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Abstract
We evaluated the biocompatibility of an injectable gelling polymeric device for the controlled release
of gentamicin sulfate in the treatment of invasive bacterial infections in bone of male Wister rats. The
biodegradable delivery carrier, poly(sebacic-co-ricinoleic-ester-anhydride), designated as p(SA:RA), was
injected, with and without gentamicin, into the tibial canal. Rats were killed 3 weeks later. The tibiae were
processed histologically, leaving the injectable polymer in situ. The local tissue reaction to the polymer with
or without antibiotic consisted mainly of mild reactive fibroplasia/fibrosis and mild to moderate increased
reactive bone formation. At this stage, no evidence for any active inflammatory response to the polymer
was seen. Thus, the injection of p(SA:RA) was well tolerated and did not induce any signs of a progressive
inflammatory reaction.
© Koninklijke Brill NV, Leiden, 2009
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1. Introduction
Staphylococcal infections pose an emerging problem with major economic impact
[1, 2]. Osteomyelitis, a deep bone infection, mostly staphylococcal, can result from
trauma, nosocomial infection, or treatment that may allow organisms to enter bone
after, for example, hip or knee replacement surgery [3, 4]. This particularly com*
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plicated infection has proven difficult to treat [5] because achieving a sufficient
concentration of antibiotic at the site of infection by systemic administration has
proven challenging. This difficulty can be attributed to a number of factors: the
short half-life of the antibiotic, poor circulation of blood to the infected area, and
systemic toxicity of the antibiotic resulting from usage of the required high systemic dose. Alleviating osteomyelitis presents an additional challenge because the
infecting bacteria form a biofilm mode of growth, which, on devascularized surfaces, shields them from antibiotics [6].
Because of the ischemia and slow healing seen in infected tissue and the relatively low blood flow in bone, antibiotics are administered for extended periods.
Soft tissue infections and septic joints usually are treated with parenteral antibiotics
for 2–4 weeks, whereas chronic osteomyelitis or infected arthroplasties are treated
for 6 weeks or longer.
The two methods currently available for the administration of antibiotics are intravenous injection with a long-term indwelling catheter [6] and a local implant of
antibiotic-containing poly(methyl methacrylate) (PMMA) beads or calcium phosphate bone cements [7–9]. Both have significant disadvantages. Although the intravenous route produces adequate blood concentrations, it requires an invasive
procedure for catheter placement and multiple daily antibiotic doses. Other complications and difficulties associated with this method include infection, catheter
failure, and the high cost of the antibiotics and supplies. Antibiotics-containing
PMMA beads have shown an advantage over intravenous antibiotics by the administration of high concentrations of antibiotics locally with low systemic levels,
thereby producing minimal systemic complications or allergic reactions. On the
other hand, PMMA beads have some limitations. First, a PMMA implant yields
only two to four weeks of antibiotic elution above the minimal inhibitory concentration for the common pathogenic organisms, so that supplemental parenteral
antibiotics are often needed. Second, it acts as a foreign body when the release of
the antibiotics has dropped below therapeutic level, and a secondary procedure for
the removal of the PMMA must, thus be performed. Third, because its surface is
friendly to biofilm-forming bacteria, a potential risk arises that it can act as a surface
for reestablishment of infection with the original or new bacteria [10–12]. Another
issue that must be considered is the production of heat up to 100◦ C generated during polymerization, which can cause thermal injury to the surrounding tissue and
decomposition of the antibiotic.
In recent years, various biodegradable systems have been evaluated for local delivery of antibiotics in the treatment of bone infections [13]. Polyanhydrides, one
of several types of biodegradable polymeric carriers, show promise as a highly
effective treatment modality [14, 15]. In addition, testing of biodegradable polymers, such as poly(lactic acid) [13], poly(glycolic acid) [16], their co-polymer
poly(lactide-co-glycolide) [17], collagen [18], chitosan [19] and polyhydroxyalkanoates [20], has demonstrated their potential effectiveness as antibiotic carriers in
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the local treatment of infections. However, none of these polymers allows a trivial
use as an injectable slow-release device.
During recent studies in our laboratory, we have explored the use of injectable biodegradable poly(sebacic-co-ricinoleic-ester-anhydride)s, designated as
p(SA:RA)s, for the treatment of solid tumors and osteomyelitis [21, 22]. The p(SARA)s containing more than 65% ricinoleic acid are paste-like at room temperature.
According to our previous studies, once these polymers meet an aqueous environment, they increase in viscosity and become semisolid gels. This semisolid polymeric matrix may release antibiotic until the polymer disintegrates. The objective
of this work was the biocompatibility of the polymer and formulation to bone and
tissue. Efficacy studies using a polyanhydride have been reported [22] and showed
effectiveness. Extensive efficacy studies using this injectable polymeric system are
being conducted
This study focuses on the biocompatibility of a biodegradable injectable polymeric depot for controlled-release treatment of regional bacterial infections.
2. Materials and Methods
2.1. Materials
Ricinoleic acid (RA; 85% pure, Fluka, Buchs, Switzerland), sebacic acid (SA; 99%
pure, Aldrich, Milwaukee, WI, USA) and acetic anhydride (Merck, Darmstadt,
Germany) were used. Gentamicin sulfate (GM) was purchased from Sigma. All solvents were analytical-grade from Sigma-Aldrich (Rosh Haain, Israel) or Frutarom
(Haifa, Israel) and were used without further purification.
2.2. Polymer
Poly(sebacic-co-ricinoleic-ester-anhydride) (p(SA:RA), 3:7 (w/w)) with a molecular mass of 4500 Da was synthesized as described elsewhere [21, 22]. In brief,
fatty-acid-terminated sebacic acid polymers were synthesized by melt condensation of acetate anhydrides of linear fatty acids (C8–C18) and sebacic anhydride
oligomers to yield waxy off-white material.
2.3. Polymer Containing Gentamicin
GS was incorporated in p(SA:RA)s by mixing the drug powder (20%, w/w) with
the polymer at room temperature until a homogeneous mixture was obtained. The
mixing was performed by trituration, meaning that small amounts of gentamicin
and polymeric paste were added each time to the mortar and mixed together until
a homogenic mixture was achieved. Although the paste melting point was above
room temperature, it was soft enough to allow mixing.
That the GS did not affect the molecular mass and structure of the polymer,
as well as in vitro drug release, was previously [22] confirmed by gel-permeation
chromatography (GPC) and 1 H-NMR. It was found that over 40% of the GS sulfate
was released in 14 days and an additional 20% at the following week.

1084

Y. S. Brin et al. / Journal of Biomaterials Science 20 (2009) 1081–1090

2.4. Rats for in Vivo Studies
A total of 11 10-week-old male Wistar rats (Harlan Laboratories, Jerusalem, Israel), of which 6 were used for the biocompatibility study and the rest as control,
were used in this study. Rats were kept under specific pathogen-free conditions and
given free access to irradiated food and acidified water throughout the experiment.
The ethics committee at the Hebrew University of Jerusalem (National Institutes
of Health approval number OPRR-A01-5011) reviewed the application for animal
study and found it compatible with the standards for care and use of laboratory
animals (Ethics Committee Research number MD-80.04-3).
The rat model for osteomyelitis is a leading model in the literature, and has also
been used by others [18, 23, 24].
2.5. Biocompatibility of Soft Polymer
Six 300-g Wistar male rats were anesthetized using intraperitoneal injection of a
mixture of xylazine and ketamine. The operated area was shaved, the skin was
disinfected with ethanol between the knee and the ankle, and the tibia was exposed
and drilled using 0.9-mm-wide Kirshner wire (kw). The entering site, medial to the
patellar tendon at the height between the tibial plateau and tuberosity, was drilled
down 1 cm. 50 µl soft polymer was injected into the medullar canal of the right
tibia. In 4 rats GS (20%, w/w) had been incorporated into the polymer. The skin
was disinfected and closed with sutures. After an additional 3 weeks, the rats were
anesthetized and killed, and the tibiae were evaluated histologically.
2.6. Control Group
Five 300-g Wistar male rats were anesthetized and a site for entering the tibial canal
was drilled down, as described. After 3 weeks the rats were anesthetized and killed,
and the tibiae were evaluated histologically.
2.7. Histologic Evaluation
After killing the rats, right tibiae with attached distal femurs were stored in 4% neutral buffered formalin. The segments were sent to Vet Path Services (VPS, Cincinnati, OH 45249) for histological processing and microscopic evaluation. Samples
were decalcified and processed through graded alcohols and xylenes, embedded in
paraffin, sectioned at 6 µm, and stained with hematoxylin and eosin (H&E). Each
sample was evaluated for histological changes, which were assigned severity grades
of minimal, mild, moderate, and marked. Evaluated parameters included growth
plate disruption, reactive bone formation, reactive fibroplasia, void spaces, articular
cartilage disruption, reactive cartilage formation, cyst formation and the presence
of osteomyelitis.
3. Results
All rats survived the study period. Histopathological findings are described below
by categorization.
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3.1. Drilling Only
Distinct alterations that were attributed to drilling into the bone included minimal to mild reactive fibrosis/fibroplasia, mild to moderate increased reactive bone
formation, mild disruption of the growth plate, mild to marked articular cartilage
degeneration, mild reactive cartilage formation and subchondral-cyst formation.
Osteomyelitis was not observed.
3.2. Soft Polymer Only
Those changes that were attributed to the injection of the soft polymer into the bone
included void spaces marginated by mononuclear and multinuclear macrophages
that represented areas occupied by residual polymer. Other alterations that were
noted in one or more animals in this group and were attributed to drilling into the
bone included minimal reactive fibrosis/fibroplasia and minimal to mild increased
reactive bone formation. Osteomyelitis was not noted.
3.3. Soft Polymer and Antibiotic
Those alterations in this group that were attributed to the injection of soft polymer
and antibiotics into the bone included void spaces marginated by mononucleared
and multinuclear macrophages that represented areas occupied by residual polymer. Other changes involved mild reactive fibrosis/fibroplasia, mild to moderate
increased reactive bone formation, mild to moderate disruption of the growth plate,
mild to marked articular cartilage degeneration, mild reactive cartilage formation
and subchondral cyst formation.
The reaction to the soft polymer (with or without GS) was consistent with active
attempted removal of the material via normal mechanisms. No evidence of necrosis
or other reaction was found that would suggest toxicity attributable to the polymer.
Photographic representations of the tissue reaction to drilling and injection of
polymer with and without GS are shown in Figs 1–3. All of the histological results
are summarized in Table 1.
4. Discussion
The aim of this study was to assess the safety of poly(sebacic-co-ricinoleic-esteranhydride)s (p(SA:RA)s). The two tested groups (plain and loaded polymer) were
compared with a third group in which only drilling down the tibia was performed (control). According to the histological report, the minimal reactions in
both polymer-injected groups were attributed to the drilling, and no difference existed between the study and control groups. In neither group did we find any signs
of foreign-body inflammatory reactions (Fig. 1, Table 1). These results complement
those obtained in other studies on the biocompatibility of this polymer in soft tissues. In another, the polymer did not provoke local inflammation or irritation and
was fully eliminated from the implant site within two months [21].
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Figure 1. Tibia, histological section demonstrating bone changes following drilling only. These were
mild and consisted of focal growth plate disruption (thin arrow in A, B), epiphyseal reactive fibroplasia, bone and cartilage formation (thick arrow in A, B, C) and articular cartilage disruption
(arrowheads in A), with no evidence of osteomylitis. (A) Subgross aspect, (B) ×40 and (C) ×100.
This figure is published in colour in the online edition that can be accessed via http://www.brill.nl/jbs

Local antibiotic therapy contributes a critical part of the treatment protocol
in cases of chronic osteomyelitis and postarthroplasty osteomyelitis [25, 26] and
is used preventively in cases of open fractures. The principles of this treatment
emphasize maximizing the local effect of antibiotics while minimizing their systemic toxicity, based on the pioneering work of Buchholz and Engelbrecht [27].
Many subsequent studies demonstrated high local antibiotic concentrations and undetectable or very low serum levels of the locally delivered antibiotics, with no
systemic toxicity [28–31]. Local antibiotic concentrations obtained by this method
could not be achieved safely with systemic administration.
Poly(methyl methacrylate) (PMMA) is the standard material used as the delivery
vehicle for depot antibiotics in orthopedic surgery. Although its usage offers many
advantages over that of intravenous antibiotics, a search for alternative vehicles has
been made because it has many limitations.
Other materials have been investigated to discover a better vehicle for the delivery of antibiotics. Protein materials have an elution rate of the contained antibiotic
in the range of hours to a few days. This rate has proven too rapid for the treatment of osteomyelitis. Fibrin sealant materials impregnated with antibiotics have
shown several advantages over PMMA. Since fibrin is naturally present in a dam-
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Figure 2. Tibia, histological section demonstrating bone changes following drilling and injection of
poly(sebacic-co-ricinoleic-ester-anhydride)s (p(SA:RA)s). Changes, minimal to mild, consisted of diaphyseal reactive fibroblastic and bone formation (thick arrow in A, B, C); presence of void spaces
(polymer) seen with macrophagic infiltration (thin arrow in B, C), with no evidence of osteomylitis.
(A) Subgross aspect, (B) ×40 and (C) ×100. This figure is published in colour in the online edition
that can be accessed via http://www.brill.nl/jbs

aged tissue, a foreign-body response is unlikely; it cross-links to the tissue, thus
ensuring delivery of the antibiotics. As it becomes reabsorbed by the host natural
fibrinolytic system, the damaged area will be filled with tissue. The main disadvantage of fibrin is its rate of elution, which occurs too rapidly. In one study, 85% of
the antibiotic content of fibrin was released within 36 h [32]. Bone-graft materials and substitutes, such as calcium sulfate, could be used for delivery, but approx.
58% of the contained antibiotic was released in the first 24 h [33], and seroma
formation and drainage have been recognized as problematic. With a chemical
composition similar to that of natural bone tissue and its affinity for hard tissue, hydroxyapetite offers several advantages. Its main drawbacks, however, are its
brittleness and inferior strength, which have limited its usage to hydroxyapetitecoated metal implants [34]. Morselized cancellous bone can act as a carrier of
many antibiotics in vitro and in vivo. Furthermore, clindamycin, netilmicin, vancomycin, and rifampicin adsorbed to cancellous bone graft seem to be eluted in
vivo in a similar manner to that observed in an in vitro elution model [35]. Unfortunately, data for treatment with morselized bone containing antibiotic are insufficient.
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Figure 3. Tibia, histological section demonstrating bone changes following drilling and injection with
GS (20%, w/w) incorporated in poly(sebacic-co-ricinoleic-ester-anhydride)s (p(SA:RA)s). Changes
were minimal to mild and consisted of focal growth plate disruption (thin arrow in A, B, C), epiphyseal reactive fibroplasia, bone and cartilage formation (thick arrow in A, C), metaphyseal reactive
fibroplasia, bone and cartilage formation (asterisk in A, B, C), articular cartilage disruption (arrowheads in A), presence of void spaces (polymer) with macrophagic infiltration, with no evidence of
osteomylitis. (A) Subgross aspect, (B) ×40 and (C) ×100. This figure is published in colour in the
online edition that can be accessed via http://www.brill.nl/jbs

Biodegradable implants releasing aminoglucoside antibiotics have been found
effective in treating experimental osteomyelitis [14, 15, 25]. Furthermore, an
implant-releasing GS was tested in humans and found effective and safe [15].
This study constituted a portion of our project to develop a resorbable vehicle
for the delivery of antibiotics to treat bony infections locally. By concentrating on
developing a synthetic bio-polymer, we were able to attain the desired consistency.
Moreover, the degradation process of this polymer in buffer solution was investigated by following the composition of the degradation products released into the
degradation medium and the degraded polymer [36]. It was established that during the hydrolysis under physiological conditions the degradation products have
a composition and water absorption similar to those of the synthesized nontoxic
oligoesters.
5. Conclusions
The implantation of P(SA:RA) into tubular bone resulted in minimal changes attributed to the drilling. The synthetic polymer did not induce a toxic or a foreign-
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Table 1.
Grades of severity of histological alterations
Drilling only

Soft polymer and
antibiotics

Soft polymer
only

Animal No.

1

2

3

4

5

6

7

8

9

10

11

Fibrosis/fibroplasia,
reactive
Increased bone
formation, reactive
Increased bone
resorption
Disruption, growth
plate
Degeneration, articular
cartilage
Cartilage formation,
reactive
Cyst, subchondral
Macrophage infiltration
in response to
polymer, bone
Macrophage infiltration
in response
to polymer,
periosteum/muscle
Macrophage infiltration
in response to
bone sequestra

2

1

2

2

–

2

2

2

2

1

1

2

–

2

2

3

2

2

3

2

2

1

–

–

–

–

–

–

–

–

–

–

–

2

–

2

2

–

2

2

3

–

–

–

2

–

4

3

–

3

2

3

4

–

–

2

–

–

–

–

2

–

–

–

–

–

–
–

1
–

–
–

–
–

–
–

1
–

–
–

–
1

–
2

–
1

–
1

–

–

–

–

–

–

4

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

1, minimal; 2, mild; 3, moderate; 4, marked; –, not determined.

body inflammatory response. These results are encouraging because the overall
results suggest that the gentamicin containing soft polymers are suitable candidates
for the preparation of biodegradable drug-eluting devices for treatment of internal
bacterial lesions. The antibiotic releases in an adequate manner, kills the bacteriae
and, thus, prevents development of resistance to the antibiotics.
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