adherent bacteria were removed from the sample
surfaces and recultured on BBL tryptone soy agar (TSA), then
quantified by colony counting (data expressed in CFU). The Ti
surfaces served as positive controls. After 24 h, the pure Mg sur-
faces exhibited the lowest levels of MRSA colonization (Fig. 1A)
and exhibited bactericidal efficiency in comparison to Ti (P <
0.01) (Fig. 1B).

Bacterial adherence and biofilm formation were analyzed by
confocal laser-scanning microscopy (CLSM) (Leica TCS SP2;
Leica Microsystems, Heidelberg, Germany) and field-emission
scanning electron microscopy (FESEM) (Hitachi S-4800, Cam-
Scan) (Fig. 1C and D). The discs were stained with combination
dye (LIVE/DEAD BacLight bacterial viability kits, catalog no.
L13152; Molecular Probes) and observed by CLSM over time (Fig.
1C). Intense fluorescence on the Ti surfaces indicated a high level
of biofilm formation, while pure Mg yielded fewer and smaller
viable colonies. Twenty-four hours after coculture with MRSA,
FESEM imaging of the Ti surfaces showed extensive colonization
by spherical MRSA encased in a matrix suggestive of biofilm for-
mation (Fig. 1D, Ti). In contrast, the Mg surfaces had only iso-
lated, irregularly shaped individual bacteria (Fig. 1D, Mg).
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FIG 1 (A) Representative images of viable bacteria grown on different samples after 6, 12, and 24 h of culture. (B) The number of viable bacteria were counted
and normalized to the number of bacteria on Ti samples. (C) CLSM images of bacteria adhered to the samples after 6, 12, and 24 h of culture. Bacteria are stained
with green fluorescent SYTO 9 and red fluorescent propidium iodide, which cause living cells to appear green and dead cells to appear red under CLSM. (D)
FESEM images of bacteria adhered to the samples after 24 h of culture. (E) Absorption of crystal violet was used as an indicator of biofilm formation by MRSA
after 2, 5, 8, 10, 12, and 24 h of culture. The relative absorption of crystal violet was normalized to that of the 2-h control. (F) Expressions of the icaA and agr
RNAIII genes were analyzed using real-time PCR. RNA transcription levels were normalized to the expression of bacteria on the Ti samples. Values are means *

standard deviation (SD). *, P < 0.05; **, P < 0.01.

Biofilms were stained with crystal violet according to the
method of O’Toole et al. (14) (Fig. 1E). Sample surfaces were
cocultured with MRSA for 2,5, 8, 10, 12, and 24 h and then stained
with crystal violet (Sigma-Aldrich, St. Louis, MO, USA) and sol-
ubilized in 95% ethyl alcohol (EtOH). Absorbance was measured
at 570 nm using an automated plate reader (PerkinElmer). As
expected, staining intensity was significantly higher on the Ti discs
than on the Mg discs (Fig. 1E), indicating that pure Mg prevented
MRSA biofilm formation.

December 2014 Volume 58 Number 12

Staphylococcal biofilm formation depends on synthesis of the
polysaccharide intercellular adhesin (PIA), encoded by icaA (15—
17). We examined icaA gene expression as an index of biofilm
formation on Mg and Ti sample surfaces. Real-time PCR results
showed that icaA was significantly downregulated in MRSA cul-
tured with Mg versus that with Ti (P < 0.01) (Fig. 1F). We assume
that this inhibition of icaA transcription resulted in the down-
regulation of PIA production, thereby reducing biofilm forma-
tion. We also measured the expression of the Staphylococcus au-
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FIG 2 (A) X-ray digital films in posterior-anterior view of four rat groups 8 weeks after surgery. (B) Changes in body weight and temperature of animals. (C) **™Tc
radioactivity emission computerized tomographic (ECT) images of four rat groups 8 weeks after surgery. (D) Representative micro-computerized tomography (CT) 3D
reconstructed images obtained for each group. Bone mineral content (BMC) (E), bone mineral density (BMD) (F), body volume/tissue volume (BV/TV) (G), number
of pores (H), and the percentage of total porosity (I) of each group sample were analyzed. Values are means = SD. *, P < 0.05; **, P < 0.01.
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FIG 3 (A) FESEM images of Mg and Ti nails and bone tissue around implants. (B) Representative images of viable bacterial cultures of peri-implant bone tissues
and implanted nails using the conventional or sonication method, respectively. (C) The number of viable bacteria in the Mg group were counted and normalized
to the number of bacteria in the Ti group. Values are means = SD. *, P < 0.05; **, P < 0.01.

reus accessory gene regulator RNAIII (agr RNAIII) in MRSA
cocultures with Ti and Mg surfaces. The agr RNAIII locus regu-
lates the production of several exoproteins and cell surface-asso-
ciated proteins (18, 19). Regassa and Betley (18) found that alka-
line pH represses the expression of agr RNAIII, consistent with
our findings, in which agr RNAIII expression was significantly
downregulated by coculturing with pure Mg (P < 0.01) (Fig. 1F).
This result supports our hypothesis that the in vitro antibacterial
property of Mg implants may be due to the increase in local alka-
linity caused by Mg degradation.

In vivo, the right femur cavities of 5-month-old Sprague-Daw-
ley rats were implanted with pure Mg and Ti intramedullary nails
(b = 1.5by 15 mm), which were precultured with MRSA (1 X 10°
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CFU/ml) for 24 h to induce implant-related osteomyelitis. These
animals were designated the Mg and Ti experimental groups (Mg
Exp and Ti Exp). Animals implanted with sterilized Mg and Ti
nails were included as negative controls (Mg Ctrl and Ti Ctrl).
Body temperatures remained stable in the Mg Exp animals but
increased in the Ti Exp group during the follow-up period (Fig.
2B). Body weight decreased slightly in all groups during the first 4
weeks, but this was followed by a continuous weight gain in the
Mg Exp group (Fig. 2B). Digital X-ray images of the posterior-
anterior view were taken 8 weeks after surgery (Fig. 2A). The im-
ages showed osteomyelitis in the Ti Exp group, with bone destruc-
tion and new periosteal bone formation that were clearly worse
than in the other three groups (Fig. 2A). There was no significant
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difference between the Mg Exp and Mg Ctrl groups (Fig. 2A).
Consistent with these results, an area of concentrated **™Tc radio-
activity was observed by emission computerized tomography
(ECT) in the distal femur of Ti Exp animals (Fig. 2C, black arrow).
This suggested local infection; there was no abnormal radiation
uptake in the other three groups. These results suggest that the Mg
implant can effectively protect the bone and surrounding tissues
from MRSA infection.

It is noteworthy that new peri-implant bone formation was
observed in the Mg Exp and Mg Ctrl groups (Fig. 2A). Qualitative
and quantitative evaluation of new peri-implant femoral bone
formation was analyzed by high-resolution micro-CT (Skyscan
1072; Skyscan, Aartselaar, Belgium) (Fig. 2D) (20). The results
showed high bone mineral density (BMD), bone mineral content
(BMC), and body volume/tissue volume (BV/TV) and low total
porosity and number of pores in the Mg Ctrl and Mg Exp groups
versus the Ti Exp group (P < 0.01) (Fig. 2E to I). Quantification of
bone parameters confirmed that Mg intramedullary nails prevent
bone destruction induced by infection while promoting new bone
formation around the implant.

Finally, we observed the implanted nails and surrounding bone
tissue by FESEM and found that the Ti nail surfaces and bone
tissue sites contained multiple bacterial colonies encased in a bio-
film matrix (Fig. 3A). In contrast, virtually no bacteria were ob-
served on the Mg nail surfaces and bone tissue (Fig. 3A). These
results were confirmed by cultures of peri-implant bone tissues
and implanted nails and analyzed by the conventional (21) and
sonication (22) methods, respectively. Bacteria that were detached
from the samples were recultured on TSA, and CFU were counted.
MRSA growth was substantially inhibited on Mg nail surfaces and
bone tissue sites compared to that on Ti nails (Fig. 3B and C).

We performed a systematic evaluation of the antibacterial
properties of pure magnesium. The in vitro antibacterial assays
demonstrated that an Mg implant reduced bacterial adhesion and
prevented biofilm formation, most likely due to the increased lo-
cal alkalinity caused by degradation of the metal. Implantation of
an Mg intramedullary nail into the bone cavity of a rat protected
the implant from bacterial contamination and improved new
peri-implant bone formation. We suggest that biodegradable Mg-
based biomaterials have a great potential for antibacterial ortho-
pedic implant applications, to prevent and/or treat implant-asso-
ciated infection, and thus to improve therapeutic efficacy and
safety.
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