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Infection is a common complication in open fractures that compromises the healing of bone and can result in
loss of limb or life. Currently, the clinical standard of care for treating contaminated open fractures comprises
a staged approach, wherein the wound is first treated with non biodegradable antibiotic laden poly(methyl
methacrylate) (PMMA) beads to control the infection followed by bone grafting. Considering that tissue
regeneration is associated with new blood vessel formation, which takes up to 6 weeks in segmental defects,
a biodegradable bone graft with sustained release of an antibiotic is desired to prevent the implant from
becoming infected, thus allowing the processes of both vascularization and new bone formation to occur
unimpeded. In the present study, we utilized biodegradable porous polyurethane (PUR) scaffolds as the
delivery vehicle for vancomycin. Hydrophobic vancomycin free base (V FB) was obtained by precipitating
the hydrophilic vancomycin hydrochloride (V HCl) at pH 8. The decreased solubility of V FB resulted in an
extended vancomycin release profile in vitro, as evidenced by the fact that active vancomycin was released
for up to 8 weeks at concentrations well above both the minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC). Using PUR prepared from lysine triisocyanate (LTI) (PUR(LTI)),
the extended in vitro release profile observed for V FB translated to improved infection control in vivo
compared to V HCl in a contaminated critical sized fat femoral segmental defect. The performance of PUR
(LTI)/V FB was comparable to PMMA/V HCl beads in vivo. However, compared with PMMA, PUR is a
biodegradable system which does not require the extra surgical removal step in clinical use. These results
suggest that PUR scaffolds incorporating V FB could be a potential clinical therapy for treatment of infected
bone defects.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Infection is a significant factor that compromises the healing of bone
fractures [1,2]. A recent retrospective study found that all open type III
fractures among combat casualties were infected. The presence of
infectionhadadramatic effect onpatientoutcomes, as evidencedby37%
of the patients experiencing delayed union with 14% resulting in
amputation [3]. Currently, the clinical standard of care for treating
contaminated open fractures comprises two steps, wherein the wound
is first treated with antibiotics followed by bone grafting. In practice,
PMMA beads have been used as the local antibiotic delivery platform,
and have been shown to decrease infections in clinical studies [4 6].
Compared with systemic parenteral treatment, local antibiotics can
achieve substantially higher concentrations at the contaminated site,
resulting inmore effective treatment of the infection, aswell as reduced

systemic toxicity concerns [7 9]. In a prospective study of patients with
infected non unions, treatment with gentamycin impregnated PMMA
beads resulted in similar rates of infection control and healing of non
unions compared to long term systemic parenteral delivery of genta
mycin [10]. Furthermore, a clinical study comparing the efficacy of local
and parenteral delivery of antibiotics in patients with infected total hip
and knee arthroplasty found that 30% of patients treated with systemic
parental gentamycin exhibited recurring infection compared to 15% of
patients treatedwith PMMA gentamycin beads, although the difference
was not statistically significant [8]. However, since PMMA does not
biodegrade, it must be removed during an additional surgical step and
cannot be allowed to remain in thewoundbed duringdefinitive closure.
Furthermore, the antibiotic release efficiency is typically low (e.g., b25%
cumulative release), the burst release is high (N60% of the released
antibiotic is within the first day), and the antibiotics are below
therapeutic levels within a week or two [11 14]. Resorbable calcium
phosphates and sulfates have also been investigated for local antibiotic
delivery. Calcium sulfate pellets impregnated with antibiotic (Osteoset
T, Wright Medical) have been shown to be effective in treating
osteomyelitis in animals and humans [15 17]. These biomaterials are
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biodegradable and osteoconductive, but calcium sulfate has been
associated with seromas and drainage problems [18]. Additionally, the
release of antibiotic is very fast, occurring within the first 2 3 days and
calciumsulfatedissolves quickly; therefore, it doesnot possess favorable
osteoconductive properties.

While treatment with antibiotic laden PMMA beads or calcium
sulfate pellets effectively controls infection in the wound bed prior to
bone grafting, there is a need for a bone graft material that not only
enhances bone healing, but also releases an antibiotic that protects
the wound from infection during the healing process. Although
generally effective at promoting bone growth, the bone graft is
essentially a foreign material placed into an avascular and often
contaminated defect and could thus possibly function as a nidus for
infection. Additionally, blood vessel formation is a prerequisite for
bone healing [19,20], and angiogenesis is known to be essential for
bone regeneration in segmental defects [21,22]. It has been shown
that vascularization of the fracture callus in sheep progressed during
the first three weeks of healing [20], and another study has suggested
that complete vascularization of implanted scaffolds may require up
to six weeks [22]. Therefore, in contaminated bone wounds, it is
desirable to maintain a therapeutic level of antibiotic for at least
3 6 weeks to control the infection until substantial vascularization
occurs in the wound bed.

Biodegradable porous PUR scaffolds have been investigated as
supportive scaffolds for cellular infiltration and new bone formation
[23 25]. Polyurethanes have also been investigated as drug delivery
systems. Controlled release of antibiotics has been investigated to
develop infection resistant biomedical PUR implants [26 29], and
delivery of biologically active growth factors from PUR scaffolds has
been demonstrated [23,30,31]. In particular, a recent study has shown
that controlled release of rhBMP 2 from PUR scaffolds promoted new
bone tissue formation in rat femoral plug defects [23]. Biodegradable
PUR scaffolds have also been shown to release biologically active
tobramycin in vitro [26]. However, the burst release of tobramycin
was high (e.g., N50%), and the tobramycin release kinetics was
relatively independent of material properties.

Vancomycin, a tricyclic glycopeptide antibiotic, is an effective
therapy for treating serious infections caused by gram positive
bacteria such as Staphylococcus aureus [32,33]. Vancomycin has less
negative effects on osteoblasts and skeletal cells than other commonly
used antibiotics in vitro [34,35], and it does not impede bone growth
in fractures in vivo [36]. Different strategies have been developed for
the delivery of vancomycin from polymers, such as poly(trimethylene
carbonate) based surface eroding delivery systems [37] and nano
particles presenting vancomycin on the surface [38]. Ideally, the
delivery system should deliver vancomycin well above the effective
antibacterial concentration (i.e., the minimum inhibitory concentra
tion, MIC) in a sustainable manner [2]. For treatment of osteomyelitis,
it has been suggested that release of antibiotic at concentrations
exceeding the MIC for 6 8 weeks is desirable [39]. Thus one objective
of the present study was to synthesize PUR scaffolds incorporating
vancomycin with tunable release kinetics, where the release of
biologically active vancomycin was extended to 6 8 weeks so that the
processes of angiogenesis and new bone formation could proceed
unimpeded by infection. PUR scaffolds incorporating vancomycin
with both fast and slow release kinetics were evaluated in an infected
segmental defect in a rat femur to demonstrate the feasibility of the
approach and identify the most effective release strategy.

2. Materials and methods

2.1. Materials

Glycolide and D,L lactide were obtained from Polysciences
(Warrington,PA). The tertiary aminecatalystTEGOAMIN33,whichcom
prised a 33 wt.% solution of triethylene diamine (TEDA) in dipropylene

glycol, was received from Goldschmidt (Hopewell, VA) as a gift.
Hexamethylene diisocyanate trimer (HDIt, Desmodur N3300A) was
received as a gift from Bayer Material Science LLC (Pittsburgh, PA).
Lysine triisocyanate (LTI)waspurchased fromKyowaHakko (NewYork,
NY). Stannous octoate catalyst was received from Nusil technology
(Overland Park, KS). Vancomycin hydrochloride (V HCl)was purchased
from ACROS organics. Fluorescence labeled vancomycin (BODIPY@FL
conjugate) was purchased from Invitrogen. All other reagents were
purchased from Sigma Aldrich (St. Louis, MO).

2.2. Vancomycin hydrochloride (V HCl) and vancomycin free base (V FB)

V HCl was dissolved in water at a concentration of 70 mg/ml,
followedby increasing thepH to8 (where vancomycinhasnonet charge
and the lowest solubility [40]) by adding an appropriate amount of
NaOH solution (3 N). After incubating for 30 min, the precipitated
vancomycin free base (V FB)was filtered, washedwith 70% ethanol and
methanol separately, dispersed in water, frozen, and lyophilized
overnight. The concentration of V HCl used in the conversion was
selected as 70 mg/ml, which is well below the water solubility of
200 mg/ml, in order to avoidV HClprecipitates in thefinalV FBproduct.
For confocalmicroscopy, V HClwasmixedwithvancomycinBODIPY@FL
conjugate at a ratio of 3725:1 in solution, and then lyophilized to obtain
fluorescence generatingV HCl (FL V HCl) or converted tofluorescence
generating V FB (FL V FB) as described above.

2.3. Fabrication and characterization of PUR scaffolds

The polyester macrotriol (900 Da) was synthesized from a glycerol
starter as published previously [41], with the backbone comprising 70%
ε caprolactone, 20% glycolide, and 10% D,L lactide for T7C2G1L900 and
60% ε caprolactone, 30% glycolide, and 10% D,L lactide for T6C3G1L900.
Porous PUR scaffolds were then fabricated using a one shot two
component reaction between the triisocyanate and the hardener
comprising polyester triol, water, TEGOAMIN33 tertiary amine catalyst,
sulfated castor oil stabilizer, and calcium stearate pore opener as
described previously [41]. V HCl or V FB was incorporated into the
scaffolds bymixingwith the hardener component prior to reactingwith
the triisocyanate. The targeted index (the ratio of NCO to OH
equivalents×100) was 115 for all scaffolds. Two PUR formulations
were investigated: (a) PUR(HDIt), a slow degrading scaffold prepared
fromHDIt and T6C3G1L900; and (b) PUR(LTI), a fast degrading scaffold
synthesized from LTI and T7C2G1L900. The antibiotic (V HCl or V FB)
loading was selected as the maximum amount of drug that could be
incorporated in the scaffolds without compromising stability and pore
morphology, which corresponded to 7wt.% for the PUR(HDIt) materials
and 8wt.% for the PUR(LTI) materials. For PUR(LTI)materials, there was
no significant difference in V FB release at 7 and 8wt.% loadings, while
the release of V HCl was ∼5% higher at a loading of 8wt.% compared to
7wt.% for days 1 15 (data not shown). The amount of water was
adjusted for the antibiotic containing PUR(LTI) scaffolds in order to
achieve porosities similar to blank scaffolds. The porosities of the
scaffolds were calculated based on the volume and weight [23,30], and
the distribution of FL V HCl or FL V FB within the PUR(LTI) scaffolds
was analyzed by confocal microscopy with an excitation wavelength of
488 nm, performed on a Zeiss LSM510 confocal microscope in VUMC
Cell Imaging Shared Resource [23].

2.4. Fabrication of PMMA/vancomycin beads

As described previously [26], the PMMA beads (3 mm in size) were
hand made using an Osteoset® kit (Wright Medical Technology,
Arlington, TN). Two grams V HCl were added to one packet (40 g
powderpoly(methyl acrylate,methylmethacrylate), zirconiumdioxide,
hydrous benzoyl peroxide) and mixed with 20 ml monomer cement
(methyl methacrylate, N,N dimethyl ptoluidine). The resulting PMMA
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beads contained 3.33 wt.% vancomycin for the in vitro release and
in vivo animal studies, and 0.90 wt.% vancomycin for the KB tests of the
scaffolds.

2.5. In vitro release of vancomycin

Three replicate PUR scaffold samples (∼40 mg, 0.4 ml) or PMMA
beads (∼60 mg, 0.15 ml) were immersed in 1 ml PBS in polypropylene
vials sealed by O rings. The volume of release medium (1 ml) was
selected on the basis that the scaffold was completely immersed in the
releasemedium, and that even if 100% of the vancomycinwere released
instantaneously, the concentration of the drug in solution would be at
least a factor of 6 times less than its solubility. The observation that no
significant difference in release profile was observedwhen themedium
volume was increased to 10 ml further suggests that the release was
performed under sink conditions. At days 1, 2, 4, 8, 14, 21, 28, 35, 42, 49,
and 56, themediumwas recovered by squeezing the scaffolds, followed
by the addition of 1 ml fresh medium [26]. The concentration of
vancomycin released at each time point was determined by measuring
the absorbance at 280 nm, fromwhich the concentrationwas calculated
using a standard calibration curve [42,43]. The actual mass of drug
released was calculated based on the measured concentration and
actual collected sample volumes. The cumulative percentage release
was calculated as the ratio of themass released at each time point to the
total amount of vancomycin embedded in the scaffolds. The cumulative
release data were fitted to a logarithmic function, which was
differentiated with respect to time in order to calculate the daily
percentage release [23]. The mass of drug released per day per unit
volume of scaffold was calculated from the daily percentage release and
the loading of thedrug in the scaffold. TheWeibull function [44 46]was
used to fit the cumulative release curves in order to elucidate the drug
release mechanism.

2.6. Antibiotic activity assay

The Kirby Bauer assay was applied to evaluate the biological
activity of: (a) the PUR scaffolds and PMMA beads, and (b) the in vitro
releasates from the PUR scaffolds and PMMA beads. The objective of
the Kirby Bauer test was to validate that the vancomycin was still
active after incorporation in the PUR scaffolds. Methicillin susceptible
S. aureus from the American Type Culture Collection (ATCC 25923)
was chosen for the assay [26]. The bacteria were suspended in
trypticase soy broth at a turbidity that matched a 0.5 MacFarland
standard and then spread onto Mueller Hinton agar plates. PMMA
impregnated with V HCl (0.9wt.%) and PUR scaffolds with V HCl
(8wt.%) or V FB (8wt.%) were cut into discs (6 mmdiameter by 1 mm
thick) and placed on the agar plates. All the three treatment groups
incorporated the same mass (320 µg) of vancomycin. BBL SensiDiscs
incorporating 30 µg vancomycin (BD, Franklin Lakes, NJ, USA) were
used as a laboratory positive control. Blank PUR was used as negative
control. After incubating the agar plates at 37 °C for 24 h, the zones of
inhibition (ZI) were measured for each disc. In order to evaluate the
bioactivity of vancomycin released from scaffolds and PMMA beads,
the releasates from day 1 and weeks 2, 4, 6, and 8 were lyophilized
and reconstituted in water to a concentration of 1.5 mg/ml. A mass of
15 µg (dissolved in a 10 µl solution) released vancomycin was
subsequently loaded onto blank SensiDiscs. The positive control
were SensiDiscs with 15 µg fresh vancomycin. The discs were placed
on agar plates, and ZIs were measured for each disc after incubating
the agar plates at 37 °C for 24h. One way ANOVA with Bonferroni
correction (pb0.05) was used for evaluation of statistical significance.

2.7. In vivo animal study

The animal study was approved by the Animal Care and Use
Committee at the US Army Institute of Surgical Research. A previously

described contaminated critical size defect (CSD) was created in the
rat (Sprague Dawley) femurs [47]. Briefly, a 6 mm segmental defect
was created and stabilized under aseptic conditions in 40 rats. Using
aseptic technique, a longitudinal incision was made over the left
anterolateral femur, and the entire femoral shaft was exposed using
blunt dissection. A polyacetyl plate (length 25 mm, width 4 mm and
height 4 mm) was fixed to the surface of the femur using 6 threaded
K wires. A 6 mm mid diaphyseal full thickness defect was created
with a small reciprocating saw blade (MicroAire 1025, MicroAire,
Charlottesville, VA) under continuous irrigation with sterile saline.
The defects in all animals were implanted with 30 mg of type I bovine
collagen (Stryker Biotech, Hopkinton, MA, USA) that was ethanol
sterilized and subsequently wetted with 105 of colony forming units
(CFUs) of S. aureus lux (Xenogen 36, Caliper Life Science, Hopkinton,
MA) suspended in 0.1 ml of sterile normal saline. This isolate was
transgenically modified to emit photons and was sensitive to
vancomycin. The contaminated collagen was packed into the defect,
and the wound closed in a layered fashion. A high resolution
radiograph of each femur with stabilized defect was obtained using
a Faxitron X ray system (Faxitron X ray Corporation, Wheeling,
Illinois (Model: MX 20, Image settings Time: 10 s, KV: 35, Window
Level: 3380/1250)) at initial surgery to confirm appropriate place
ment of the implant and adequate creation of the defect.

2.7.1. Treatment
Six hours after contamination, the wounds were debrided and

irrigated with 60 ml of saline [47]. This time periodwas chosen because
it is clinically relevant [48]. Model development work demonstrated
that a 6 h delay was the ideal time for treatment with local antibiotics
[49]. The wounds in the control group were re closed with no further
treatment. For the experimental groups, PUR scaffolds (PUR(LTI)/V HCl
or PUR(LTI)/V FB containing 8 wt.% vancomycin, (340 µg vancomycin)
or four 3 mm PMMA/V HCl beads (clinical control containing 3.33 wt.%
vancomycin, or 2800 µg vancomycin per defect) were then packed into
the defects (n=10) prior to wound closure. To be consistent with
clinical practice, two beadswere placed in thebonydefect and twowere
placed in the soft tissue. In the present study, we aimed to test our
hypothesis that the PUR+vancomycin scaffolds would perform
comparably to, or better than, PMMA+vancomycin beads. The cement
beads were selected as the clinical control on the basis that they are an
established, clinically effective treatment [4,5]. The vancomycin dosage
in the PUR scaffolds was selected on the basis that it was themaximum
concentration of vancomycin that could be incorporated in the PUR
scaffolds while maintaining porosity and dimensional stability. The
animals were allowed full activity in their cages postoperatively, and
weremonitored daily for signs of pain and systemic infection. Following
4 weeks of recovery, the rats were euthanized by Fatal Plus.

2.7.2. Photon counts
Immediately after euthanasia, the wound site was exposed to

allow bacteria quantification using a photon counting camera
(Xenogen IVIS® Imaging System 100 Series using the Living
Image 2.6.2. (Software Igor Pro 4.09A)). The disarticulated extremities
were placed in the Xenogen machine, and a black and white
photograph was first taken of the wound followed by a luminescent
image with a 2.5 s exposure time. The Region of Interest (ROI) was
determined with elliptical ROIs positioned over the wound to include
the entire femur and polyacetyl plate. This method assessed the
amount of surface bacteria within the entire wound.

2.7.3. Quantitative cultures
The femur with defect was harvested from the animals and used

for quantitative assessment [47]. The plate, K wires, and all soft
tissues were removed. Each femur was weighed, snap frozen in liquid
nitrogen, and ground to a fine powder under sterile conditions. The
resulting bone powder was serially diluted in normal saline. Aliquots
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concentration, while PUR(LTI) discs loaded with vancomycin free base
(PUR(LTI)/V FB) showed 25% lower activity than the PUR(LTI)/V HCl
material. It is also interesting to note that sterilization by ethylene oxide
(EO) resulted in no significant loss in biological activity of either V HCl
or V FB. As shown in Fig. 4, similar to PUR(LTI)materials, the PUR(HDIt)
discs incorporating V HCl (PUR(HDIt)/V HCl) showed comparable ZIs
PMMA/V HCl, while PUR(HDIt) discs loaded with V FB (PUR(HDIt)/
V FB) showed decreased (statistically significant) bioactivity com
pared with both PUR(HDIt/V HCl). The lower ZIs observed for PUR
discs incorporating V FB are conjectured to result from the lower
water solubility of V FB relative to V HCl, resulting in slower release
of the drug into the agar gel.

3.3. In vitro release of vancomycin from PUR scaffolds and PMMA beads

The in vitro release kinetics of vancomycin from PUR(LTI)/V HCl,
PUR(LTI)/V FB, and PMMA/V HCl (3.23wt.%V HCl, the clinical control)
were measured in PBS. The PUR(LTI)/V HCl materials showed a burst
release of 42% and 28% on days 1 and 2, respectively, and the cumulative
release was 90% at day 8. After day 8, the release was slow (i.e., 0.80%/
day at day 8 and 0.09%/day release at day 56) (Fig. 5A and B). When
vancomycin was transformed from V HCl to V FB and embedded in
PUR(LTI), the lower solubility was expected to slow the release of
vancomycin. This hypothesis is supported by the observation that the
release on day 1 of PUR(LTI)/V FBwas only about 11%, compared to 42%

observed for PUR(LTI)/V HCl. Furthermore, as shown in Fig. 5B, the V FB
exhibited a more sustained release profile from day 8 to day 56 (i.e.,
2.42%/day at day 8 and 0.36%/day at day 56)which is 3 fold greater than
the corresponding release rates for the V HCl formulation. Due to the
lower burst and more sustained release of V FB, the concentration of
vancomycin remained well above the minimum inhibitory concentra
tion (MIC, 0.75∼2 µg/ml) and minimum bactericidal concentration
(MBC, 8 µg/ml) [50,51] for at least 8 weeks (Fig. 5B). In contrast, PMMA
beads exhibited a burst release of 10% on day 1 followed by a small
sustained release on days 8 56 (i.e., 0.16%/day at day 8 and 0.02%/day at
day 56). The sustained release from PMMA beads is less than that
observed for the PUR treatment groups, although the loading of
vancomycin per volume PMMA is 4 fold that of PUR scaffolds as
shown in Table 1.

The release profiles of vancomycin from PUR(HDIt) scaffolds were
similar to those observed for PUR(LTI) scaffolds. PUR(HDIt)/V HCl
materials exhibited a burst release for days 1 4 followed by a period of
slower release from days 8 56 (Fig. 6). The PUR(HDIt)/V FB materials
showed a minimal burst release followed by a sustained release for a
period of 6 weeks. The cumulative release of vancomycin was generally
less from HDIt scaffolds compared to LTI scaffolds. For example, on day
42, the cumulative release of V HCl was 95% for the LTI materials
compared to 85% for the HDIt materials. Similarly, on day 42, the
cumulative release of V FB was 70% for the LTI materials compared to
52% for the HDIt materials. The PUR(HDIt)/V (HCl+FB) materials,
which were loaded with 3.5 wt.% V HCl and 3.5wt.% V FB, resulted in
a release profile intermediate to that of the PUR(HDIt)/V HCl and
PUR(HDIt)/V FB materials, suggesting the possibility of tuning the
release profile of vancomycin for different applications by blending
the V HCl and V FB forms.

Fig. 3. Zones of inhibition measured for PUR(LTI)/V-HCl, PUR(LTI)/V-FB, and PMMA/
V-HCl materials. Staphylococcus aureus (ATCC 25923) were spread onto Mueller–Hinton
agar plates. PUR scaffolds and PMMAbeads (6 mm×1mmdiscs)were placed on the agar
plates. BBL SensiDiscs incorporating 30 ug V-HCl were used as a laboratory control. After
incubating the agar plates at 37 °C for 24h, the zones of inhibition (ZI) weremeasured for
each disc. One way ANOVA with bonferroni correction (pb0.05) was used for evaluation
of statistical significance, and the significance between groups was depicted as * where
existed.

Fig. 4. Zones of inhibition measured for PUR(HDIt)/V-HCl and PUR(HDIt)/V-FB.
Staphylococcus aureus (ATCC 25923) were spread onto Mueller–Hinton agar plates.
PUR scaffolds and PMMA beads (6 mm×1 mm discs) were placed on the agar plates.
BBL SensiDiscs incorporating 30 ug V-HCl were used as a laboratory control. After
incubating the agar plates at 37 °C for 24h, the zones of inhibition (ZI) were measured
for each disc. One way ANOVA with bonferroni correction (pb0.05) was used for
evaluation of statistical significance, and the significance between groups was depicted
as * where existed.

Fig. 5. Vancomycin release kinetics from PUR(LTI)/V-HCl, PUR(LTI)/V-FB, and PMMA/
V-HCl materials. (A) Cumulative release (%, symbols) and simulation by empirical
Weibull model (solid lines), and (B) daily release (µg/cm3 scaffold). PUR scaffolds
(∼40 mg, n=3) or PMMA beads (∼60 mg, n=3) were immersed in 1 ml PBS in
polypropylene vials sealed by O-rings. The medium was refreshed as indicated in the
methods. The amount of vancomycin released at each time point was determined by
measuring the absorbance at 280 nm.
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treatment groups inhibited bacteria growth in the soft tissue
significantly compared with the untreated negative control
(Fig. 8). No significant differences were observed between any
vancomycin treatment groups for the soft tissue bacteria counts. The
femurs were then frozen, ground to a fine powder, and cultured for
counting of CFUs per unit weight of bone. The CFU data (Fig. 9)
indicate that all the vancomycin treatment groups inhibited bacteria
growth in bone tissue, but only PUR(LTI)/V FB and PMMA/V HCl
showed significant inhibition effects compared with the untreated
control. No significant differences existed between the performance
of PMMA/V HCl beads and the PUR(LTI) treatment groups. Consis
tent with the definition of a CSD, no significant new bone formation
was observed when PUR scaffolds were implanted in rat femoral
CSDs in the absence of an osteoinductive factor such as rhBMP2
(unpublished data).

4. Discussion

Vancomycin is an important antibiotic due to its potential in
preventing infections caused by gram positive bacteria such as
methicillin resistant S. aureus (MRSA) [1,32]. In previous studies,
delivery of vancomycin hydrochloride resulted in low release
efficiency when delivered using non biodegradable materials such
as PMMA [11 14]. Furthermore, a high burst with minimal sustained
release resulted due to the high water solubility of V HCl in PMMA
and other materials [37,42,43]. In the present study, PMMA beads
impregnated with V HCl resulted in maximum daily release on day 1
followed by slow release thereafter, with only 20% cumulative release
of V HCl. A similar release profile has been reported for tobramycin
incorporated within PMMA [26]. When incorporated in a porous
biodegradable PUR, the release efficiency was significantly enhanced
as evidenced by the nearly 100% cumulative release of V HCl from
PUR(LTI) scaffolds at week 8. Additionally, the sustained release is
extended to longer time periods relative to PMMA (Fig. 4). By
incorporating the more hydrophobic, less soluble free base form of
vancomycin (V FB), the burst releasewas decreased and the sustained
release increased. Release profiles of V HCl and V FB were fit to the
Weibull equation, resulting in value of the exponent b ranging from
0.4 0.6, which suggests that the release of vancomycin was diffusion
controlled. Themodel calculations also showed that by decreasing the
water solubility of the drug, the diffusion rate from PUR scaffolds was
decreased, which resulted in a more sustained release profile for the
hydrophobic V FB relative to hydrophilic V HCl. The daily release
concentration of V FB released from PUR(LTI)/V FB was well above
the MIC and MBC up to week 8, and the released V FB was verified to

be bioactive in the Kirby Bauer bacteria inhibition test. Furthermore,
confocal microscopy images revealed that the vancomycin was
distributed uniformly throughout the pore walls, which is consistent
with our previous results reported for bovine serum albumin [23].
PUR(LTI) scaffolds exhibit interconnected pores and undergo hydro
lytic degradation with resorption times varying from 26 36 weeks in
vitro [54]. In a previous study, we reported that ∼75% of the
tobramycin incorporated in PUR scaffolds was released after 1 week
incubation time in vitro, resulting in a 20 30% reduction in
compressive strength [26]. This reduction in strength is attributed
to the additional channels and pores created within the scaffold
resulting from diffusion of the drug from the polymer into the solution
[55].

PUR(LTI) scaffolds incorporating vancomycin were evaluated in an
infected rat femoral segmental defect to verify the activity of the
released antibiotic in vivo, as well as identify the preferred
formulation. At week 4, compared with the untreated group, both
PUR(LTI)/V HCl and PUR(LTI)/V FB treatment groups reduced the
number of bacteria counts in soft tissue significantly, and PUR(LTI)/
V FB performed similarly to PMMA/V HCl in reducing the number of
bacteria counts significantly within bone tissue. Taken together, these
observations suggest that the PUR(LTI)/V FB implants exhibited
superior infection control relative to the PUR(LTI)/V HCl implants at
4 weeks. Furthermore, the in vivo data show the PUR(LTI)/V FB
implants performed comparably to the PMMA/V HCl clinical control.
Due to processing constraints associated with the PUR scaffolds, the
maximum achievable vancomycin loading was 8wt.%. Due to the high
porosity of the PUR scaffolds (∼90%), the density of the scaffolds was
much lower than that of the PMMA beads; thus the loading of
vancomycin in the defects (3 mm×6mm) was substantially less for
animals treated with PUR scaffolds (340 µg) compared to those treated
with PMMA beads (2800 µg). Since the efficiency of release of
vancomycin was considerably higher for PUR scaffolds, the daily re
lease (in units of µg·cm−3 implant) was comparable for the PUR(LTI)/
V HCl and PMMA/V HCl treatment groups at all time points (Fig. 5).
However, it is important to note that four beads were placed in the
femoral CSDs, two in the bone defect and two in soft tissue, which is
consistent with clinical practice. Therefore the volume of the PMMA
implants was approximately twice that of the PUR scaffolds (which
were only placed in the bone defect), so that the total mass of antibiotic
released from the PMMA implants is estimated to be twice that released
from the PUR scaffolds based on the in vitro release data (Fig. 5). The
observation that the PUR(LTI)/V HCl implants inhibited the infection in
bone to a lesser extent than the PMMA/V HCl control at 4 weeks is thus

Fig. 8. Photon counts measured for PUR(LTI)/V-HCl, PUR(LTI)/V-FB, and PMMA/V-HCl
materials after 4 weeks implantation time. At 4 weeks, the rats were euthanized, tissue
around and within the defects was harvested, and quantitative cultures performed. A
photon-counting camera was used to capture the quantitative and spatial distribution
of the bacteria within the wound following euthanasia and harvesting of the femur. One
way ANOVA with bonferroni correction (pb0.05) was used for evaluation of statistical
significance, and the significance between vancomycin treatment groups and the
negative control was depicted as * where existed.

Fig. 9. CFU counts measured for PUR(LTI)/V-HCl, PUR(LTI)/V-FB, and PMMA/V-HCl
materials after 4 weeks implantation time. Each femur was weighed, snap-frozen in
liquid nitrogen, and ground to a fine powder under sterile conditions. The resulting
bone powder was serially diluted in normal saline. Aliquots (100 µl) of each dilution
were plated onto the surface of tryptic soy agar, and incubated at 37 °C for 48 h in 5%
CO2. All CFU counts were normalized to counts/g bone tissue. One way ANOVA with
bonferroni correction (pb0.05) was used for evaluation of statistical significance, and
the significance between vancomycin treatment groups and the negative control was
depicted as * where existed.
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attributed to the larger mass of V HCl released from the PMMA beads
compared to the PUR(LTI)/V HCl scaffolds. The data in Fig. 5B indicated
that at 28 days the daily release exceeded the MIC for all treatment
groups, although after day 2 the daily release from the PUR(LTI)/V FB
scaffolds exceeded that from the other treatment groups. Thus the
observation that PUR(LTI)/V FB scaffolds performed comparably to
PMMA beads is conjectured to result from the more sustained release
achieved with the PUR(LTI)/V FB scaffolds. While the PUR(LTI)/V FB
implant performed comparably to the PMMA/V HCl control at 4 weeks,
it is anticipated that the more sustained release profile achieved with
the PUR(LTI)/V FB scaffolds would significantly reduce the infection
burden relative to PMMA/V HCl at longer time points (e.g., 8 weeks)
where the release from PUR(LTI)/V FB continued to exceed the MIC.

The objective of the present study was to compare the perfor
mance of biodegradable PUR+vancomycin implants to that of PMMA
beads incorporating vancomycin which is the current clinical
standard of care for local delivery of antibiotics. Thus no direct
comparisons can be made between local delivery of vancomycin from
PUR(LTI)/V FB scaffolds and systemic delivery due to the lack of an
additional clinical control comprising an empty scaffold with systemic
parenteral delivery of vancomycin. However, previous studies have
shown that local delivery of antibiotics can achieve higher concentra
tions at the contaminated site compared to systemic parenteral
treatment [7 9], resulting in potentially more effective management
of the infection and reduced systemic toxicity risks. Local delivery of
gentamycin from PMMA beads performed comparably to long term
systemic parenteral delivery of gentamycin in the treatment of
infected non unions [10]. Additionally, local delivery of antibiotics
was reported to reduce the risk of infection for total hip and knee
arthoplasties relative to systemic delivery, although the difference
was not statistically significant [8]. Taken together, these previous
studies suggest that local delivery of antibiotics using PMMA beads is
at least as effective at controlling infections as systemic delivery.
Considering that the PUR(LTI)/V FB therapy performed comparably to
the PMMA/V HCl beads in the infected rat segmental defect model at
4 weeks, it is anticipated that the PUR(LTI)/V FB therapy would also
perform at least comparably to the systemic delivery approach.

Beads or spacers made from antibiotic laden bone cements have
been clinically adopted for treating infection associated with hip
anthroplasty [56,57]. Simplex P, a PMMA bone cement with
tobramycin, has been approved by FDA for second stage revision of
total joint replacement, where the antibiotic is claimed to protect the
PMMA from infection. PMMA bone cements incorporating antibiotics
have also been used to treat chronic osteomyelitis [58 60], and the
two stage procedure comprising treatment with antibiotics to control
the infection followed by grafting to heal the defect is the current
clinical standard of care for treating contaminated bone wounds
[56,61 63]. Nevertheless, cases of secondary infectious complications
have been reported [64], which have been attributed to insufficient
sustained release of the antibiotic. Furthermore, too low a concentra
tion of antibiotic may induce antibiotic resistance of bacteria [65].
Local sustained delivery of antibiotics from the bone graft implanted
after the stabilization of the wound bed is anticipated to protect the
graft from infection and reduce the frequency of secondary complica
tions. Bone wound healing is dependent on angiogenesis and
vascularization [19 22], and previous reports have suggested that a
period of up to 6 weeks may be required for full vascularization of
scaffolds implanted in segmental defects to occur [22]. Another study
has shown that at least 6 weeks of effective antibiotic treatment are
required in order to control infection for total hip and knee
arthroplasties [66]. Therefore, sustained release of antibiotic exceed
ing the MIC for at least 6 weeks post implantation is anticipated to be
necessary for protecting the bone graft from infection and enabling
the processes of vasculogenesis and wound healing to proceed. The
biodegradable (PUR(LTI)/V FB) delivery system developed in this
study, which is a single stage approach, presents a potentially

significant innovation in the clinical use of antibiotics. By protecting
the graft from contamination, infection control and tissue regenera
tion are allowed to occur simultaneously.

Recent studies have shown that sustained release of recombinant
growth factors, such as rhPDGF BB [30] and rhBMP 2 [23], from PUR
scaffolds accelerates cellular infiltration and ingrowth of new tissue in
vivo. However, infection is known to inhibit new bone formation, even
in the presence of an osteogenic factor [67].While systemic delivery of
antibiotics and local delivery of rhBMP 7 from a collagen carrier have
been observed to enhance bone formation relative to local delivery of
rhBMP 7 alone [68], the effects of local delivery of antibiotics and an
osteoinductive factor on new bone formation in infectedwounds have
not been investigated. Therefore co delivery of V FB and rhBMP 2
from a biodegradable PUR scaffold could be a potentially promising
approach for healing contaminated bone defects: the vancomycin is
anticipated to control the infection so that the osteoinductive effects
of the rhBMP 2 are not impeded. If successful, the dual delivery
approach could accelerate healing by protecting the scaffold from
bacterial contamination, which could substantially reduce the
frequency of secondary infectious complications.

5. Conclusions

Porous biodegradable PUR scaffolds have been shown to support
tunable, sustained release of vancomycin in vitro. When implanted in
infected segmental defects in rats, PUR/V FB scaffolds significantly
reduced the infection relative to the untreated control and performed
comparably to PMMA bone cements after 4 weeks. The release profile
of vancomycin from PUR was extended to at least 8 weeks when
hydrophilic V HCl was converted to hydrophobic V FB. Therefore, PUR
scaffolds incorporating V FB could be a potential clinical therapy for
treatment of contaminated bone defects.

Acknowledgments

This work was funded by the Orthopaedic Extremity Trauma
Research Program (DOD W81XWH 07 1 0211) and the US Army
Institute of Surgical Research. The opinions or assertions contained
herein are the private views of the authors and are not to be construed
as official or as reflecting the views of the Department of the Army or
theDepartment of Defense. No benefits in any formhavebeen received
from a commercial party related directly or indirectly to the subject of
this article.

References

[1] M.P. Ginebra, T. Traykova, J.A. Planell, Calcium phosphate cements as bone drug
delivery systems: a review, J. Control. Release 113 (2006) 102–110.

[2] M. Zilberman, J.J. Elsner, Antibiotic-eluting medical devices for various applica-
tions, J. Control. Release 130 (2008) 202–215.

[3] E.N. Johnson, T.C. Burns, R.A. Hayda, D.R. Hospenthal, C.K. Murray, Infectious
complications of open type III tibial fractures among combat casualties, Clin.
Infect. Dis. 45 (2007) 409–415.

[4] P.A. Ostermann, D. Seligson, S.L. Henry, Local antibiotic therapy for severe open
fractures. A review of 1085 consecutive cases, J. Bone Joint Surg. Br. 77 (1995)
93–97.

[5] J. Ristiniemi, M. Lakovaara, T. Flinkkila, P. Jalovaara, Staged method using
antibiotic beads and subsequent autografting for large traumatic tibial bone
loss: 22 of 23 fractures healed after 5–20 months, Acta Orthop. 78 (2007)
520–527.

[6] H.D. Moehring, C. Gravel, M.W. Chapman, S.A. Olson, Comparison of antibiotic
beads and intravenous antibiotics in open fractures, Clin. Orthop. Relat. Res.
(2000) 254–261.

[7] C.P. Duncan, B.A. Masri, The role of antibiotic-loaded cement in the treatment of
an infection after a hip replacement, Instr. Course Lect. 44 (1995) 305–313.

[8] C.L. Nelson, R.P. Evans, J.D. Blaha, J. Calhoun, S.L. Henry, M.J. Patzakis, A
comparison of gentamicin-impregnated polymethylmethacrylate bead implan-
tation to conventional parenteral antibiotic therapy in infected total hip and knee
arthroplasty, Clin. Orthop. Relat. Res. (1993) 96–101.

[9] A.D. Hanssen, M.J. Spangehl, Practical applications of antibiotic-loaded bone
cement for treatment of infected joint replacements, Clin. Orthop. Relat. Res.
(2004) 79–85.

228 B. Li et al. / Journal of Controlled Release 145 (2010) 221–230



[10] J.H. Calhoun, S.L. Henry, D.M. Anger, J.A. Cobos, J.T. Mader, The treatment of
infected nonunions with gentamicin-polymethylmethacrylate antibiotic beads,
Clin. Orthop. Relat. Res. (1993) 23–27.

[11] K. Adams, L. Couch, G. Cierny, J. Calhoun, J.T. Mader, In vitro and in vivo evaluation
of antibiotic diffusion from antibiotic-impregnated polymethylmethacrylate
beads, Clin. Orthop. Relat. Res. (1992) 244–252.

[12] D.K. Kuechle, G.C. Landon, D.M. Musher, P.C. Noble, Elution of vancomycin,
daptomycin, and amikacin from acrylic bone cement, Clin. Orthop. Relat. Res.
(1991) 302–308.

[13] J.T. Mader, J. Calhoun, J. Cobos, In vitro evaluation of antibiotic diffusion from
antibiotic-impregnated biodegradable beads and polymethylmethacrylate beads,
Antimicrob. Agents Chemother 41 (1997) 415–418.

[14] C.L. Nelson, F.M. Griffin, B.H. Harrison, R.E. Cooper, In vitro elution characteristics
of commercially and noncommercially prepared antibiotic PMMA beads, Clin.
Orthop. Relat. Res. (1992) 303–309.

[15] A.A. Beardmore, D.E. Brooks, J.C. Wenke, D.B. Thomas, Effectiveness of local
antibiotic delivery with an osteoinductive and osteoconductive bone-graft
substitute, J. Bone Joint Surg. Am. 87 (2005) 107–112.

[16] S. Gitelis, G.T. Brebach, The treatment of chronic osteomyelitis with a
biodegradable antibiotic-impregnated implant, J. Orthop. Surg. (Hong Kong) 10
(2002) 53–60.

[17] M.D. McKee, L.M. Wild, E.H. Schemitsch, J.P. Waddell, The use of an antibiotic-
impregnated, osteoconductive, bioabsorbable bone substitute in the treatment
of infected long bone defects: early results of a prospective trial, J. Orthop. Trauma
16 (2002) 622–627.

[18] A.C. McLaren, Alternative materials to acrylic bone cement for delivery of depot
antibiotics in orthopaedic infections, Clin. Orthop. Relat. Res. (2004) 101–106.

[19] Y.W. Gung, C.K. Cheng, C.Y. Su, A stereomorphologic study of bonematrix apposition
inHA-implanted cavities observedwith SEM, being preparedbyamicrovascular cast
and freeze-fracture method, Med. Eng. Phys. 25 (2003) 565–571.

[20] J. Lienau, K. Schmidt-Bleek, A. Peters, F. Haschke, G.N. Duda, C. Perka, H.J. Bail, N.
Schutze, F. Jakob, H. Schell, Differential regulation of blood vessel formation
between standard and delayed bone healing, J. Orthop. Res. 27 (2009) 1133–1140.

[21] R. Li, D.J. Stewart, H.P. von Schroeder, E.S. Mackinnon, E.H. Schemitsch, Effect of
cell-based VEGF gene therapy on healing of a segmental bone defect, J. Orthop.
Res. 27 (2009) 8–14.

[22] F. Geiger, H. Bertram, I. Berger, H. Lorenz, O. Wall, C. Eckhardt, H.G. Simank, W.
Richter, Vascular endothelial growth factor gene-activated matrix (VEGF165-GAM)
enhances osteogenesis and angiogenesis in large segmental bone defects, J. Bone
Miner. Res. 20 (2005) 2028–2035.

[23] B. Li, T. Yoshii, A.E. Hafeman, J.S. Nyman, J.C. Wenke, S.A. Guelcher, The effects of
rhBMP-2 released from biodegradable polyurethane/microsphere composite
scaffolds on new bone formation in rat femora, Biomaterials 30 (2009)
6768–6779.

[24] R. Adhikari, P.A. Gunatillake, I. Griffiths, L. Tatai, M. Wickramaratna, S. Houshyar, T.
Moore, R.T. Mayadunne, J. Field, M. McGee, T. Carbone, Biodegradable injectable
polyurethanes: synthesis and evaluation for orthopaedic applications, Biomaterials
29 (2008) 3762–3770.

[25] K. Gorna, S. Gogolewski, Preparation, degradation, and calcification of biodegrad-
able polyurethane foams for bone graft substitutes, J. Biomed. Mater. Res. Part A
67A (2003) 813–827.

[26] A.E. Hafeman, K.J. Zienkiewicz, E. Carney, B. Litzner, C. Stratton, J.C. Wenke, S.A.
Guelcher, Local delivery of tobramycin from injectable biodegradable polyure-
thane scaffolds, J. Biomater. Sci. 21 (2010) 95–112.

[27] C.S. Kwok, C. Wan, S. Hendricks, J.D. Bryers, T.A. Horbett, B.D. Ratner, Design of
infection-resistant antibiotic-releasing polymers: I. Fabrication and formulation,
J. Control. Release 62 (1999) 289–299.

[28] J.M. Schierholz, H. Steinhauser, A.F. Rump, R. Berkels, G. Pulverer, Controlled
release of antibiotics from biomedical polyurethanes: morphological and
structural features, Biomaterials 18 (1997) 839–844.

[29] V. Ruggeri, I. Francolini, G. Donelli, A. Piozzi, Synthesis, characterization, and in
vitro activity of antibiotic releasing polyurethanes to prevent bacterial resistance,
J. Biomed. Mater. Res. A 81 (2007) 287–298.

[30] B. Li, J.M. Davidson, S.A. Guelcher, The effect of the local delivery of platelet-
derived growth factor from reactive two-component polyurethane scaffolds on
the healing in rat skin excisional wounds, Biomaterials 30 (2009) 3486–3494.

[31] J. Guan, J.J. Stankus, W.R. Wagner, Biodegradable elastomeric scaffolds with basic
fibroblast growth factor release, J. Control. Release 120 (2007) 70–78.

[32] S.H. Lee, J.E. Lee, W.Y. Baek, J.O. Lim, Regional delivery of vancomycin using
pluronic F-127 to inhibit methicillin resistant Staphylococcus aureus (MRSA)
growth in chronic otitis media in vitro and in vivo, J. Control. Release 96 (2004)
1–7.

[33] M. Stigter, J. Bezemer, K. de Groot, P. Layrolle, Incorporation of different antibiotics
into carbonated hydroxyapatite coatings on titanium implants, release and
antibiotic efficacy, J. Control. Release 99 (2004) 127–137.

[34] M.L. Edin, T. Miclau, G.E. Lester, R.W. Lindsey, L.E. Dahners, Effect of cefazolin and
vancomycin on osteoblasts in vitro, Clin. Orthop. Relat. Res. (1996) 245–251.

[35] V. Antoci Jr., C.S. Adams, N.J. Hickok, I.M. Shapiro, J. Parvizi, Antibiotics for local
delivery systems cause skeletal cell toxicity in vitro, Clin. Orthop. Relat. Res.
462 (2007) 200–206.

[36] A.A. Haleem, M.S. Rouse, D.G. Lewallen, A.D. Hanssen, J.M. Steckelberg, R. Patel,
Gentamicin and vancomycin do not impair experimental fracture healing, Clin.
Orthop. Relat. Res. (2004) 22–24.

[37] O.S. Kluin, H.C. van der Mei, H.J. Busscher, D. Neut, A surface-eroding antibiotic
delivery system based on poly(trimethylene carbonate), Biomaterials 30 (2009)
4738–4742.

[38] A.J. Kell, G. Stewart, S. Ryan, R. Peytavi, M. Boissinot, A. Huletsky, M.G. Bergeron, B.
Simard, Vancomycin-modified nanoparticles for efficient targeting and precon-
centration of Gram-positive and Gram-negative bacteria, ACS Nano 2 (2008)
1777–1788.

[39] C.G. Ambrose, G.R. Gogola, T.A. Clyburn, A.K. Raymond, A.S. Peng, A.G. Mikos,
Antibiotic microspheres: preliminary testing for potential treatment of osteomyelitis,
Clin. Orthop. Relat. Res. (2003) 279–285.

[40] K. Takacsnovak, B. Noszal, M. Tokeskovesdi, G. Szasz, Acid–base properties and
proton-speciation of vancomycin, Int. J. Pharm. 89 (1993) 261–263.

[41] S.A. Guelcher, A. Srinivasan, A.E. Hafeman, K.M. Gallagher, J.S. Doctor, S. Khetan, S.B.
McBride, J.O. Hollinger, Synthesis, in vitro degradation, andmechanical properties of
two-component poly(ester urethane)urea scaffolds: effects of water and polyol
composition, Tissue Eng. 13 (2007) 2321–2333.

[42] J.C. Ruiz, C. Alvarez-Lorenzo, P. Taboada, G. Burillo, E. Bucio, K. De Prijck, H.J. Nelis,
T. Coenye, A. Concheiro, Polypropylene grafted with smart polymers (PNIPAAm/
PAAc) for loading and controlled release of vancomycin, Eur. J. Pharm. Biopharm.
70 (2008) 467–477.

[43] C.S. Adams, V. Antoci Jr., G. Harrison, P. Patal, T.A. Freeman, I.M. Shapiro, J.
Parvizi, N.J. Hickok, S. Radin, P. Ducheyne, Controlled release of vancomycin
from thin sol–gel films on implant surfaces successfully controls osteomyelitis,
J. Orthop. Res. 27 (2009) 701–709.

[44] U. Gbureck, E. Vorndran, J.E. Barralet, Modeling vancomycin release kinetics from
microporous calcium phosphate ceramics comparing static and dynamic
immersion conditions, Acta Biomater. 4 (2008) 1480–1486.

[45] K. Jørgensen, L. Jacobsen, Factorial design used for ruggedness testing of flow
through cell dissolution method by means of Weibull transformed drug release
profiles, Int. J. Pharm. 88 (1992) 23–29.

[46] V. Papadopoulou, K. Kosmidis, M. Vlachou, P. Macheras, On the use of the Weibull
function for the discernment of drug release mechanisms, Int. J. Pharm. 309 (2006)
44–50.

[47] X. Chen, D.T. Tsukayama, L.S. Kidder, C.A. Bourgeault, A.H. Schmidt, W.D. Lew,
Characterization of a chronic infection in an internally-stabilized segmental defect
in the rat femur, J. Orthop. Res. 23 (2005) 816–823.

[48] J.O. Anglen, Comparison of soap and antibiotic solutions for irrigation of lower-
limb open fracture wounds. A prospective, randomized study, J. Bone Joint Surg.
Am. 87 (2005) 1415–1422.

[49] K.V. Brown, J.A. Walker, D.S. Cortez, C.K. Murray, J.C. Wenke, Earlier Debridement
and Antibiotic Administration Decreases Infection, J. Surg. Orthop. Adv. 19 (2010)
18–22.

[50] E.O. Mason, L.B. Lamberth, W.A. Hammerman, K.G. Hulten, J. Versalovic, S.L. Kaplan,
Vancomycin MICs for Staphylococcus aureus vary by detection method and have
subtly increased in a pediatric population since 2005, J. Clin. Microbiol. 47 (2009)
1628–1630.

[51] P.E. Coudron, J.L. Johnston, G.L. Archer, In-vitro activity of LY146032 against
Staphylococcusaureus and S. epidermidis, J. Antimicrob. Chemother. 20 (1987)505–511.

[52] Z. Xie, X. Liu, W. Jia, C. Zhang, W. Huang, J. Wang, Treatment of osteomyelitis and
repair of bone defect by degradable bioactive borate glass releasing vancomycin,
J. Control. Release 139 (2009) 118–126.

[53] U. Gbureck, E. Vorndran, F.A. Muller, J.E. Barralet, Low temperature direct 3D
printed bioceramics and biocomposites as drug release matrices, J. Control.
Release 122 (2007) 173–180.

[54] A.E. Hafeman, B. Li, T. Yoshii, K. Zienkiewicz, J.M. Davidson, S.A. Guelcher,
Injectable biodegradable polyurethane scaffolds with release of platelet-derived
growth factor for tissue repair and regeneration, Pharm. Res. 25 (2008)
2387–2399.

[55] Y. Loo, K.W. Leong, Biomaterials for drug and gene delivery, in: J.O. Hollinger, S.A.
Guelcher (Eds.), An Introduction to Biomaterials, CRC Press, Boca Raton, 2005.

[56] P.H. Hsieh, C.H. Shih, Y.H. Chang, M.S. Lee, H.N. Shih, W.E. Yang, Two-stage
revision hip arthroplasty for infection: comparison between the interim use of
antibiotic-loaded cement beads and a spacer prosthesis, J. Bone Joint Surg. Am.
86-A (2004) 1989–1997.

[57] K. Anagnostakos, O. Furst, J. Kelm, Antibiotic-impregnated PMMA hip spacers:
current status, Acta Orthop. 77 (2006) 628–637.

[58] N. Efstathopoulos, E. Giamarellos-Bourboulis, K. Kanellakopoulou, I. Lazarettos, P.
Giannoudis, K. Frangia, E. Magnissalis, M. Papadaki, V.S. Nikolaou, Treatment of
experimental osteomyelitis by methicillin resistant Staphylococcus aureus with
bone cement system releasing grepafloxacin, Injury 39 (2008) 1384–1390.

[59] T. Niikura, K. Tsujimoto, S. Yoshiya, K. Tadokoro, M. Kurosaka, R. Shiba,
Vancomycin-impregnated calcium phosphate cement for methicillin-resistant
Staphylococcus aureus femoral osteomyelitis, Orthopedics 30 (2007) 320–321.

[60] T. Tuzuner, I. Sencan, D. Ozdemir, M. Alper, S. Duman, T. Yavuz, M. Yildirim, In vivo
evaluation of teicoplanin- and calcium sulfate-loaded PMMA bone cement in
preventing implant-related osteomyelitis in rats, J. Chemother. 18 (2006)
628–633.

[61] B. Magnan, D. Regis, R. Biscaglia, P. Bartolozzi, Preformed acrylic bone cement
spacer loaded with antibiotics: use of two-stage procedure in 10 patients because
of infected hips after total replacement, Acta Orthop. Scand. 72 (2001) 591–594.

[62] P.H. Hsieh, Y.H. Chang, S.H. Chen, S.W. Ueng, C.H. Shih, High concentration and
bioactivity of vancomycin and aztreonam eluted from Simplex cement spacers in
two-stage revision of infected hip implants: a study of 46 patients at an average
follow-up of 107 days, J. Orthop. Res. 24 (2006) 1615–1621.

[63] Q. Cui, W.M. Mihalko, J.S. Shields, M. Ries, K.J. Saleh, Antibiotic-impregnated
cement spacers for the treatment of infection associated with total hip or knee
arthroplasty, J. Bone Joint Surg. Am. 89 (2007) 871–882.

[64] H. Malchau, P. Herberts, T. Eisler, G. Garellick, P. Soderman, The Swedish Total Hip
Replacement Register, J. Bone Joint Surg. Am. 84-A (Suppl 2) (2002) 2–20.

229B. Li et al. / Journal of Controlled Release 145 (2010) 221–230



[65] B. Thomes, P. Murray, D. Bouchier-Hayes, Development of resistant strains of
Staphylococcus epidermidis on gentamicin-loaded bone cement in vivo, J. Bone
Joint Surg. Br. 84 (2002) 758–760.

[66] B.A. Masri, C.P. Duncan, C.P. Beauchamp, Long-term elution of antibiotics from
bone-cement: an in vivo study using the prosthesis of antibiotic-loaded acrylic
cement (PROSTALAC) system, J. Arthroplasty 13 (1998) 331–338.

[67] X. Chen, L.S. Kidder, W.D. Lew, Osteogenic protein-1 induced bone formation in an
infected segmental defect in the rat femur, J. Orthop. Res. 20 (2002) 142–150.

[68] X. Chen, A.H. Schmidt, D.T. Tsukayama, C.A. Bourgeault, W.D. Lew, Recombinant
human osteogenic protein-1 induces bone formation in a chronically infected,
internally stabilized segmental defect in the rat femur, J. Bone Joint Surg. Am.
88 (2006) 1510–1523.

230 B. Li et al. / Journal of Controlled Release 145 (2010) 221–230


