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Background: Calcium phosphate cement (CPC) has been applied as a biodegradable antibiotic carrier in osteomyelitis.
However, the drug delivery, antibacterial efficacy, and degradation rate of CPC are insufficient and require fur-
ther improvement in clinical application.

Material/Methods: Vancomycin-loaded CPC columns were prepared, and eluted in simulated body fluid. The drug delivery was as-
sessed in the ultrasound group and control group by fluorescence polarization immunoassay. The antibacterial
efficacy of vancomycin in the ultrasound group and control groups was investigated by standard plate count
method. Low-frequency pulsed ultrasound (46.5 kHz, 900 mW/cm?) was used to produce a sinusoidal wave in
the ultrasound groups. The percentage of residual weight was evaluated to assess the degradation of CPC.

Results: The concentration and cumulatively released percentage of vancomycin in the ultrasound group were high-
er than that in the control group at each time point (p<0.05). The duration of vancomycin concentration over
the level of minimum inhibitory concentration was significantly prolonged in the ultrasound group (p<0.05).
Antibacterial efficacy of vancomycin in the ultrasound group was significantly greater than that in the control
group with same concentration of vancomycin (p<0.05). The percentage of residual weight in the ultrasound
group was significantly less than that in the control group (p<0.05).

Conclusions: Low-frequency pulsed ultrasound can enhance vancomycin release, prolong the duration of vancomycin con-
centration at high levels, and accelerate the degradation rate of vancomycin-loaded CPC.
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Material and Methods

Bone defects and persistent infection are the 2 main challeng-
es in the treatment of chronic osteomyelitis [1]. Antibiotics-
loaded bone cements, for example polymethyl methacrylate
(PMMA), were developed to solve these problems. However,
these bone cements need a second removal surgery because
of their non-biodegradability [2]. Thus, calcium phosphate
cement (CPC), which has been proved to be a biodegradable
antibiotic carrier, has been widely used as filling material in
bone defects in osteomyelitis [3-5]. It fills the space left by de-
bridement, releases their loaded antibiotics during degrada-
tion, and leaves no medium and substratum for bacterial col-
onization [6,7]. However, it was reported that the duration of
antibiotics release of CPC was less than 1 month in vitro [8].

Methods to prolong the release of the antibiotics have been in-
vestigated and reported. Recently, ultrasound has been found
to enhance antibiotic release from bone cement, and this con-
trolled release of antibiotics may help reduce local infection [9].
In our previous study, we reported on low-intensity continu-
ous-wave ultrasound increased drug elution from vancomycin-
loaded polymethyl methacrylate (PMMA) in vitro [10]. In anoth-
er previous study, we determined that low-frequency pulsed
ultrasound (LFPUS) could increase drug release from PMMA
more effectively than continuous-wave ultrasound [11]. One
possible mechanism by which ultrasound enhances antibacte-
rial effects is described as “sonoporation”, which means that
the permeability of bacterial cell membranes was increased
by ultrasound [12]. Another possible mechanism is that ultra-
sound can enhance the antibiotic effect by damaging the bac-
terial biofilms that protect them from bactericidal action [13].

The degradation duration of CPC from 0% to 80%~100% re-
mains for between 6 months to 2 years, and the prolonged
duration of degradation may affect the refilling of bone de-
fects and increase the possibility of infection, non-union, or
malunion [12,13]. To date, there has been no published study
reporting the effect of ultrasound on antibiotics-loaded CPC.

The present study was conducted to investigate 3 hypothe-
ses: (1) whether low-frequency pulsed ultrasound could en-
hance vancomycin release and prolong the duration of effec-
tive antimicrobial activity, which was defined as the longest
time period during which the vancomycin concentration was
greater than MIC (minimum inhibitory concentration) in van-
comycin-loaded CPC; (2) whether low-frequency pulsed ultra-
sound could enhance antibacterial efficacy of vancomycin in
vancomycin-loaded CPC, which has been proved in vancomy-
cin-loaded PMMA; and (3) whether low-frequency pulsed ul-
trasound could accelerate the degradation rate of CPC.

Bone cement

Twenty grams of CPC (Shanghai Rebone Biomaterials, China)
and 1 gram of vancomycin (Ameresco, U.S.A) were mixed with
distilled water at a powder/liquid ratio of 3: 1 to form a paste.
Then, the mixture was placed in stainless steel molds, and so-
lidified into columns 3 mm in diameter and 8 mm in height.
Finally, the solidified mixture was vacuum-dried and sterilized
in irradiation of 25 kGy ¢°Co to obtain vancomycin-loaded CPC
columns. Non-vancomycin CPC columns were obtained by the
same procedures without vancomycin (Figure 1).

Microorganisms

Staphylococcus aureus ATCC 13565 (S. aureus; Biological
Authentication Research Institute, China), which was a stan-
dard strain of gram-positive bacteria, was incubated in Mueller-
Hinton broth (Oxoid, Basingstoke, UK) for 24 h, and then dilut-
ed to produce a suspension of 108 CFU/ml of exponential-phase
bacteria. The MIC of vancomycin for this strain was determined
to be 2 pg/ml (Figure 1).

Ultrasound exposure system

The ultrasonic generator (Nexus, Hexin Biomedical Devices,
China), for which 3.0-cm-diameter unfocused transducers were
specifically designed for use in a 6-well culture plate, produced
a sinusoidal wave with a frequency of 46.5 kHz, intensity of
900 mW/cm?, and a 1: 3 duty cycle of pulse. All experiments
were carried out at 37°C (Figure 1).

Stimulated body fluid (SBF)

SBF solution was prepared by dissolving 7.9946 g NaCl, 0.3529
g Na,HPO,, 0.2237 g KCl, 0.3050 g MgC1,+H,0, 0.7102 g Na,SO,,
and 0.1742 g K,HPO, in deionized water to 1000 ml (Figure 1).

Study of vancomycin release

There were 2 groups in the study of vancomycin release: the
control group (CG) and the ultrasound group (UG). We placed
24 vancomycin-loaded CPC columns and SBF in the 6-well cell
culture plates (1 column and 3 ml SBF for each well) and ran-
domly divided them into 2 groups. In the CG, culture plates
were positioned in a normal incubator at 37°C. In the UG, the
ultrasound exposure system was set up and culture plates were
positioned on the transducers. The CPC columns in the ultra-
sound group were insonated for 2 h daily. SBF was replaced dai-
ly. The eluted SBF samples were obtained on days 1, 3, 7, and
14, and weeks 4, 8, and 12. The vancomycin concentrations in
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the eluted samples were measured by fluorescence polarization
immunoassay (FPIA, AXSYM, Abbott Laboratories) (Figure 1).

Study of antibacterial efficacy

There were 24 vancomycin-loaded CPC columns and 12 non-
vancomycin CPC columns, which were placed in the 6-well cell
culture plates with SBF (1 column and 3 ml SBF for each well),
randomly divided into 3 groups: the non-vancomycin control
group (NVCG, n=12), the vancomycin-load control group (VCG,
n=12), and the ultrasound group (UG, n=12). In NVCG, culture
plates with non-vancomycin CPC columns were positioned in a
normal incubator at 37°C. In the VCG, culture plates with van-
comycin-loaded CPC columns were positioned in a normal incu-
bator at 37°C. In the UG, culture plates with vancomycin-load-
ed CPC columns were positioned on the ultrasound transducers
and insonated for 2 h daily. SBF was replaced daily. The elut-
ed SBF samples in each group were changed to a suspension
of 3 ml Mueller-Hinton broth with 108 CFU/ml of exponential-
phase S. aureus in months 1, 2, and 3. The number of bacteria
in each well was determined by standard plate count method.

At the end of the 12* week, the vancomycin concentrations
in the eluted samples of UG on were recorded as c1, c2..., c12,
and these 12 samples were eluted in 3 ml Mueller-Hinton broth
with 108 CFU/ml of exponential-phase S. aureus and insonated
by LFPUS for 2 h. Another 24 tubes with 3 ml Mueller-Hinton
broth, which also had 10® CFU/ml of exponential-phase S. au-
reus, were divided into 2 control groups: control group 1 (CG1,
n=12), and control group 2 (CG2, n=12). In the CG1, there was
no additional treatment of the tubes. In CG2, tubes were re-
solved with the same concentration of vancomycin as that of
UG (concentration of vancomycin=c1, c2..., c12). All the sam-
ples in the 3 groups were incubated at 37°C for 24 h. The

number of bacteria in each tube was determined by standard
plate count method (Figure 1).

Study of CPC degradation

Vancomycin-loaded CPC and non-vancomycin CPC columns were
placed in the 6-well cell culture plates with SBF (1 column and
3 ml SBF for each well). There were 36 columns randomly di-
vided into 3 groups: the non-vancomycin control group (NVCG,
n=12), the vancomycin-loaded control group (VCG, n=12), and
the ultrasound group (UG, n=12). In the 2 control groups, cul-
ture plates with vancomycin-loaded CPC and non-vancomy-
cin CPC were positioned in a normal incubator at 37°C. In the
UG, the culture plates with vancomycin-loaded CPC were po-
sitioned on the ultrasound transducers. The rate of degrada-
tion was evaluated by measuring the residual weight of the
samples at weeks 1, 2, 4, 8, and 12. At different time points,
the samples were separated from SBF and dried. The resid-
ual CPC mass was weighed, and then the samples were re-
placed in refreshed SBF in the NVCG, VCG, and UG. The per-
centage of residual weight was calculated by the following
formula: W %=W /W x100%, where W is the initial weight of
the sample and W is the weight of the dried sample at differ-
ent time points (Figure 1).

Statistical analysis

The results of vancomycin amount, clonal formation unit, and
residual mass are expressed as mean #* standard deviations
(SD). Comparative studies of the means were performed us-
ing one-way analysis of variance (ANOVA) of the factorial de-
sign (p<0.05).
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Figure 2. LFPUS enhanced vancomycin release. (A) The vancomycin concentration in the eluted samples after LFPUS treatment were
higher than that of the control group (p<0.05 in each time point). (B) The percentage of cumulative released vancomycin for
the 2 groups and the cumulation in UG was significantly more than that in the CG (p<0.05 in each time point) (* P<0.05).
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Figure 3. LFPUS enhanced antibacterial efficacy. (A) The antibacterial effect in the UG was significantly better than in the VCG and
NVCG after 2-3 months. (B) After 3 months, at the same concentration, the antibacterial efficacy of vancomycin in the
ultrasound exposure group (UG) was significantly better than that in the control groups (*, * or  P<0.05).

Results

LFPUS enhanced vancomycin release

Figure 2A shows the profiles of local drug release for the 2
groups (CG and UG) at 12 weeks. The release curves revealed
that the vancomycin concentration in the eluted samples af-
ter LFPUS treatment was higher than that of the control group
(p<0.05 in each time point). The MIC of vancomycin was
2 pg/ml and the concentration in CG was less than this level
during weeks 4-8. The concentration in US was less than this
level during weeks 8-12. Figure 2B illustrates the percentage
of cumulative released vancomycin for the 2 groups, and the

cumulation in UG was significantly more than that in the CG
(p<0.05 in each time point).

LFPUS enhanced antibacterial efficacy

The antibacterial efficacy of vancomycin in the 3 groups (NVCG,
VCG, and UG) is illustrated in Figure 3A. The antibacterial ef-
fect was similar between the VCG and UG in the first month,
and both of them were significantly better than that of NVCG.
There were no significant differences between the VCG and
NVCG after 2-3 months. The antibacterial effect in the UG
was significantly greater than that in the VCG and NVCG af-
ter 2-3 months.
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Figure 4. LFPUS enhanced CPC degradation. The percentage of
residual weight in UG was significantly lower than that
in the VCG and NVCG at each time point (* p<0.05),
and had decreased to 78.3% by the end of treatment.

Figure 3B shows that the antibacterial efficacy of vancomycin
in the UG was significantly greater than that in the CG2 with
the same concentration of vancomycin at the end of treatment.

LFPUS enhanced CPC degradation

The percentage of residual weight is illustrated in Figure 4. The
vancomycin-loaded CPC had a higher degradation rate than
non-vancomycin CPC, although the differences were not sig-
nificant at each time point (p>0.05). The mean percentage of
residual weight in NVCG was 93.9% compared with 92.3% in
the VCG at the end of treatment. The percentage of residual
weight in the UG was significantly higher than that in the VCG
and NVCG in each time point (p<0.05), and had decreased to
78.3% by the end of treatment.

Discussion

Established bone infection and defects (e.g., infected non-
union and osteomyelitis) remain a challenge to orthopedic
surgeons. It is difficult to achieve a sufficient antibiotic con-
centration at the local site of infection by intravenous ad-
ministration because of local bacterial biofilms and damaged
vascularization [14]. Another problem is that the formation of
sequestra, which are areas of dead infected bone contained
by a compromised envelope of soft tissue, can reduce the ef-
ficacy of systemic administration of antibiotics [15]. A deliv-
ery system that maintains a long-term and stable release of
antibiotics is required. Traditionally, PMMA has been used for
controlled antibiotic release, but it is non-biodegradable and
must be removed by a second surgery. Another disadvantage
is that PMMA produces a large amount of heat during its set-
ting reaction, which causes a risk of bone and soft tissue cell
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death and necrosis [16]. An alternative biodegradable antibi-
otic carrier is CPC, which has chemical and crystal structures
similar to bone. However, the ability of CPC to release antibi-
otics and to degrade are limited, and require further improve-
ment in clinical application.

There is no previously published study on the effect of ultra-
sound on release of antibiotics-loaded CPC. The aim of the pres-
ent study was to evaluate the use of LFPUS for drug release in
vancomycin-loaded CPC, and to shorten the duration of degra-
dation to months rather than years. To the best of our know!-
edge, the present study is the first to investigate the synergism
of ultrasound and antibiotics-loaded CPC in killing S. aureus.

We hypothesized that low-frequency pulsed ultrasound could
enhance vancomycin release and prolong the duration of van-
comycin concentration greater than MIC in vancomycin-loaded
CPC. The results indeed confirmed that antibiotic release seems
to be significantly faster and is prolonged by ultrasound. It was
reported that the duration of antibiotics release of CPC was
less than 1 month in vitro [17]. Ultrasound has been proved to
be able to enhance the antibiotic release from bone cement in
some previous studies. It was also reported that low-frequen-
cy ultrasound increased release of gentamicin from antibiot-
ic-loaded acrylic bone cements [18,19]. In our previous study,
low-intensity continuous-wave ultrasound increased vanco-
mycin elution from PMMA in vitro [11]. One interpretation of
the increased antibiotic release of CPC is that it is linked with
the increasing degradation rate, and another interpretation is
that ultrasound induces microstreaming, which seems to be
essential for enhanced antibiotic release by ultrasound [20].

We also hypothesized that low-frequency pulsed ultrasound
enhances antibacterial efficacy of vancomycin, and this is con-
firmed by the results of the present study. The mechanism by
which ultrasound enhances antibacterial effect is complex. It
was reported that the permeability of bacterial cell membranes
was increased by ultrasound, and this phenomenon was de-
scribed as “sonoporation” [21]. Some previous studies indi-
cated that ultrasound can enhance antibiotic effects by dam-
aging the bacterial biofilms [22]. The bacteria in biofilms are
sequestered in layers on the bone cement, which protect them
from bactericidal action. Ultrasonication can significantly in-
crease the transportation of antibiotics throughout the bio-
film, thus increasing their drug susceptibility.

Another hypothesis is that LFPUS increases the degradation
rate of CPC. The present study showed that the degradation
rate of CPC with LFPUS treatment was at least 2 times that
of CPC without LFPUS. It was reported that the weight loss
of mass profile for the CPC was only 5% in vivo [23]. A plau-
sible interpretation is that the microstreaming caused by ul-
trasound increases the solubility of CPC. In the present study,
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the vancomycin-loaded CPC tended to have a higher degrada-
tion rate than non-vancomycin CPC. A previous study report-
ed that the degradation rate of strontium-loaded CPC was
decreased compared with that of normal CPC [24]. The physi-
cochemical property of CPC might be changed by loading dif-
ferent chemicals.

We acknowledge certain limitations in the present study.
Firstly, the results of this in vitro study of bacteria cannot be
directly transferred to humans. In the clinical application, the
ultrasound producer could be set by local interaction direct-
ly, which has been used for accelerating fracture healing [25].
This in vitro study did not find any negative or deleterious ef-
fects of LFPUS on cells or materials. It was reported that has
ultrasound had adverse effects such as altering the permea-
bility of the cell membrane [26,27]. Secondly, the antimicrobi-
al efficacy of the combination of LFPUS and antibiotics-load-
ed CPC on bacteria and the involved cellular and molecular
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mechanisms deserve further investigation. Thirdly, some de-
tails could be improved by further studies; for example, the
concentration of antibiotics in CPC, the shape of the CPC, and
the ultrasound exposure method.

Conclusions

The present study demonstrated significant evidence that
LFPUS, when combined with vancomycin-loaded CPC, can en-
hance vancomycin release and prolong the duration of vanco-
mycin at high concentrations, increase the bactericidal effect,
and accelerate the degradation rate of CPC in vitro.
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