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ABSTRACT: Infected bone defects and osteomyelitis are encountered fre-
quently in trauma cases. Currently, the standard of care for osteomyelitis cases
is prolonged systemic antibiotic therapy and implantation of antibiotic carrier
beads. However, this method requires a secondary surgery to remove the beads
after the infection has cleared. In the present study a common bone void filler
was investigated for its ability to be infused with an antibiotic. This study
demonstrates that the xenograft material tested can be loaded with gentamicin
and release clinically relevant levels of the drug for at least 14 days in vitro
allowing for the inhibition of bacterial growth on the graft. This study also
demonstrates that the levels of gentamicin released did not have an adverse
effect on primary osteoblast cell proliferation or ability to generate alkaline
phosphatase. This bone void filler may represent a viable alternative to current
methods of local antibiotic delivery in orthopedic applications.

KEY WORDS: antibiotic, xenograft, osteomyelitis, cancellous bone,
Staphylococcus aureus.

INTRODUCTION

Open fractures are often contaminated and the development of
infection is a major complication. Osteomyelitis, a deep bone
infection, most frequently caused by staphylococcal species, can result
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from the initial trauma or as a result of a nosocomial infection [1,2].
Infection leads to the devitalization of bone and soft tissue as well as loss
of skeletal stability. Bone infections associated with foreign bodies such
as prostheses or other orthopedic devices such as cancellous chips are
especially difficult to treat. Once established, these infections are
routinely treated by debridement of the surrounding tissue and bone
as well as an aggressive antibiotic treatment [3-5]. The current stan-
dard of care uses systemic antibiotic delivery for prophylactic treatment.
Treatment with systemic antibiotics alone suffers from several draw-
backs including poor penetration into ischemic and necrotic tissue at the
wound site as well as a potential for systemic toxicity.

To circumvent the accessibility and toxicity issues associated with
systemic antibiotic treatments, various local antibiotic systems have
been developed including antibiotic-loaded bone cements, organic
polymers, and beads [6-10]. The use of these materials has offered an
important adjunctive route to administer antibiotics for the treatment
or prevention of osteomyelitis [11-13]. Although the use of antibiotic-
loaded methylmethacrylate cement improves the outcome of peripros-
thetic infections [5-9], this delivery system has substantial limitations
[12]. Elution rates of common antibiotics mixed with calcium sulfate or
polymethylmethacrylate (PMMA) varied considerably depending on the
physical environment [14-17]. In addition to high variability in elution
rates, the burst release phase leads to concerns for local and systemic
toxicity.

PMMA beads are commonly used in clinical orthopedic settings for
local antibiotic delivery [12]. This delivery system has the advantage of
providing locally high levels of the antibiotic with relatively low serum
levels. However, this treatment regimen requires two surgical proce-
dures and a large percentage of the incorporated antibiotic is not
released [18]. There have been several reports demonstrating the
benefits of local delivery of antibiotics in combination with systemic
administration in patients with osteomyelitis [12,19-21]. Gentamicin,
an aminoglycoside, is an antimicrobial that is effective against Gram-
negative bacteria. This is one of several antibiotics that are currently
being used for effective treatment of osteomyelitis due to its ability to
combat Gram-negative bacteria as well as Staphylococcus aureus, which
has been found to be a leading cause of infection [22,23].

Ideal antibiotic delivery devices for orthopedic applications should be
biocompatible, degrade in concert with bony replacement, and possess
osteoinductive and osteoconductive properties. The use of allograft bone
is well established in many orthopedic settings. For some surgeons,
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however, autograft material remains the gold standard for use in many
orthopedic procedures due to its osteogenic potential. However, there
can be significant levels of pain and discomfort associated with
harvesting bone from the iliac crest [24-26]. The use of cancellous
bone as an osteoconductive matrix is well established [27,28] and may
serve as an ideal drug delivery device in the treatment of osteomyelitis
due to its enhanced surface area for drug binding as compared to cortical
bone and ability to allow bone in growth as a result of the porosity of the
structure. In this context, osteoconductivity is defined as the ability to
provide a three-dimensional configuration for in-growth of host capi-
llaries, peri-vascular tissue, and osteoprogenitor cells into the graft.
Here we present a gentamicin-impregnated bovine cancellous bone
material that could be used as a prophylactic measure in orthopedic
applications. Data is presented demonstrating the release of gentamicin
at levels that are above its minimal inhibitory concentration for S.
aureus and that are nontoxic to mammalian cells.

MATERIALS AND METHODS
Bovine Bone

Bovine cancellous chips (1-2 mm) were attained from the long bones of
18- to 24-month-old cows from an organically fed and registered closed herd
at Prather Ranch, CA. The bovine cancellous bone then underwent RTI
Biologics" patented BioCleanse tissue sterilization process to remove
lipids and cellular debris from xenograft material. The BioCleanse process
uses a low temperature cleaning and sterilization system that consecutively
exposes the bone to a variety of chemical solutions including isopropanol
and hydrogen peroxide. The process provides for complete penetration of
the inner matrices of tissue, removal of any contaminants as well as blood,
bone marrow, and other unwanted endogenous materials through an
extensive serial dilution process [29,30]. As part of the BioCleanse process,
two detergents, which have been proven to be inactivators of enveloped
viruses, are used in combination [31,32]. In accordance with the
standardized BioCleanse” protocol, bovine bone samples were submerged
in a closed chamber and exposed to the previously mentioned cleansing
solutions at varying pressures and alternated with vacuum cycles. The
bovine bone was then loaded with 1, 5, or 10 mg/mL gentamicin sulfate
solution using a proprietary process and terminally sterilized using 20.5—
25 kGy of gamma irradiation.
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Release Kinetics

Quantification of gentamicin (Baxter Healthcare, Deerfield, IL) was
performed using a C18 reverse phase column and High Performance
Liquid Chromatography (HPLC) (1200 Series, Agilent, Santa Clara, CA)
with an ultraviolet detector (Agilent, Santa Clara, CA). One gram of bovine
cancellous bone loaded with gentamicin was added to 5 mL of phosphate
buffered saline (PBS) and incubated for 1 h at 37°C. At the designated time
points, 1 mL of the solution was removed, stored at 4°C, and then analyzed
via HPLC. The remaining PBS solution was removed, replaced with fresh
PBS, vortexed, and incubated for an additional 24 h at 37°C. This process
was performed in quadruplicate and repeated for 14 days.

Bacteria Zone of Inhibition Study

A biofilm of S. aureus (ATCC 6538, Microbiologics, Saint Cloud, MN)
was formed on Mueller-Hinton agar plates (Microbiologics, Saint Cloud,
MN). A single lyfodisk (Microbiologics) was placed in the center of the
agar plate and 100 uL of various concentrations of gentamicin solution
was added. The agar plates were then incubated for 16h at 37°C at
which time the distance between the edge of the lyfodisk and the
bacteria was measured. The study was performed in triplicate.

Bacteria Colonization Study

Four grams of antibiotic-loaded bovine cancellous bone were added to
20mL of 10°CFU/mL of S. aureus in 37°C Mueller-Hinton broth
(Becton Dickinson Difco, Franklin Lakes, NJ) and allowed to incubate at
37°C for 1 h while shaking at 55 rpm. After 1 h, 250 4 25 mg of bone were
removed, added to 1 mL of 37°C sterile PBS, and vortexed for 30 +1s to
remove all adherent bacteria. One hundred microliters of the resultant
solution was diluted with additional PBS and streaked on Mueller-
Hinton agar plates, then incubated at 37°C for 16 h. The colonies present
on each agar plate were counted and recorded. The remaining Mueller-
Hinton broth was removed, replaced with fresh 37°C broth, vortexed,
and incubated for an additional 24h at 37°C. This was performed in
triplicate and repeated on a daily basis for 14 days.

Osteoblast Proliferation
Rat calvarial osteoblasts (OB) were isolated and characterized as

previously described [33]. Osteoblasts were cultured in basal media
(BM), which consists of high glucose DMEM (Invitrogen, Carlsbad, CA)
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supplemented with 10% FBS (HyClone, Logan, UT) and 1% antibiotic/
antimycotic (Invitrogen). OB were plated in triplicate at a density of
20,000 cells per well in 1 mL of basal media and incubated under standard
cell culture conditions for 24 h. The media was then aspirated and the
cells were rinsed with 1 mL of PBS. One milliliter of basal media lacking
antibiotic/antimycotic but containing either 100, 250, or 500 pg/mL of the
gentamicin was added to the cells which were then maintained in culture
for 10 days. Cell proliferation was measured at 3, 5, and 10 days using
AlamarBlue reagent following instructions recommended by manufac-
turer (Serotec, Oxford, UK).

Osteoblast Attachment

Rat calvarial osteoblasts, at a density of 40,000 cells per well, were
incubated with 65+ 10 mg of bovine cancellous bone. After 5 days in
standard culture conditions cells were visualized under fluorescent
microscopy using the LIVE/DEAD Viability Kit following the manufac-
turer’s instructions (Lonza, Basel, Switzerland).

Alkaline Phosphatase Activity

Rat calvarial osteoblasts were plated in triplicate at a density of 40,000
cells per well in 1 mL of basal media and incubated under standard cell
culture conditions for 24 h. The media was then aspirated and the cells
were rinsed with 1 mL of PBS. Basal media lacking antibiotic/antimycotic
(1.5mL) was added to cells in each well. Transwell inserts loaded with
approximately 65 mg of antibiotic infused cancellous bone and 0.5mL of
antibiotic/antiomycotic free basal media were placed into wells containing
osteoblasts. Cells were incubated for 3, 5, and 10 days. At each designated
time point cell proliferation was measured using AlamarBlue reagent
following instructions recommended by manufacturer (Serotec, Oxford,
UK). Upon completion of the AlamarBlue assay, alkaline phosphatase (AP)
measurements were obtained from exposing cell lysates to 4-nitrophenyl
phosphate (Sigma, St. Louis, MO). Activity was normalized per cell.

Statistical Analysis

Data were analyzed with the Holm-Sidak test using the Sigma Stat
software for Windows Version 3.5. Intergroup comparisons were made
using a two-way analysis of variance (ANOVA). A value of p <0.05 was
considered statistically significant.
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Table 1. Determination of minimum effective concentration for S. aureus.

Distance of bacterial inhibition (mm)

Concentration Standard
(ng/mL) Trial 1 Trial 2 Trial 3 Average deviation
1000 11.45 11.05 111 11.20 0.22
250 9.55 10.05 10.45 10.02 0.45
62.50 7.55 8.35 7.25 7.72 0.57
15.60 5.20 5.40 5.35 5.32 0.10
7.80 4.25 3.80 3.70 3.92 0.29
3.90 25 1.95 1.85 2.10 0.35
3.13 1.85 1.55 1.15 1.52 0.35
2.50 1.50 0.95 0.80 1.08 0.37
1.95 0.90 0.50 0.60 0.67 0.21
1.56 0.75 0.00 0.40 0.38 0.38
0.98 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
RESULTS

Zone of Inhibition

To determine the minimum concentration of gentamicin to
inhibit bacterial growth, S. aureus at a concentration of 107 CFU/mL
were plated on Mueller-Hinton agar plates followed by the addition
of a single lyfodisk. Various antibiotic concentrations were added to
the lyfodisks and the plates were incubated for 16h at 37°C.
The distance from the edge of the lyfodisk to the edge of the
bacteria biofilm was than measured (Table 1). The data shown in
Table 1 demonstrate that the minimal inhibitory concentration (MIC) of
gentamicin for the S. aureus strain tested in this experiment was
1.56 ng/mlL.

Release Kinetics

The kinetics of gentamicin release from bovine cancellous bone
was analyzed using three different initial loading concentrations. As
shown in Figure 1, there is a rapid release of the gentamicin during
the first 2 days. The release rate begins to plateaus and all
three concentration eluted statistically similar quantities by day 4
out to day 14 (p>0.10). The drug concentration remains above the
MIC out to 14 days irrespective of the initial drug loading concentration.
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Figure 1. Quantity of drug released within 14 days from 1g of xenograft when loaded
with 5, 20, and 40 mg of gentamicin.

Inhibition of Bacterial Colonization on Bovine
Cancellous Bone

The ability of the antibiotic loaded graft to inhibit bacterial
biofilm formation was investigated over a consecutive 14-day period.
The antibiotic loaded bone was exposed to 107 CFU/mL S. aureus. At
24 h intervals, an aliquot of 250 + 25 mg of bone was removed from the
broth and vortexed in sterile 37°C PBS. The resultant solution was
plated. The number of colonies on each plate was recorded for each
time point. The results demonstrated (p =0.001) complete inhibition of
bacterial growth on all the antibiotic loaded grafts by the first
hour (Figure 2). The nonantibiotic loaded samples did not
inhibit bacterial colonization throughout the entire 14 days
and maintained a colony count of 10°CFU/mL throughout the
experiment.

After the 14-day study was complete, 1g of remaining bovine
cancellous bone was placed on a Mueller-Hinton agar plate that con-
tained S. aureus. After incubating at 37°C for 16h the plates were
removed and the zone of inhibition from the edge of the bone to the edge
of the bacterial lawn was measured. The data in Table 2 shows that even
after 14 days of elution, the cancellous chips still retain a
sufficient amount of antibiotic to inhibit bacterial growth in and
around the bone.
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Figure 2. The Effectiveness of various initial loading concentrations on bacterial
inhibition for 14 days using S. aureus at a concentration of 107 CFU/mL.

Table 2. Distance of bacterial zone of inhibition.

Gentamicin (mg)/(g) DBM Distance (mm)
40 4.8

20 4.6

5 3

0 0

Effect of Gentamicin on Cell Proliferation

The effect of gentamicin on osteoblast cell proliferation was also
investigated. Rat calvarial osteoblasts were exposed to various concen-
trations of gentamicin and the total cell numbers were evaluated. At
both the 3- and 5-day time points the 100 and 250 ug/mL show
statistically similar cell quantities when compared to the 0pug/mL
media (p-values were 0.660 and 0.432, respectively). By day 10 the cell
proliferation of the 100 pg/mL solution was the only concentration that
was statistically similar to the 0pg/mL media (p =0.910) (Figure 3).
However, after 3, 5, and 10 days in culture, the number of cells present
in each well was greater than that of the original 20,000 cells that
were seeded. To further investigate the effects of gentamicin on
cell proliferation, osteoblasts were seeded directly onto bovine
cancellous bone that was loaded with 5, 20, or 40mg of
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Figure 3. Effect of various gentamicin concentrations on osteoblast cell proliferation over
the course of 3, 5, and 10 days using an AlamarBlue assay. This experiment was performed
three times and a representative experiment is shown.
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Figure 4. Effect of osteoblast cell adhesion directly on graft loaded with 5 mg/g, 20 mg/g,
and 40 mg/g of gentamicin on 1g of chips. After 5 days the cells were stained with calcein
and photographed. (a) Nonloaded, (b) 5mg/g chips, (c) 20 mg/g chips, (d) 40 mg/g chips.
A 40 x magnification was used.

Downloaded from jba.sagepub.com at PENNSYLVANIA STATE UNIV on March 5, 2016


http://jba.sagepub.com/

500 C. S. LEWIS ET AL.

0.020
0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

mDay 3
Day 5
T mDay 10

AP activity (nmol)/min/cell

0Omg/mL 1mg/mL ' 5mg/mL ' 10mg/mL
Loading concentrantion of gentamicin

Figure 5. The effects of bovine bone loaded with various gentamicin concentrations on
osteoblast AP activity over the course of 3, 5, and 10 days. AP measurements were
obtained with cell lysates using 4-nitrophenyl phosphate (Sigma, St. Louis, MO) as a
substrate; activity was normalized per gram cell.

gentamicin per gram of DBM. As shown in Figure 4, cell attachment and
proliferation was seen at all antibiotic concentrations after the 5-day
incubation period.

Effect of Gentamicin AP Production

The effect of gentamicin on the osteoblast produced AP was
investigated. AP is an early marker for osteoblastic development. Rat
calvarial osteoblasts were seeded on the bottom of a transwell dish and
the inserts were loaded with approximately 65 mg of antibiotic infused
cancellous bone. After 3, 5, or 10 days of incubation the AP activity was
measured. There were no statistically significant differences in the levels
of AP at the 5, 20, or 40 mg/g concentrations of gentamicin that were
investigated over the 10-day period (p-values were 0.010, 0.013, and
0.009, respectively) (Figure 5).

DISCUSSION

Structural bone allografts have provided a solution to many
reconstructive problems in musculoskeletal and maxillofacial surgeries,
but infection of the surgical site remains a significant issue. Infection
rates of 4-12% have been reported in various orthopedic surgeries
involving allograft [34-39]. These infections are commonly caused by
staphylococcal species and can result from the initial trauma or as a
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result of the treatment regimen. These high infection rates are not
surprising because the surgeries often involve extensive soft tissue
excision, large wounds, and long operating times. Treatment of
musculoskeletal infections generally involves surgical debridement of
necrotic tissue, followed by 4-6 weeks of systemic antibiotics. To obtain
adequate antibiotic concentrations at the site of infection, high serum
concentrations have to be obtained, which may carry the risk of systemic
toxicity. Local antibiotic delivery systems have become increasingly
popular for treatment and prophylaxis of orthopedic infections. Such
systems yield higher local concentrations of antibiotic than possible with
parenteral administration while reducing the risk of systemic side-
effects. High local antibiotic concentrations are especially beneficial
in the treatment of relatively avascular areas and organisms resistant
to antibiotic levels obtained via parenteral administration, including
organisms in biofilms [40,41].

There have been several attempts to supplement allografts with
antibiotics [42-46]. In an effort to achieve a more sustained release of
antibiotics, demineralized allograft mixed with antibiotic powders and
gelatin was used to reduce infection in a dog model [47]. The results of
the treatment with antibiotic-supplemented bone were compared to the
standard of care. All fractures treated by the conventional method
developed acute osteomyelitis and nonunion, whereas the antibiotic
treatment group resulted in bone union without infection. This study
demonstrated the potential for an antibiotic impregnated bone construct
to assist in reducing the rate of infection. In a study by Witso et al. [48],
cortical allograft loaded with four different antibiotics were implanted
into the meduallar canal of outbred Wistar rats that had been infected
with 10 CFU/mL of S. aureus to determine the efficacy of this type of
delivery device. Their results indicated that three of the four antibiotics
tested eradicated the S. awreus infection. These results showed
significant promise in utilizing bone grafts as a local delivery device.

In the present study, gentamicin was loaded onto cancellous bone in a
consistent and dose-dependent manner. The data presented in this study
showed a bulk release of gentamicin within the first 48h as well as
clinically relevant concentrations of drug continued to elute up to
14 days in vitro.

The data presented herein demonstrate that the addition of genta-
micin to the graft prevented bacterial adhesion of S. aureus, which is a
major contributor to osteomyelitis. By supplementing the bone directly;
the antibiotic is able to bind to the entire surface including the haversian
canals, Volkmann’s canals, and the canaliculi. The immediate bulk
release of gentamicin coupled with its extended release rate
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demonstrates a potential option in choosing an effective local delivery
device for infection prophylaxis. An added benefit in utilizing cancellous
bone as a vehicle for antibiotic delivery as compared to previously seen
cortical scaffolds [48] is the increased surface area that allows for drug
binding and bone ingrowth due to the porosity of the structure.

In a study by Ince et al. [49] the effect of gentamicin in media on the
cell proliferation and AP activity of C2C12 cells was performed. The
results indicated that the expression of AP activity was not inhibited or
decreased with a gentamicin concentration less than 800 pg/mL. The
potential adverse effects on cell replication and AP production were also
studied in the present study. Concentrations similar to amounts
determined to elute from the cancellous bone graft were tested. The
addition of gentamicin directly into the cell media containing osteoblasts
showed that concentrations above 100 pg/mL decreased the rate of
proliferation at the later time points. However, the osteoblasts’ AP
production when exposed to the various gentamicin loaded cancellous
bone groups were not statistically different at any of the drug levels as
compared to the nonloaded control. These AP results presented herein
are in agreement with the data presented by Ince [49].

It is also important to note that the amount of drug being delivered at
the site did not adversely affect the osteoconductive properties of the
graft in vitro via the cell proliferation and AP assays performed. It has
also been shown that similar amounts of gentamicin delivered at the site
via human DBM does not adversely affect bone growth [50]. The data
presented herein clearly demonstrates that the concentration of
gentamicin eluted had no adverse effect on the proliferation of
osteoblasts. In addition, the concentrations of drug eluting from the
graft do not have an adverse effect on one of the accepted phenotypic
markers of osteoblastic cells, alkaline phosphatase.

CONCLUSION

The release kinetics, bacterial inhibition, and osteoblast cell data
presented herein demonstrate that gentamicin loaded cancellous bone
maintains its ability to be an osteoconductive scaffolding while
inhibiting colonization of the device. The data also supports the idea of
an extended release possibility to continue to prevent bacterial
colonization of the graft once it has been implanted. Therefore, this
combination device could allow the surgeon to prophylactically treat an
orthopedic surgical site with a resorble and osteoconductive biological
graft. In conclusion, antibiotic-impregnated cancellous bone may
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act as an efficient carrier of antibiotics for a local delivery system in a
bony site.
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