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There is growing interest in biomaterials that can cure bone infection and also regenerate bone. In this study, two groups of im-
plants composed of 10% (wt/wt) teicoplanin (TEC)-loaded borate bioactive glass (designated TBG) or calcium sulfate (TCS) were
created and evaluated for their ability to release TEC in vitro and to cure methicillin-resistant Staphylococcus aureus (MRSA)-
induced osteomyelitis in a rabbit model. When immersed in phosphate-buffered saline (PBS), both groups of implants provided
a sustained release of TEC at a therapeutic level for up to 3 to 4 weeks while they were gradually degraded and converted to hy-
droxyapatite. The TBG implants showed a longer duration of TEC release and better retention of strength as a function of im-
mersion time in PBS. Infected rabbit tibiae were treated by debridement, followed by implantation of TBG or TCS pellets or in-
travenous injection with TEC, or were left untreated. Evaluation at 6 weeks postimplantation showed that the animals implanted
with TBG or TCS pellets had significantly lower radiological and histological scores, lower rates of MRSA-positive cultures, and
lower bacterial loads than those preoperatively and those of animals treated intravenously. The level of bone regeneration was
also higher in the defects treated with the TBG pellets. The results showed that local TEC delivery was more effective than intra-
venous administration for the treatment of MRSA-induced osteomyelitis. Borate glass has the advantages of better mechanical
strength, more desirable kinetics of release of TEC, and a higher osteogenic capacity and thus could be an effective alternative to
calcium sulfate for local delivery of TEC.

Bacterial infection resulting from orthopedic surgery is a seri-
ous complication. The pathogenic organisms responsible for

such infections are often resistant to multiple drugs. Methicillin-
resistant Staphylococcus aureus (MRSA) has become the most
common osteomyelitis-inducing microorganism clinically (1, 2).
Currently, the main treatment for chronic osteomyelitis includes
surgical debridement and prolonged systemic antibiotic therapy
over a course of several weeks. As an antibiotic, teicoplanin (TEC)
has a long serum half-life and broad-spectrum antibacterial activ-
ity against most Gram-positive aerobic and anaerobic organisms
such as MRSA and methicillin-resistant coagulase-negative S.
aureus (3). Compared to vancomycin (a more widely used antibi-
otic), the use of TEC also results in less ototoxicity, nephrotoxic-
ity, and gastrointestinal side effects. Because of its favorable
pharmacokinetics, TEC is commonly used in Europe to treat os-
teomyelitis (4).

Even after thorough debridement, residual infection often re-
mains in the bone. The surgical procedure also creates a bone
defect that usually requires subsequent reconstruction (5). Fur-
thermore, nidus formation considerably limits the efficacy of sys-
temic antibiotic therapy because of the compromised vascular
perfusion at the infected site. High concentrations of antibiotics in
the blood resulting from long-term intravenous treatment also
carry the risks of systemic toxicity and development of antibiotic-
resistant bacterial strains. Consequently, an alternative to the use
of systemic antibiotics is the use of osteoconductive biomaterials
to locally deliver high doses of antibiotics (6).

Poly(methyl methacrylate) (PMMA) cement has been widely

used as a carrier for antibiotics for the treatment of bacterial in-
fection in orthopedic surgery. However, PMMA is not biodegrad-
able, and it provides a surface upon which secondary bacterial
infection can occur. Consequently, PMMA must be removed
upon completion of antibiotic treatment. Also, the rate of antibi-
otic release from PMMA can be low. Because of these difficulties,
considerable effort has been made to develop local antibiotic de-
livery vehicles as alternatives to PMMA cement. Biocompatible
inorganic materials that stimulate bone formation, such as hy-
droxyapatite (HA), tricalcium phosphate (TCP), calcium sulfate
(CaSO4), and silicate-based bioactive glass (e.g., 45S5 glass), have
been widely studied (7). Antibiotic-loaded CaSO4 is commercially
available for clinical use in the treatment of osteomyelitis (8–10).
CaSO4 has shown predictable antibiotic release rates in vitro and a
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high release rate due to its high degradation rate, but its ability to
stimulate bone regeneration is limited.

Bioactive glass-based materials are emerging as alternative an-
tibiotic carriers for the treatment of bone infection (11). Bioactive
glasses are unique in their ability to be converted to HA in vivo, in
addition to their proven osteoconductivity and their ability to
form a strong bond with bone and soft tissues (12, 13). Borate
bioactive glasses have been attracting greater interest than the
more widely known silicate bioactive glasses, such as 45S5 and
S53P4, because of their ability to be converted more rapidly and
completely to HA (14, 15). However, the potential of borate bio-
active glass as an antibiotic carrier in the treatment of bone infec-
tion is currently unclear due to limited data. In particular, there
are few data on the effectiveness of borate bioactive glass in treat-
ing bone infection compared to more conventional biomaterials
that are used clinically.

The objective of the present study was to compare the capacity
of borate bioactive glass implants to deliver TEC and to cure
MRSA-induced osteomyelitis in a rabbit tibial model with that of
CaSO4, a biomaterial that is used clinically. The conversion of the
two carrier materials to HA and antibiotic release from the carriers
were measured as a function of immersion time in phosphate-
buffered saline (PBS). The capacity of the antibiotic-loaded im-
plants to cure osteomyelitis in rabbit tibiae was evaluated at 6
weeks postimplantation by using radiography, histology, micro-
computed tomography (micro-CT), and microbiological tech-
niques.

MATERIALS AND METHODS
Preparation of TEC-loaded implants. Borate bioactive glass particles
(size, �50 �m) with the composition 6Na2O, 8K2O, 8MgO, 22CaO,
54B2O3, and 2P2O5 (mol%) were prepared as described previously (16).
The CaSO4 used in this study was medical-grade calcium sulfate hemihy-
drate (OsteoSet resorbable minibead kit; Wright Medical Technology,
Inc., Arlington, TN). TEC powder (Gruppo Lepetit SPA, Anagni, Italy)
was mixed with each biomaterial and PBS (pH 7.2 to 7.4), with a final
concentration of 10 wt%. The mixtures of TEC-loaded borate glass (des-
ignated TBG) and TEC-loaded CaSO4 (designated TCS) were each placed
into polyethylene molds (4.7 mm diameter by 3.5 mm height) and al-
lowed to harden overnight, without any externally applied pressure. The
prepared pellets were sterilized by using gamma irradiation (25 Gy).

Evaluation of implant properties and TEC release profile in vitro.
The amount of TEC in each pellet was determined from the mass of the
TBG and TCS implants. Four TBG or TCS implants were immersed in 10
ml of PBS (pH 7.4) in sterile polyethylene centrifuge tubes and kept in a
water bath at 37°C. The experiments were performed in triplicate, and
PBS was replaced every 48 h. While there is no standard protocol for
measuring the release of antibiotics from a carrier material in vitro, the
parameters of the system used in the present study are consistent with
those described previously (17, 18). The amount of TEC released from the
implants was determined by using high-performance liquid chromatog-
raphy (HPLC) (detection limit of 0.2 �g/ml), as described previously (19).
The experiments were performed under aseptic conditions until no mea-
surable TEC could be detected in PBS. The amount of TEC released from
each implant group at each time point was expressed as an average �
standard deviation (SD) and normalized to the total amount of TEC ini-
tially loaded into the implants.

The compressive strength of the TBG and TCS implants was measured
as a function of immersion time in PBS by using a mechanical testing
machine (CMT6104; Sans Test Machine, Inc., China) at a crosshead speed
of 0.5 mm min�1. The surface morphology and composition of the sam-
ples were studied as a function of immersion time by using a field emission
scanning electron microscope (FE-SEM) (Quanta 200 FEG; FEI Co., The

Netherlands) equipped with an energy-dispersive X-ray (EDS) spectrom-
eter. X-ray diffraction (XRD) (model D, maximum excitation voltage of
2,550 V; Rigaku International Corp., USA) was performed by using Cu K�
radiation (� � 0.15406 nm) at a scanning rate of 1.8° 2	 per min.

In vivo implantation. All animal surgical procedures were performed
according to the guidelines of the Animal Welfare Committee of the
Shanghai Jiaotong University Affiliated Sixth People’s Hospital. Fifty-five
adult female pathogen-free New Zealand White rabbits (2.7 � 0.2 kg)
were used in this study. Osteomyelitis was induced in rabbit tibiae by
using a method modified from the one described previously by Norden et
al. (20). In these experiments, 0.1 ml of 5% sodium morrhuate (Eli Lilly,
Indianapolis, IN) and 0.1 ml of a bacterial suspension (MRSA strain
ATCC 43300; 1 
 108 CFU/ml) were injected into the medullary cavity of
the right tibiae. Sodium morrhuate was used in the present study for
inducing local ischemia and, therefore, increasing the rate of success of
bone infection, in accordance with data from previous studies (21, 22).
After 4 weeks, 51 rabbits were diagnosed with osteomyelitis according to a
radiographic scoring system described previously by Norden et al. (20).
Five rabbits were sacrificed for microbiological and histological examina-
tion to confirm chronic osteomyelitis, while the remaining animals were
randomly divided into 4 groups for further treatment.

Forty-six rabbits were thoroughly debrided and implanted with TBG
implants (n � 12) or TCS implants (n � 12) or treated intravenously with
TEC (n � 12; 6 mg/kg of body weight administered every 12 h for 3 doses
and then every 24 h for a period of up to 4 weeks). The remaining animals
were left untreated and served as negative controls (n � 10). A cortical
bone window (�2.0 by 0.8 cm) was made in the anteromedial surface of
the proximal tibia for thorough removal of all necrotic tissue according to
the different severities of bone infection. Debridement was performed
until punctate bleeding from healthy tissue was noted (referred to as the
paprika sign) in order to ensure that all necrotic tissue was removed (23).
The animals were monitored daily to observe their general condition,
including activity, body temperature, weight, and wound appearance. At 6
weeks postimplantation, the rabbits were euthanized by injection with an
overdose of pentobarbital sodium, and the tibiae were harvested.

Evaluation of TEC concentrations in rabbit blood. Prior to the im-
plantation and every week postimplantation, venous blood samples were
drawn from the rabbits to determine the number of leukocytes and to
assess liver and renal functions, as measured by the levels of glutamate-
pyruvate transaminase, glutamic oxaloacetic transaminase, urea, and cre-
atinine. The TEC concentration in the blood of the rabbits implanted with
the TBG and TCS implants was determined by using HPLC 0, 1, 2, 4, 8, 12,
24, 48, and 72 h after implantation and every 2 days thereafter. Serum
samples of the rabbits treated intravenously were also analyzed to deter-
mine the peak level of TEC (just after the administration of a dose) and the
trough level (just before a dose).

Radiography and micro-CT analysis. Radiographs of the rabbit tib-
iae, taken before and after debridement and at autopsy, were scored by an
orthopedic surgeon in a blind manner according to the radiographic scor-
ing system described previously by Norden et al. (20). Sequestral bone
formation (SBF), periosteal new bone formation (PNBF), destruction of
bone (DB), soft tissue calcification (STC), and soft tissue swelling (STW)
were scored. Rabbits with scores of 3 or higher were diagnosed with os-
teomyelitis. Synchrotron X-ray micro-computed tomography (SR micro-
CT) was used to construct three-dimensional (3D) images of the tibial
specimens after the rabbits were sacrificed. Scanning was conducted at the
Advanced Light Source (ALS-LBNL, Berkeley, CA) with 22-keV mono-
chromatic X rays and a 4.4-�m voxel size (resolution). The data sets were
reconstructed by using Octopus software, while 3D visualization of the
images was performed by using Avizo software.

Histological evaluation. The tibial samples were fixed in 10% (wt/wt)
formaldehyde, decalcified in EDTA, dehydrated in a graded series of eth-
anol, and embedded in paraffin. Longitudinal sections with a thickness of
5 �m were stained with hematoxylin and eosin (H&E) for light micros-
copy. The stained sections were assessed by a pathologist in a blind man-
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ner according to the scoring system described previously by Smeltzer et al.
(24). Intraosseous acute inflammation (IAI), intraosseous chronic in-
flammation (ICI), periosteal inflammation (PI), and bone necrosis (BN)
were measured. Animals with at least six stained sections with scores of 4
or higher were diagnosed as having osteomyelitis. The amounts of new
bone and residual implant material in the bone defects were measured by
using a computerized image analysis system (QWin Plus; Leica, Wetzlar,
Germany) and expressed as a percentage of each measurable area in the
bone histological section.

Microbiological examination. At debridement before implantation
and at autopsy after 6 weeks, the tissue samples collected from the surgical
site were inoculated onto blood agar (Oxoid Ltd., Basingstoke, Hamp-
shire, United Kingdom) and incubated at 37°C for 48 h. For recovery of
slow-growing microorganisms, the specimens were also inoculated into
brain heart infusion (BHI) broth (Oxoid Ltd., Basingstoke, Hampshire,
United Kingdom) at 37°C for 7 days. In addition, portions of the bone
samples were weighed and homogenized in 10 ml PBS for 5 min at 10,000
rpm by using a tissue homogenizer. A series of 10-fold dilutions was pre-
pared in saline, and 10 �l of each dilution was plated onto blood agar
plates and incubated at 37°C for 48 h. Colony counts were performed to
obtain the amount of CFU per gram of bone tissue. For statistical analysis,
negative cultures were conservatively calculated as having 2 
 103 CFU/g
(the detection limit value). All of the tests were carried out in triplicate
under aseptic conditions. The identification of S. aureus was based on a
coagulase tube test and the API Staph system (ATB 32 Staph; bioMérieux,
Marcy l’Etoile, France). Resistance to methicillin was further confirmed
by detection of the mecA gene using PCR as previously reported (25).

Statistical analysis. The data were expressed as means � SD and an-
alyzed by using the Statistical Package for the Social Sciences version 11.0
(SigmaStat; SPSS Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) was performed to assess significant differences among the ra-
diographic and histological scores. A chi-square test was used to analyze
the rates of MRSA infection in bone samples, and nonparametric tests for
independent samples (Mann-Whitney tests) were performed for compar-
ison of the CFU counts among groups. Differences were considered to be
significant at a P value of �0.05.

RESULTS
Characteristics of implants in vitro. The compressive strengths
of the fabricated TBG and TCS implants were 23 � 5 MPa and
19 � 4 MPa, respectively (Table 1). After immersion in PBS for 24
h, the strength of each group of implants showed a significant
decrease, to 15 � 3 MPa and 9 � 2 MPa for the TBG and TCS
implants, respectively. Thereafter, the TBG implants showed a
decrease in their average strength, but the decrease was not signif-
icant. The compressive strength of the TBG implants was 10.8 �
0.4 MPa at an immersion time of 7 days. In comparison, the TCS
implants continued to show a significant decrease in strength up
to 5 days, and at 7 days, the average strength was 1.4 � 0.7 MPa.

Scanning electron microscopy (SEM) images of the surface of
the prepared TBG implants showed some pores embedded in the
solid phase (Fig. 1a). The TCS implant was composed of fine rod-
like particles typical of calcium sulfate dihydrate crystals (Fig. 1c).
Immersion in PBS resulted in the formation of a fine particulate

product on the surface of the TBG implants (Fig. 1b). In compar-
ison, the surface of the TCS implants became more porous and
was composed of coarser rod-like or plate-like particles (Fig. 1d).

EDS analysis showed that after immersion in PBS for 35 days,
the surfaces of both the TBG and TCS implants were composed
essentially of a calcium phosphate material (Fig. 1e and f). The
Ca/P atomic ratios of the product on the surfaces of the TBG and
TCS implants were 1.62 and 1.74, respectively. For comparison,
the Ca/P atomic ratio of stoichiometric HA is 1.67. XRD (Fig. 1g)
of the prepared TBG implants showed a pattern typical of an
amorphous glass, whereas the pattern of the prepared TCS im-
plants corresponded to that of crystalline CaSO4·2H2O. After im-
mersion in PBS for 35 days, the XRD pattern of the TBG implants
showed peaks corresponding to those of a reference HA (JCPDS
72-1243) and to the main peaks in the pattern for dry rabbit bone.
In comparison, the CaSO4·2H2O peaks found in the pattern for
the prepared TCS implants disappeared after 35 days, and they
were replaced by peaks that corresponded to those of HA.

Profile of release of TEC from implants in vitro. Figure 2a
shows the profile of release of TEC from the TBG and TCS im-
plants as a function of immersion time in PBS. Both groups of
implants showed a rapid release in the first 7 days followed by a
more gradual release thereafter. At 7 days, the cumulative
amounts of TEC released from the TBG and TCS implants were
73% and 79%, respectively, of the total amounts incorporated into
the prepared implants (Fig. 2b). When the release effectively
ceased, the cumulative amounts of TEC released from the TBG
and TCS implants were 83% (at 37 days) and 87% (at 29 days),
respectively. The amounts of TEC released from the TBG and TCS
implants were above the MIC for MRSA (2 �g/ml) for immersion
times of 31 days and 23 days, respectively. At these two immersion
times, the TEC released from the TBG and TCS implants was just
as effective against the standard MRSA strain as the TEC that was
not incorporated into the implants, indicating that the incorpo-
ration of TEC into the implants did not affect its activity.

In vivo performance of TBG and TCS implants. During the
postimplantation period, 2 of the 12 rabbits in the untreated
group died as a result of severe infection (determined at autopsy).
No adverse effects were observed for the remaining rabbits.

TEC concentration in rabbit blood. The TEC concentration
in the serum of rabbits implanted with the TBG and TCS pellets
remained at a low level during the postimplantation period (Fig.
2c). The concentrations reached peak values of 4.8 � 1.7 �g/ml
and 2.9 � 0.5 �g/ml for the TBG and TCS groups, respectively, at
24 h postimplantation and decreased to a value below the detec-
tion limit (0.2 �g/ml) at 15 days for TBG group and at 13 days for
the TCS group. For the rabbits treated intravenously, the average
concentration of TEC in the blood varied from a high value of
29.8 � 4.3 �g/ml to a low value of 0.4 � 0.1 �g/ml. The assess-
ment of liver and renal functions showed that there were no sig-
nificant differences in the four treatment groups compared with
the preoperative values (data not shown).

Radiographic analysis. The animals selected for treatment
were all diagnosed with chronic osteomyelitis according to the
radiographic scoring system described previously by Norden et al.
(20). Typical signs of bone infection, including SBF, PNBF, DB,
STC, and STW, were observed in the images (Fig. 3a). At 6 weeks
postsurgery, the radiographs showed that bone infections were
mainly cured in rabbits implanted with the TBG (Fig. 3b and c)
and TCS (Fig. 3d and e) pellets, with only 1 of 12 and 2 of 12

TABLE 1 Compressive strengths of TBG and TCS pellets as a function
of immersion time in PBS

Pellet type

Mean compressive strength (MPa) � SD at:

0 h 2 h 24 h 72 h 120 h 168 h

TBG 23 � 5 22 � 3 15 � 3 11 � 2 11 � 1 10.8 � 0.4
TCS 19 � 4 17 � 3 9 � 2 5 � 1 1.8 � 0.4 1.4 � 0.7
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animals, respectively, having a score of 3. In comparison, a greater
degree of infection remained in the rabbits treated intravenously
(Fig. 3f) and in the untreated rabbits (Fig. 3g). Five of the 12
rabbits treated intravenously and all 10 of the untreated rabbits
had scores of 3 or higher at autopsy. The radiographic scores for
the TBG and TCS treatment groups decreased significantly com-

pared to the preoperative values for these groups (P � 0.001 for
the TBG group and P � 0.01 for the TCS group) (Fig. 3h). The
radiographic scores for the TBG, TCS, and intravenous treatment
groups were each significantly lower than that for the untreated
group (P � 0.001 for the TBG group, P � 0.03 for the TCS group,
and P � 0.01 for the intravenous group). The radiographic scores

FIG 1 (a to d) SEM micrographs of the surfaces of TBG (a and b) and TCS (c and d) implants as fabricated (designated 0d [day 0]) (a and c) and after immersion
in PBS for 35 days (35d) (b and d). (e and f) EDS spectra of the surface of the TBG implant (e) and the TCS implant (f) after immersion in PBS for 35 days. (g)
XRD patterns of the TBG and TCS implants as fabricated (0 d) and after immersion in PBS for 35 days. For comparison, the XRD patterns of reference
hydroxyapatite (HA) (JCPDS 72-1243) and dry rabbit bone are also shown. a.u., arbitrary units.
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for the TBG and TCS groups were also significantly lower than
that for the intravenous group (P � 0.001 for the TBG group and
P � 0.03 for the TCS group). However, there was no significant
difference between the radiographic scores for the TBG and TCS
treatment groups (P � 0.17).

Histological evaluation. H&E-stained sections of rabbit tibiae
before and after treatment showed differences in the capacities of
the different treatments to cure bone infection. Experimental os-
teomyelitis in the tibiae, as determined by IAI, ICI, PI, and BN,
occurred 4 weeks after it was induced by MRSA (Fig. 4a). Infection
was mostly cured in rabbits implanted with the TBG and TCS
pellets, with only 2 of the 12 rabbits in each treatment group hav-
ing scores of 4 or higher according to the scoring system described
previously by Smeltzer et al. (24). For the defects treated with the

TBG implants, new bone formed around and within the implants
as they were converted to HA, and there were no histological signs
of infection (Fig. 4b and c). In comparison, only a small amount of
the TCS implants remained in the defect sites, and there was new
bone formation around the remaining material (Fig. 4d and e).
The stained sections also showed large amounts of neutrophils
and mononuclear cells and significant fibrosis, indicating an in-
flammatory response to the degradation product of the TCS im-
plants. The stained sections of the tibiae for the intravenous treat-
ment group (Fig. 4f) and the untreated group (Fig. 4g) showed
various signs of infection. Six of the 12 rabbits in the intravenous
treatment group and all 10 rabbits in the untreated group had
scores of 4 or higher.

There was no significant difference between the histological
scores for the TBG and TCS groups (P � 0.9) (Fig. 3h). However,
the histological scores for the TBG and TCS treatment groups
were significantly lower than the preoperative scores (P � 0.001)
and those for the intravenous treatment group (P � 0.01 for TBG
and P � 0.02 for TCS) and the untreated group (P � 0.001). The
histological score for the intravenous treatment group was lower
than that for the untreated group.

The percentages of newly formed bone in rabbit tibiae treated
with the TBG and TCS implants were significantly higher than
those in the intravenous treatment and untreated groups (P �
0.05) (Fig. 4h). The value for the TBG treatment group was also
significantly higher than that for the TCS treatment group (P �
0.005). Intravenous treatment of infection also resulted in a sig-
nificantly larger amount of new bone than that for the untreated
group (P � 0.046). In addition, the amount of residual implant
material in the tibiae treated with the TCS implants was lower than
that for the TBG group (P � 0.01) (Fig. 4h).

Micro-CT evaluation. Reconstructed 3D micro-CT images
showed considerable new bone regeneration in rabbit tibial de-
fects implanted with the TBG pellets (Fig. 5a and b). A large
amount of new trabecular bone was formed around the TBG im-
plants, and it provided good integration between the implant and
host bone. The TBG implant and new trabecular bone were infil-
trated throughout with a large amount of vascular tissue. The
defects implanted with the TCS pellets showed a smaller amount
of new trabecular bone but a larger amount of cortical bone (Fig.
5c and d). Vascular tissue was found mainly in the center of the
defect only, and the presence of a large amount of cavities indi-
cated that the TCS implants had mostly degraded away. For the
rabbits treated intravenously, a large cavity remained in the center
of the tibiae due to debridement (Fig. 5e and f).

Microbiological evaluation. At debridement, all 12 rabbits in
the TBG treatment group, 11 of 12 rabbits each in the TCS and
intravenous treatment groups, and 9 of 10 rabbits in the untreated
group were positive for MRSA-induced bone infection. There
were no significant differences among the groups before treat-
ment (�2 � 1.66; P � 0.89). Six weeks after treatment, MRSA was
recovered from 1 bone specimen in the TBG group, 2 specimens in
the TCS group, 6 specimens in the intravenous group, and all 10
specimens in the untreated group (including the two dead animals
in the follow-up period). Differences among the groups were sig-
nificant (�2 � 23.9; P � 0.001). The rates of positive specimen
cultures for the TBG group (8.3%) and the TCS group (16.7%)
were significantly lower than those preoperatively (�2 � 16.8 [P �
0.001] and �2 � 10.7 [P � 0.001], respectively), but there was no
significant difference between the two groups (P � 0.1).

FIG 2 (a and b) Release of teicoplanin from TBG and TCS implants as a
function of immersion time in PBS. (a) Amount released at different time
points; (b) cumulative amount released (as a percentage of the amount incor-
porated into the fabricated implants). (c) Concentration of teicoplanin in
serum of rabbits treated by implantation of TBG or TCS implants and by
intravenous injection of teicoplanin (i.v.), as a function of time.
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Further quantitative data for bacterial culture (Fig. 6) showed
significantly fewer viable bacteria in the TBG treatment group
(median of 2.0 
 103 CFU/g bone) and in the TCS treatment
group (median of 2.0 
 103 CFU/g bone) than those preopera-
tively (P � 0.001 and P � 0.001, respectively) and than those in the
intravenous treatment (P � 0.004 and P � 0.003, respectively)
and untreated (P � 0.001) groups. There was no significant dif-
ference between the TBG and TCS groups (P � 0.86). Significantly
low scores were also observed for the intravenous treatment group
compared to the preoperative scores (P � 0.045) and those for the
untreated group (P � 0.001). The bacterial strains cultured from
the bone samples with positive results were identical to those used
for inducing osteomyelitis in rabbit tibiae.

DISCUSSION

There is growing interest in new or improved treatments for os-
teomyelitis that can cure infection and also regenerate new bone
after the infection has been cured. The use of osteoconductive
biomaterials to locally deliver high doses of antibiotics is an alter-
native to the use of systemic antibiotics. In the present study, the
capacity of an emerging biomaterial, borate bioactive glass, to de-
liver TEC and to cure MRSA-induced osteomyelitis in a rabbit
tibial model was evaluated and compared with that of CaSO4, a
biomaterial that is used clinically. The results showed that the
borate bioactive glass implants (TBG) had an ability to release
TEC in a sustained manner in vitro and to cure osteomyelitis at 6
weeks postimplantation which was comparable to that of CaSO4

implants (TCS). Furthermore, the TBG implants retained a higher
fraction of their strength as a function of immersion time in PBS,
and they showed a better capacity to stimulate new bone forma-
tion in the tibial defects. Based on these properties, the TBG im-

plants could be considered an alternative to CaSO4 for the delivery
of TEC in the treatment of osteomyelitis.

The cumulative amount of TEC released from TBG and TCS
implants into PBS was 83 to 87% of the total amount incorporated
into the prepared implants, and the release occurred over periods
of 37 days and 29 days for the TBG and TCS implants, respectively.
The mean effective concentration of TEC released from the im-
plants over the MIC for MRSA was 76 to 81 �g/ml over periods of
31 days and 23 days for the TBG and TCS implants, respectively.
While this sustained release of TEC at a therapeutically relevant
level is important for curing osteomyelitis, it could also have other
beneficial effects, such as inhibiting the development of antibiotic
resistance (which normally results from slow antibiotic release at
suboptimal concentrations) and preventing skeletal cell toxicity
(26).

The sustained release of TEC from the TBG implants occurred
over a longer period than those for the TCS implants (as described
above) and antibiotic release from silicate bioactive glasses, which
lasted from a few days to several weeks, depending on different
protocols (5–7). The longer release period observed for the TBG
implants could be attributed to the favorable ability of the borate
glass to degrade and be converted to HA when immersed in an
aqueous phosphate solution. The initial burst of release of TEC
could be attributed to the rapid dissolution of TEC from the sur-
face region of the TBG implants. Concurrently, the Ca2 ions
released from the borate glass can react with the (PO4)3� ions
from the solution to form an HA layer on the surface of the TBG
implant, which thickens with time (14, 27) and presumably con-
tributes to a reduction in the rate of TEC release.

The formation of an HA product was also found on the surface
of the TCS implants that were immersed in PBS. Presumably, the

FIG 3 (a to g) Representative radiographs of rabbit tibiae before and after treatment. (a) Experimental MRSA-induced tibia osteomyelitis shows bone
destruction (white arrows), periosteal new bone formation (black arrows), and sequestral bone formation (white arrowheads). (b and d) Bone windows (black
arrowheads) and implantation of TBG (b) or TCS (d) implants (stars) can be observed 1 day after debridement. (c and e to g) Healing of osteomyelitis was
observed 6 weeks after implantation of TBG (c) or TCS (e) implants, but more progression was observed for the intravenous teicoplanin (f) and untreated (g)
groups. (h) Radiographic and histological osteomyelitis scores for rabbit tibiae.Œ indicates a significant difference compared with other groups, ando indicates
a significant difference compared with the untreated group (P � 0.05).
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dissolution of the CaSO4 resulted in an ionic concentration above
the solubility limit for HA, which resulted in the precipitation of
HA. As the dissolution of CaSO4 is known to be rapid (28), pre-
sumably most of TEC was released in a short period. The more
dynamic environment in vivo could facilitate the exchange of ions
between the implants and the body fluids (29), thus further accel-
erating the degradation of CaSO4 and the release of TEC.

The TBG implants retained a larger fraction of their fabricated
strength during the conversion process than did the TCS implants.
Presumably, the amount of HA product formed in the conversion
of the TCS implants was smaller, or the HA had a more porous
microstructure, resulting in a more rapid degradation of strength.
As fabricated, the TBG implants had a compressive strength of

23 � 5 MPa, and at an immersion time of 7 days in PBS, the
strength decreased to 10.8 � 0.4 MPa, a value equal to the highest
strength reported for human trabecular bone (2 to 12 MPa) (30).
This indicates that the TBG implants could provide adequate me-
chanical strength for repairing bone defects even when some load-
bearing ability is required (31).

The TEC dose used in the present study was comparable to the
doses used in previous studies of experimental rabbit models of
MRSA infection (32, 33). The TBG and TCS implants were found
to be more effective in curing infection at 6 weeks postimplanta-
tion than intravenous injection of TEC. Furthermore, the rabbits
treated with the TBG or TCS implants did not show any local or
systemic adverse effects. This indicates that an effective bacteri-

FIG 4 Representative images of H&E-stained sections of rabbit tibiae before and after treatment. (a) Typical signs of bone infection were observed after
induction of osteomyelitis, including the destruction of bone (white arrow), fibrosis (black arrow), periosteal new bone formation (black arrowhead), and
intramedullary abscess (white arrowhead) (magnification, 
40). (b and c) Tibiae treated with the TBG implants show newly formed bone (stars) located
intimately around and within the degraded TBG implant, with no signs of chronic inflammation (magnifications, 
40 and 
200 [c]). (d and e) Tibiae treated
with the TCS implants show degraded CaSO4 surrounded by a moderate amount of new bone (stars), accompanied by obvious chronic fibrosis with proliferated
foamy histiocytes and multinucleated granulocytes (black arrow) (magnifications, 
40 [d] and 
200 [e]). (f and g) Moderate to severe inflammation was
observed in rabbits treated with teicoplanin intravenously (magnification, 
40) (f) and in the untreated group (magnification, 
40) (g), such as destruction of
bone (white arrows), fibrosis (black arrows), and periosteal new bone formation (black arrowhead). (h) Quantitation of new bone and residual amounts of the
implant from H&E-stained sections.Œ indicates a significant difference compared with other groups,o indicates a significant difference compared with the TCS
group, � indicates a significant difference compared with the intravenous treatment and untreated groups, and � indicates a significant difference compared
with the untreated group (P � 0.05).
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cidal concentration of TEC was released from TBG and TCS im-
plants into the infected site. The high local concentration of teico-
planin should eradicate the bacteria directly, in addition to
providing an antimicrobial effect. The rabbit immune defense sys-

tem could also contribute to the eradication of the residual of
bacterial burden. The serum concentration of TEC in rabbits im-
planted with the TBG and TCS pellets was found to be maintained
at a low level and lasted for no more than 2 weeks, which was far
lower than that for the animals treated intravenously. In systemic
antibiotic therapy, only a small fraction of the antibiotic dose will
ultimately reach the infected site. The use of high doses may be
required to reach poorly vascularized areas of bone infection,
which can increase the risk of systemic toxicity (34). Although no
adverse effects were observed for rabbits treated intravenously in
the present study, the high cost and poor patient outcomes con-
tinue to limit the clinical use of systemic antibiotic treatment.

The creation of a bone defect is inevitable after thorough de-
bridement, which would require subsequent reconstruction (5,
23). Although CaSO4 is the most commonly used antibiotic deliv-
ery material in experimental and clinical studies, it commonly
shows variable osteogenic capacities and rapid antibiotic release in
a more or less controlled manner (5). CaSO4 is known to be os-
teoconductive but not osteoinductive, and it supports the direct
apposition of bone on its surface by mature osteoblasts (28). Bo-
rate bioactive glass has been shown to have a better capacity to
stimulate bone regeneration than silicate bioactive glasses and cal-
cium phosphate bioceramics (11–16). In vivo, bioactive glasses are
degraded and converted to a carbonate-substituted HA that can
remodel into bone. Calcium and other ions released during bio-
active glass conversion activate osteogenic gene expression and
stimulate osteogenesis (13). In comparison, synthetic HA with a
nearly stoichiometric composition resorbs slowly or undergoes

FIG 5 Three-dimensional reconstructed SR micro-CT images of tibial defects showing a larger amount of vascular tissues infiltrating the TBG implants and new
trabecular bone that formed in the region between the TBG implants and the host cortical bone (a and b) and a smaller amount of new bone in rabbits implanted
with the TCS implants (c and d) or treated intravenously with teicoplanin (e and f) (blue areas, TBG implant; gray areas, new trabecular bone; yellow areas, host
bone; red areas, vascular tissue).

FIG 6 Quantitative microbiological data plotted as the number of CFU per
gram of bone sample. The individual data (empty rhombi), the medians (black
bars), the approximate detection limit (2.0 
 103 CFU/g) (dotted line), and the
number of rabbits with detectable bacterial load are shown. The TBG and TCS
groups had a significantly lower bacterial load at autopsy than that preopera-
tively (P � 0.001 and P � 0.001, respectively) and than those of the intrave-
nous teicoplanin (P � 0.004 and P � 0.003, respectively) and untreated (P �
0.001) groups. Additionally, the intravenous teicoplanin group showed a sig-
nificant lower CFU count than that preoperatively (P � 0.045) and than that of
the untreated group (P � 0.001).

Jia et al.

7578 aac.asm.org December 2015 Volume 59 Number 12Antimicrobial Agents and Chemotherapy

http://aac.asm.org


little remodeling into a bone-like material after in vivo implanta-
tion (35). The SR micro-CT images in the present study also
showed greater infiltration of vascular tissue into the TBG implant
and a larger amount of new trabecular bone surrounding the TBG
implant. This indicates that borate glass might have an ability to
simulate angiogenesis, a process that is required for the transport
of oxygen and nutrients, and, thus, the growth and maintenance
of new bone (36, 37).

In comparison, rapid degradation of CaSO4 can lead to the
release of a high local concentration of calcium ions, which, in
turn, can lead to changes in the local pH, the activation of a mild
inflammatory response, and the inhibition of new bone formation
(38–40). In the present study, it was observed that large amounts
of inflammatory cells and fibrosis surrounded the newly formed
bone and residual CaSO4 material in the defects implanted with
the TCS pellets, which presumably contributed to inhibiting bone
regeneration.

While the present study showed promising results for the use
of TBG implants in curing osteomyelitis and regenerating bone,
further studies are needed to evaluate the potential of the TBG
implants for clinical applications. The local concentration of TEC
in the bone in vivo should be studied because the in vitro medium
(PBS) used to measure TEC release in the present study has little
relation to the in vivo situation (bone defect). The number of
pellets used to study TEC release in vitro was also different from
the number implanted into infected bone in vivo. Furthermore,
although the local delivery of TEC by the TBG and TCS implants
showed positive results, the treatment did not cure bone infection
in all of the animals. It is worth investigating whether the local
delivery of TEC using TBG or TCS implants in conjunction with
systemic antibiotic therapy could provide a more effective cure for
MRSA-induced osteomyelitis.

Conclusions. Implants composed of borate bioactive glass
(TBG) or calcium sulfate (TCS) loaded with 10 wt% TEC were
prepared and evaluated for their ability to cure osteomyelitis in a
rabbit tibial model. When immersed in PBS, both groups of im-
plants provided sustained TEC release for up to 3 to 4 weeks, and
they were degraded and converted to hydroxyapatite within 5
weeks. The TBG implants showed a slower decrease in strength as
a function of immersion time in PBS than did the TCS implants.
When used to treat MRSA-induced osteomyelitis in a rabbit tibial
model, the TBG and TCS implants showed a significantly better
capacity to cure infection than intravenous treatment with TEC at
6 weeks postimplantation. While there was no significant differ-
ence in the capacities of the two implant groups to cure infection,
the TBG implants showed a better capacity to regenerate bone in
tibial defects. Together, the results indicate that these borate bio-
active glass implants could be considered an alternative to calcium
sulfate for the treatment of osteomyelitis.
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