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Abstract: Fracture-related infections remain a leading cause of morbidity and mortality. We aimed to establish a simple contaminated 
radial osteotomy model to assess the efficacy of a biodegradable polymer poly(sebacic-co-ricinoleic acid) [p(SA-RA)] containing 20% 
w/w gentamicin. A unilateral transverse osteotomy was induced in Sprague-Dawley (SD) rats, followed by application of Staphylo-
coccus aureus suspension over the fracture. After successfully establishing the contaminated open fracture model, we treated the 
rats either systemically (intraperitoneal cefuroxime), locally with p(SA-RA) containing gentamicin, or both. Control groups included 
non-contaminated group and contaminated groups that were either untreated or treated with the polymer alone. After 4 weeks, the 
bones were subjected to micro-CT scanning and microbiological and histopathology evaluations. Micro-CT analysis revealed similar 
changes in the group subjected to both local and systemic treatment as in the non-contaminated control group. Lack of detectable bacte-
rial growth was noted in most animals of the group subjected to both local and systemic treatment, and all samples were negative for 
S. aureus. Histopathological evaluation revealed that all treatment modalities containing antibiotics were highly effective in reducing 
infection and promoting callus repair, resulting in early bone healing. While p(SA-RA) containing gentamicin treatment showed bet-
ter results than cefuroxime, the combination of local and systemic treatment displayed the highest therapeutic potential in this model. 
(DOI: 10.1293/tox.2020-0041; J Toxicol Pathol 2021; 34: 11–22)
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Introduction

Fracture-related infection can be a source of severe 
complications, including osteomyelitis or septicemia. Fur-
thermore, such infections can result in a delay in bone heal-
ing and functional damage that results in increased hospital-
ization time and healthcare costs1. Debridement of the open 
fracture and prolonged antibiotic treatment can still result in 
infection; indeed, treatment failure is observed in 10–30% 
of the cases2–5. In addition, prolonged intravenous antibi-
otic administration (over 6 weeks of treatment) requires the 

invasive catheter placement and administration of several 
doses of antibiotics daily6. Thus, management of such infec-
tions still poses a medical challenge.

Therefore, the use of local antibiotic delivery meth-
ods has frequently been implemented as an adjuvant anti-
microbial treatment. Such methods include the use of non-
biodegradable materials, such as polymethylmethacrylate 
(PMMA) beads with gentamicin and PMMA cement im-
pregnated with antibiotics. However, the use of non-biode-
gradable materials requires an additional surgery to remove 
them from the implantation site7, 8. Biodegradable materi-
als have been developed, such as gentamicin-impregnated 
collagen sheets and calcium sulphate, but often result in an 
uncontrolled release of the antibiotics, and localized hyper-
sensitivity reactions have been observed with their use9–12.

Previous in vitro and in vivo studies have shown that 
poly(sebacic-co-ricinoleic acid) (p(SA-RA)) can serve as a 
convenient and safe biodegradable polymer for the local ad-
ministration of drugs13–15. The polymer hydrolyses through 
anhydride cleavage lasting ~7 days to form oligoesters, 
which are stable for more than 30 days. The short oligomers 
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encapsulate the drug, from which it is slowly released14. It 
was also evaluated as a method for gentamicin administra-
tion for the treatment of osteomyelitis16–18, showing good 
tolerability, favorable local release dynamics, and no signs 
of inflammatory reaction.

The aim of the current study was to evaluate the effi-
cacy of p(SA-RA) containing 20% w/w gentamicin to treat 
open radial fracture infection, in an artificially contaminat-
ed fracture rat model. This was a two-step study: in the first 
part we aimed to establish the artificial contaminated open 
fracture model in the radius bone of male Sprague-Dawley 
(SD) rats. After establishing the model, it was used to test 
the efficacy of p(SA-RA) containing gentamicin to treat the 
infected fracture site in male SD rats, with and without sys-
temic antibiotic administration.

Materials and Methods

Animal husbandry and maintenance
A total of 12 male SD rats, 9 weeks of age at the start 

of the study, were used for the model establishment study. 
An additional 60 male rats, 8 weeks of age at the start of the 
study, were used for the efficacy study. All animals were 
obtained from Envigo RMS (Israel) Ltd. (Jerusalem, Israel) 
Animals were housed within a rodent facility in polypropyl-
ene cages fitted with solid bottoms and filled with certified 
commercial wood shavings as bedding material. A certified 
commercial rodent diet was provided ad libitum together 
with free access to drinking water, supplied to each cage 
via polyethylene bottles with stainless steel sipper tubes. A 
temperature of 20–24°C, with a relative humidity of about 
30–70%, a 12-h light/12-h dark cycle, and 13 air changes/h 
was set and maintained automatically.

These studies were performed following an applica-
tion-form review by the National Council for Animal Ex-
perimentation and after receiving approval (No. IL-17-2-55 
for the model establishment study phase and No. IL-17-10-
356 for the efficacy assessment study phase) that the studies 
comply with the established rules and regulations set forth. 
The number of animals used was the minimum that is con-
sistent with scientific integrity and regulatory acceptability, 
with consideration for the welfare of the animals in terms 
of the number and extent of procedures to be carried out on 
each animal. The studies were conducted at Envigo CRS 
Israel Ltd. (Ness-Ziona, Israel).

Experimental design
For the model establishment study, animals were divid-

ed into 2 group: one group of animals was used as a control 
group, and the fracture site was not contaminated with bac-
teria, while in the test group, the fracture site was contami-
nated with Staphylococcus aureus ATCC 29213 (methicil-
lin‐sensitive S. aureus) (Table 1). For assessment of efficacy 
of p(SA-RA) containing 20% w/w gentamicin, the animals 
were divided into 6 groups, as described in Table 2. All ani-
mals were sacrificed on day 28.

Surgical procedure and bacterial contamination
Under systemic analgesia (~0.075 mg/kg of buprenor-

phine injected subcutaneously at the scruff area), local an-
algesia (lidocaine 2% injected subcutaneously at the site of 
skin incision), and generalized anesthesia (isoflurane inhala-
tion), the right fore limb of the animals was fixed firmly and 
a small (~1 cm) longitudinal incision of the skin was made 
over the antero-lateral aspect of the radius. Minimal soft tis-
sue blunt dissection was performed to reach the underlying 
radius bone. The entire perimeter of a small segment (~4 
mm) of the bone shaft was cleaned of muscle tissue. A surgi-
cal spatula was introduced between the radius and the ulna 
bones to isolate the site of osteotomy. A complete transverse 
fracture was induced using a 24 mm diamond cutting disc. 
The site was washed with sterile saline to remove any bone 
sliver, and the spatula was removed.

Table 1. Constitution of Treatment Groups in the Model Establish-
ment Study

Group 
No.

No. of 
animals

Induction 
of radial 
fracture 

Contamination Treatment Observation 
period

1M 6 Yes None  
Fracture site was 
left exposed for 

10 min

None

28 days 
following 
fracture 

induction

2M 6 Yes Unilateral 
administration 
of 20 μl of S. 

Aureus 4.1×106 
CFU/ml into the 

fracture site 

None

CFU, colony forming unit

Table 2. Constitution of Treatment Groups in the p(SA-RA) Containing 20% w/w Gentamicin Efficacy Study
Group 
No.

No. of 
animals

Induction of contaminated 
radial fracture Treatment Sacrifice post 

treatment-initiation
1M 6 No contamination Untreated control 

Fracture site was left exposed for 10 min

28 days following 
fracture induction

2M 6

Unilateral administration of 20 
μl of S. Aureus ~5×106 CFU/ml 

into the fracture site

Untreated control
3M 12 Application of p(SA-RA)
4M 12 Application of p(SA-RA) containing 20% w/w gentamicin at the 

fracture site
5M 12 Application of p(SA-RA) containing 20% w/w gentamicin at the 

fracture site & 3 days × twice daily IP injection of cefuroxime
6M 12 3 days × twice daily IP injection of cefuroxime
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Bacterial contamination was induced by a single 20 μl 
administration of S. aureus over the fracture site prepared 
and supplied by Aminolab Ltd. (Ness Ziona, Israel). Cell 
concentrations were 4.1×106 colony forming units (CFU)/ml 
in the model establishment phase and 5.5 to 5.6 ×106 CFU/
ml in the efficacy assessment phase. The site was kept ex-
posed for 10 minutes prior to wound closure or application 
of treatment in the respective groups. S. aureus was selected 
for this study, since it is the most common clinical isolate 
used in drug discovery research19, 20.

In the efficacy assessment phase, group 3M was sub-
jected to local treatment by application of 0.05 ml of the 
p(SA-RA) at the fracture site supplied by Dexcel Pharma 
Technologies Ltd. (Or-Akiva, Israel). Groups 4M and 5M 
were subjected to local treatment by application of 0.05 ml 
p(SA-RA) containing 20% w/w gentamicin at the treatment 
site, supplied by Dexcel Pharma Technologies Ltd. (Or-Aki-
va, Israel). Group 5M was also subjected to systemic antibi-
otic treatment in the form of repeated intraperitoneal (IP) in-
jections of 30 mg/kg Cefuroxime (0.4 ml/kg of reconstituted 
dosing solution, Panpharma Laboratories, Luitré, France), 
a total of 6 injections, carried out twice daily for 3 succes-
sive days. The first injection was carried out on the day of 
surgery, at the end of the day, to enable robust drug cov-
erage throughout the planned systemic antibiotic treatment 
period. Group 6M was also subjected to the same systemic 
treatment under the same regimen. All animals were kept in 
individual cages for the first week after surgery.

Observations and examinations
Detailed clinical examinations of the animals were 

carried out once weekly. On all other days, cage-side ob-
servations were carried out. Observations included changes 
in skin, fur, eyes, mucous membranes, occurrence of secre-
tions and excretions (e.g., diarrhea), and autonomic activity 
(e.g., lacrimation, salivation, piloerection, unusual respira-
tory pattern). Changes in gait, posture, and response to han-
dling, as well as the presence of peculiar behavior, tremors, 
convulsions, sleep, and coma were also assessed. Special 
attention was given to any local reaction at the surgical site. 
Determination of individual body weights of animals was 
initially carried out at the randomization procedure, fol-
lowed by body weight determination on the day of model 
induction, and at least once weekly thereafter until study 
termination.

X-ray imaging
All animals’ right limbs were subjected to digital X-

ray radiography on two perpendicular views, anteroposte-
rior (AP) and lateral (uniformity was kept between animals) 
under general anesthesia, at one and eight days after surgery 
in the model establishment study and one day after surgery 
in the efficacy study. Both AP and lateral radiographs were 
used to verify the fracture apposition (i.e. the amount of 
end-to-end contact of the fracture) and alignment (i.e. rota-
tional or angular position) (Supplementary. Fig. 1).

Micro-computed tomography (CT) imaging
The right radius bones of all animals were subjected to 

micro-CT scanning 1 day prior to study termination (i.e. 27 
days post fracture induction) to identify and evaluate the ex-
tent of osseous changes. The images (i.e., microtomograms) 
were analyzed for the following parameters using SkyScan 
software: periosteal reaction, osteolysis, cortical thickening, 
fracture line clearance, alignment rate, and any noticeable 
lesions. The changes were scored, using semi-quantitative 
grading (0–3), taking into consideration the severity of the 
changes (0 = No or Unremarkable change, 1 = Mild change, 
2 = Moderate change, 3 = Severe change).

Bone excision and fixation
At the end of the observation period, the right radius 

bones were excised aseptically from all animals in a biologi-
cal hood. The fur was disinfected with 70% ethanol prior to 
excision of bones, and equipment was disinfected with 4% 
w/v Chlorhexidine Gluconate (SEPTAL SCRUB®) and then 
wiped with ethanol 70%. In order to minimize the chance of 
bacterial cross contamination between the test groups, the 
first group that was subjected to bone excision was group 
1M. All excised organs were assessed for abnormalities and 
gross pathological changes.

Half of the animals in each group (i.e., 3 animals/group 
in model establishment study and groups 1M and 2M in the 
efficacy assessment phase, and 6 animals/group in groups 
3M–6M) were designated for microbiological assessment, 
whereas the other half were designated for histopathologi-
cal examination. The muscle and connective tissue were re-
moved from the radius bones designated for microbiological 
assessment. Each bone was placed in a sterile nylon bag and 
then crushed with a pestle under sterile conditions. A total 
of 10 ml of sterile PBS was added to the nylon bag contain-
ing the radial fragments. The radius bones from animals 
designated for histopathological examination were fixed in 
10% neutral buffered formalin (approximately 4% formal-
dehyde solution).

Microbial assessment
Each bone suspension was vortexed and then serial di-

lutions were prepared and inoculated onto plates of Baird-
Parker Agar to determine the staphylococci genus. In the 
efficacy assessment phase, the bone suspensions were also 
inoculated onto Tryptic Soy Agar to determine the total bac-
terial CFU/ml. Confirmation tests for the identification of 
S. Aureus species were performed on colonies obtained on 
Baird Parker Agar, using coagulase test. The mean number 
of CFU per milliliter of solution was calculated for all colo-
nies after 48 h of incubation at 37°C. The limit of detection 
was <10 CFU/ml for a 1:10 dilution.

Histological processing and histopathological evalu-
ation

The radius bones were decalcified and then embedded 
in paraffin. Thereafter, the block was trimmed at “level 0” 
(identification of the medullary cavity, represented by the 
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blue line in Supplementary Fig. 2), the first section (5 mi-
crons thickness) was taken for slide preparation, as well as 
a section 50 microns deep (represented by the green line 
in Supplementary Fig. 2). This section (represented by the 
green line) produced a complete longitudinal section of the 
radius, which enabled observation of the complete length of 
the medullary cavity. Slides were then stained with hema-
toxylin and eosin (H&E).

The following parameters were specifically evalu-
ated in the callus area: infection (abscess formation), bone 
necrosis, periosteal new trabecular bone formation, and 
intramedullary fibrosis. Histopathological changes were 
scored where applicable using semi-quantitative grading of 
five grades (0–4), taking into consideration the severity of 
the changes (0 = No lesion, 1 = Minimal change, 2 = Mild 
change, 3 = Moderate change, 4 = Marked change).

Grading of callus repair was performed on a 0–6 
scale21: 0 = non-union (fibrous tissues), 1 = incomplete car-
tilage union (cartilage with some fibrous tissues), 2 = com-
plete cartilage union (entirely cartilage), 3 = incomplete 
bony union with early ossification phase (predominantly 
cartilage with some trabecular bone), 4 = incomplete bony 
union with intermediate ossification phase (equal amounts 
of cartilage and trabecular bone), 5 = incomplete bony union 
with late ossification phase (predominantly trabecular bone 
with some cartilage), 6 = complete bony union (entirely 
bone).

Results

Model establishment study phase
Mortality, clinical signs, and body weights: No mortal-

ity occurred in any of the animals throughout the 4 week 
observation period. During the first week after surgery, 1 
animal from group 1M (no contamination) and 4 animals 
from group 2M (contaminated) avoided using the operated 
limb. Swelling at the operated limb was further noted in 2 
animals from group 1M and in 5 animals from group 2M at 
a certain observation time point throughout the study pe-
riod. During weeks 2–3, rigid bulge at the fracture site was 
felt upon palpation in 3 animals from group 2M.

Both groups had comparable body weight gain at the 
end of the observation period. A decrease in all animals’ 
body weight was noted in the first few days after surgery; 
however, by day 10, all animals from the model establish-
ment study had returned to their initial body weight.

X-ray imaging: In the first radiography session of group 
1M, perfect apposition was seen in 3 animals and partial ap-
position in 3 animals. In the animals from group 2M, the 
extent of apposition was partial in 3 animals and perfect in 
the remaining 3 animals (Table 3). The second radiography 
session was performed 8 days post induction. In group 1M, 
partial apposition was seen in all animals. In group 2M, per-
fect apposition was seen in 1 animal, partial in 2 animals, 
and side to side apposition in 3 animals.

Microbial evaluation: The total number of CFU/ml in 
group 1M ranged between 1.7×101 and 2.83×102, whereas in 

group 2M it reached a 103 scale in 2/3 animals, and in the 
third animal it was 9.3×101 (Table 4).

Due to atypical Staphylococcal growth identified in 
the plates of samples from group 1M, a coagulase test was 
performed on colonies obtained on Baired Parker Agar for 
identification of S. aureus. The test results confirmed that 
the microorganism colonies in group 1M were not S. aureus 
and confirmed that group 2M colonies represented S. aureus 
colonies.

Micro-CT imaging: There were differences in the ex-
tent of observed changes between the non-contaminated 
group vs. the bacteria contaminated group. The changes 
mainly consisted of osteolysis, fracture line clearance, and 
presence of sequestrum (Table 5). The changes in group 2M 
were indicative of severe response to the induction of bacte-
rial contamination. Nevertheless, the periosteal reaction in 
both groups ranged between moderate and severe and re-
flects a surgical-related effect.

Macroscopic and microscopic findings: Macroscopi-
cally, no apparent differences were noted in the radius bones 
of animals from both groups. In 3 animals from group 2M, 
a nodule (~2–3 mm in diameter) consistent with suppurative 
material content at the subcutaneous tissue over the fracture 
site was noted.

Microscopically, the main characteristics of the chang-
es observed in the samples from group 1M consisted of cal-
lus repair – scored as Grade 3 (i.e., incomplete bony union 
with early ossification phase - predominantly cartilage with 
some trabecular bone) (Table 6 and Fig. 1). Generally, there 
was minimal or no cortical bone damage. In contrast, the 
main characteristics of the changes observed in group 2M 
included the presence of abscesses within the callus, related 
to the bacterial suspension administered directly over the 
fractured bone, associated with significant delay in callus 
maturation (i.e., scored as Grade 1 - incomplete cartilage 
union - cartilage with some fibrous tissues) (Table 6 and 
Fig. 2). In addition, a range of cortical bone destruction (i.e., 
minimal to moderate) was noted at the site of the callus for-
mation.

Efficacy assessment study phase
Mortality, clinical signs, and body weights: No mortal-

ity occurred in any of the animals throughout the 4 week 
observation period. Avoidance of using the operated limb 
was the most common observation and was more common 
in groups 3M and 4M particularly during the second week 
of the observation period (Supplementary Table 1). De-
crease in all animals’ body weight was noted during the first 
week post-fracture induction; however, by study day 9, all 
animals from the efficacy assessment study regained their 
initial body weight and demonstrated expected growth pat-
tern until the end of the observation period (Supplementary 
Table 2).

X-ray imaging: Among 60 animals, perfect apposition 
was seen in 26 animals, partial apposition in 32 animals, 
and side to side apposition in 2 animals, both from group 
4M (Table 7). Each group included animals with partial and 
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perfect apposition, with no apparent effect of the local appli-
cation of p(SA-RA) or p(SA-RA) containing 20% w/w gen-
tamicin on the fracture’s apposition (Supplementary Fig. 3).

Microbial evaluation: All animals from group 1M were 
negative for S. aureus, while all animals from group 2M 
were positive, as expected. Non-specific bacterial growth 
(i.e., either Staphylococci or other non-S. aureus bacteria) 
was identified in 2 animals from group 1M and was re-

Table 3. Extent of Bone Apposition in the Model Establishment 
Phase (1- and 8-days Post-fracture Induction)

Group 
No.

Extent of apposition 
(perfect/partial/ 

side to side)

Time post fracture induction (number 
affected/ total number of animals)

1 day 8 days 

1M
Perfect 3/6 0/6
Partial 3/6 6/6
Side to side 0/6 0/6

2M
Perfect 3/6 1/6
Partial 3/6 2/6
Side to side 0/6 3/6

1M = No contamination; 2M = S. Aureus.

Table 4. Microbial Results in the Model Establish-
ment Phase (28 Days Post-fracture Induction)

Group No. CFU/ml Coagulase test
1M 8.1×101 Negative

2.83×102 Negative
1.7×101 Negative

2M 6.4×103 Positive
9.3×101 Positive
1.2×103 Positive

1M = No contamination; 2M = S. Aureus.

Table 5. Incidence and Median micro-CT Results in the Model Establishment Phase (27 Days Post-fracture Induction)

Group 
No.

Observation
Osteolysis Periosteal reaction Bone sclerosis Cortical thickening Fracture line clearance Alignment rate Sequestrum

1M Median 1 2 1 1.5 1 1 1/6
Incidence 5/6 6/6 6/6 6/6 5/6 4/6
Min 0 2 1 1 0 0
Max 2 3 3 2 2 1

2M Median 2.5 2 1 2 2.5 0 5/6
Incidence 6/6 6/6 6/6 6/6 6/6 1/6
Min 2 2 1 1 2 0
Max 3 3 3 3 3 1

0 = No or unremarkable changes; 1= Mild changes; 2 = Moderate changes; 3 = Severe changes. Sequestrum= free bony fragment. SD, standard 
deviation. 1M = No contamination; 2M = S. Aureus.

Table 6. Mean Severity and Incidence of Histopathological Findings 
Observed in the Model Establishment Phase (28 Days Post-
fracture Induction)

Organ/Tissue

Histopathological findings  
(number affected / total number of 

animals)
Group 1M Group 2M

n=3 n=3
Radius-Callus area

Abscess formation 0.0 (3/3) 2.3 (3/3)
Destruction of cortical bone 0.3 (1/3) 2.0 (3/3)
Periosteal new trabecular bone 
formation 3.0 (3/3) 3.0 (3/3)

Intramedullary fibrosis in the 
callus area 1.0 (3/3) 1.7 (3/3)

Callus repair 3.0 (3/3) 1.0 (3/3)

Score of changes: 0 = No lesion, 1 = Minimal change, 2 = Mild change, 
3 = Moderate change, 4 = Severe change. 1M = No contamination; 2M 
= S. Aureus.

Table 7. Extent of Bone Apposition in the Efficacy Evaluation 
Phase (1-day Post-fracture Induction)

Group 
No.

Extent of apposition
(perfect/partial/side to side)

1 day post fracture 
induction

(number affected / total 
number of animals)

1M Perfect 3/6
Partial 3/6
Side to Side 0/6

2M Perfect 4/6
Partial 2/6
Side to Side 0/6

3M Perfect 2/12
Partial 10/12
Side to Side 0/12

4M Perfect 2/12
Partial 8/12
Side to Side 2/12

5M Perfect 6/12
Partial 6/12
Side to Side 0/12

6M Perfect 9/12
Partial 3/12
Side to Side 0/12

1M = Sham; 2M = Untreated control; 3M = p(SA-RA); 4M = 
p(SA-RA) containing 20% w/w gentamicin; 5M = p(SA-RA) 
containing 20% w/w gentamicin + IP cefuroxime; 6M = IP ce-
furoxime.
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garded as an incidental finding, which might be related to 
exposure of the wound to air for ten minutes during fracture 
induction, or to the non-sterile manner of bone excision or 
handling of the bone suspension (Table 8).

Micro-CT imaging: The extent and differences in os-
teolysis, sequestrum incidence, and fracture line clearance 
scores between groups 1M (non-contaminated, untreated 
control) and 2M (contaminated, untreated control) demon-
strate the robustness of this model (Table 9, Supplementary 
Fig. 4). Group 3M (contaminated, vehicle control) displayed 
similar median values as in group 2M, while the extent of 
changes in groups 4M [contaminated, local treatment with 
p(SA-RA) containing 20% w/w gentamicin] and 6M (con-
taminated, systemic treatment) was comparable, and is in-
dicative of a balance between bone infection and healing 
process. The combination of local and systemic treatment 
(group 5M) achieved the best results, which were similar 
to the results observed in the non-contaminated, untreated 
control group.

Macroscopic and microscopic findings: Macroscopic 
findings were seen in 4/6 animals from group 2M and in 
5/12 animals from group 3M. The findings included firm 

tissue bridging between the ulna and radius bones in 2/6 
animals from group 2M and in 4/12 animals from group 
3M: nodule consistent with suppurative material content at 
the subcutaneous tissue over the fracture site in 2/6 animals 
from group 2M and in 3/12 animals from group 3M; and 
abscess-like lesion at the fracture site between the radial 
fragments in 1/12 animals from group 3M. No gross lesions 
were seen in any of the animals from groups 1M, 4M, 5M, 
and 6M. No gross lesions were seen in the lungs of all ani-
mals from every study group.

In all groups treated with any one of the therapeutic 
modalities (i.e., groups 4M, 5M, and 6M), the analysis of 
the individual data demonstrated a highly effective capacity 
to considerably reduce infection and promote callus repair, 
resulting in early bone healing compared to both contami-
nated untreated and vehicle control groups (i.e., groups 2M 
and 3M).

The bone fracture site in group 1M (i.e., non-contami-
nated, untreated control) indicated a trend for almost com-
plete and/or complete healing of the fracture area, without 
any local complications (i.e., inflammation) (Table 10 and 
Fig. 3). The bone fracture site in groups 2M and 3M indi-

Fig. 2. A: Low magnification. B: Higher magnification of the same 
field shown in A. Section of the radius from animal of Group 
2M (model establishment phase, sacrificed on Day 28), show-
ing grade 1 of callus repair (i.e., incomplete cartilage union–
cartilage with some fibrous tissues). Black arrows indicate the 
necrotic bone. Open arrows indicate the presence of suppura-
tive inflammation within the callus.

Fig. 1. A: Low magnification. B: Higher magnification of the same 
field shown in A. Section of the radius from animal of Group 
1M (model establishment phase, sacrificed on Day 28), show-
ing grade 3 of callus repair (i.e., incomplete bony union with 
early ossification phase––predominantly cartilage with some 
trabecular bone). Arrows indicate the cartilage component of 
the callus.
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cated no bone healing of the fracture, associated with the 
presence of local intramedullary necrotic bone and pres-
ence of intramedullary abscess formation (Table 10 and 
Fig. 4 and 5). The bone fracture site in groups 4M, 5M, and 
6M indicated almost complete and/or complete healing of 
the fracture area, without any local complications (i.e., in-
flammation) (Table 10 and Fig. 6–8). Occasionally, minimal 
focal remnants of necrotic bone and/or minimal focal rem-
nants of abscess were identified. However, as these changes 
were strictly circumscribed, it was not considered impor-
tant, simply a reflection of the process of normal fracture 

healing and not indicative of disease or infection.

Discussion

The first phase of this study was to establish a reliable 
and reproducible model for S. aureus artificially contami-
nated open fracture. An establishment of preclinical in vivo 
models in a controlled environment is a critical step prior 
to application of any novel intervention, avoiding external 
variables that may interfere with efficacy and safety evalu-
ation19, 22. This can be achieved by minimizing the need for 
surgical intervention and reducing the impact on animals’ 
functional/mechanical competence. An osteotomy model 
improves reproducibility among multiple animals in com-
parison to induction of traumatic fracture. The radius bone 
exhibits several characteristics which makes it suitable as a 
testing model. The body weight load in rats is mainly sup-
ported by the hind limbs; therefore, the mechanical burden 
at the radial fracture site is relatively low. Furthermore, the 
surrounding muscles and the parallel ulna bone contributes 
to the mechanical support of the fracture without additional 
fixators, such as (1) intramedullary pin which may lead to 
microbial anchorage (biofilm), or (2) external fixator which 
necessitates increasing the extent of the surgical interven-
tion. The limited exposure time of 10 min, in which the 
wound is left open prior to application of the local treatment 
and/or closure of skin, shortened the anesthesia time as well. 
The contaminated radial open osteotomy model enables a 
reduction in the number of animals and still produces reli-
able data with minimal background noise.

In our study, we have utilized several evaluation meth-
ods, including histopathological, micro-CT and microbio-
logical examinations. Microbial examinations showed S. 
aureus growth, while micro-CT scans revealed severe re-
sponse to the induction of bacterial contamination; addi-
tionally, a significant delay in callus maturation was evident 
on histopathology. Taken together, these results confirm 
successful establishment of the artificial contaminated open 
fracture model of the radius bone in male SD rats.

After establishment of the fracture model, it was used 
to assess the effectiveness of p(SA-RA) containing 20% w/w 
gentamicin in eliminating the bacteria and reducing the neg-
ative consequences of osteomyelitis on bone healing. Gen-
tamicin is an aminoglycoside that is commonly used in both 
human and animal models to treat or prevent osteomyelitis 
due to thermostability and wide antibacterial spectrum23–26. 
In this study, we used IP injection of cefuroxime as an active 
control for p(SA-RA) containing 20% w/w gentamicin, and 
we also incorporated non-contaminated control, contami-
nated untreated control, and treatment with the biodegrad-
able polymer alone (p(SA-RA)).

The p(SA-RA) containing 20% w/w gentamicin is a 
biodegradable gel that has also been previously tested in 
animal models and in vitro for the treatment of osteomyeli-
tis17, 18. The use of biodegradable materials is gaining a lot of 
interest in the medical field in general, and in the orthopedic 
field in particular. Indeed, data on the use of such materi-
als in preclinical studies are accumulating, providing more 

Table 8. Microbial* Results in the Efficacy Evaluation Phase (28 
Days Post-fracture Induction)

Group  
No.

Total bacteria Staphylococci species
Coagulase test

CFU/ml CFU/ml
1M <1×101 <1×101 Not applicable

1.4×104 7.7×103 Negative
1.5×101 <1×101 Negative

2M 8.2×103 6.2×103 Positive
4.7×103 3.7×103 Positive
1.0×104 1.3×104 Positive

3M 1.9×104 1.7×104 Positive
1.4×103 7.4×102 Positive
2.9×103 8.9×102 Positive
7.5×103 2.6×103 Positive
1.6×103 1.4×103 Positive
1.2×104 1.2×104 Positive

4M <1×101 1.5×102 Negative
2.7×104 2.4×104 Negative
1.6×102 1.6×102 Negative
<1×101 <1×101 Not applicable
<1×101 <1×101 Not applicable
2.3×102 90 Negative

5M <1×101 <1×101 Not applicable
<1×101 <1×101 Not applicable
1.6×102 1.5×102 Negative
<1×101 <1×101 Not applicable
<1×101 <1×101 Not applicable
8.5×101 65 Negative

6M 1.5×103 1.5×103 Positive
4.7×103 5.2×103 Positive
<1×101 <1×101 Not applicable
<1×101 <1×101 Not applicable
<1×101 <1×101 Not applicable
<1×101 <1×101 Not applicable

*Each bone suspension sample was inoculated onto two different 
media, enabling propagation of total bacteria (Tryptic Soy Agar), or 
Staphylococci (Baird Parker Agar). The bacterial propagation poten-
tial is represented by the order of magnitude of total CFU/ml on each 
growth medium and was extrapolated based on several inoculated 
dilutions of bone suspension in duplicates. Therefore, where a sample 
shows the same order of magnitude, or up to half-log difference, of 
CFU/ml on both media, it is regarded as staphylococcal dominance 
rather than other bacterial growth. Similarly, bacteria count in Baird 
Parker Agar may be greater than the count in Tryptic Soy Agar, due 
to relative staphylococcal growth predominance over the preferred 
medium. 1M = Sham; 2M = Untreated control; 3M = p(SA-RA); 4M 
= p(SA-RA) containing 20% w/w gentamicin; 5M = p(SA-RA) con-
taining 20% w/w gentamicin + IP cefuroxime; 6M = IP cefuroxime.
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Fig. 3.
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Fig. 6.

Fig. 4.
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knowledge on the expected tissue changes associated with 
their use27–32. However, it is essential to gain more informa-
tion on the use of such materials in a wider array of animal 
models and in different tissues.

Microbial examinations revealed that administration of 
p(SA-RA) containing 20% w/w gentamicin led to excellent 
culture assessments, with no growth of S. aureus in any of 
the samples; however, minimal staphylococcal growth was 
noted in 4/6 samples. The best results were achieved with 

the combination of p(SA-RA) containing 20% w/w genta-
micin and IP injection of cefuroxime, resulting in negative 
growth in 4/6 samples and minimal growth in 2/6 samples, 
all negative for S. aureus. Notably, in group 6M (contami-
nated, systemic treatment), bacteria growth was noted in 2/6 
samples, which were also positive for S. aureus. This finding 
shows that the systemic treatment by itself, as administered 
in this study, was not completely effective against the in-
duced infection, and was also less effective than p(SA-RA) 

Table 9. Incidence and Median micro-CT Results in the Efficacy Evaluation Phase (28 Days Post-fracture 
Induction)

Group 
No.

Observation

Osteolysis Periosteal 
reaction

Bone 
sclerosis

Cortical 
thickening

Fracture line 
clearance

Alignment 
rate Sequestrum 

1M Median 0 2 1 1.5 0.5 0

1/6Incidence 2/6 6/6 6/6 6/6 3/6 2/6
Min 0 1 1 1 0 0
Max 1 3 2 2 1 1

2M Median 3 2 1 1 3 0

6/6Incidence 6/6 6/6 4/6 4/6 6/6 0/6
Min 2 1 0 0 1 0
Max 3 3 1 2 3 0

3M Median 2 3 1.5 0.5 2.5 0

12/12Incidence 12/12 12/12 12/12 6/12 12/12 4/12
Min 2 2 1 0 2 0
Max 3 3 2 1 3 2

4M Median 1 3 1 1 1 1

5/12Incidence 8/12 12/12 11/12 8/12 9/12 7/12
Min 0 2 0 0 0 0
Max 3 3 2 2 3 3

5M Median 0 2 1 1 1 1

0/12Incidence 5/12 12/12 12/12 12/12 8/12 8/12
Min 0 1 1 1 0 0
Max 2 2 2 2 2 3

6M Median 1 2 1.5 1 0.5 0

2/12Incidence 7/12 12/12 12/12 9/12 6/12 2/12
Min 0 1 1 0 0 0
Max 3 3 3 2 3 3

0 = No or unremarkable changes; 1= Mild changes; 2 = Moderate changes; 3 = Severe changes. Sequestrum 
= free bony fragment. SD, standard deviation. 1M = Sham; 2M = Untreated control; 3M = p(SA-RA); 4M = 
p(SA-RA) containing 20% w/w gentamicin; 5M = p(SA-RA) containing 20% w/w gentamicin + IP cefuroxime; 
6M = IP cefuroxime.

Fig. 3. A: Low magnification. B: Higher magnification of the same field shown in A. Section of the radius from animal of Group 1M (efficacy as-
sessment phase) showing grade 5 healing score––there is incomplete bony union with a late ossification phase (predominantly trabecular 
bone with some cartilage). Black arrow indicates intramedullary new trabecular bone formation. Open arrows indicate intramedullary 
cartilage.

Fig. 4. A: Low magnification. B: Higher magnification of the same field shown in A. Section of the radius from animal of Group 2M (efficacy 
assessment phase) showing healing score grade 0––non-union (fibrous tissues) is seen. Open arrow indicates abscess formation. Black 
arrows indicate necrotic bone.

Fig. 5. A: Low magnification. B: Higher magnification of the same field shown in A. Section of the radius from animal of Group 3M (efficacy 
assessment phase) showing healing score grade 0––non-union (fibrous tissues) can be seen. Open arrows indicate abscess formation. 
Black arrow indicates necrotic bone.

Fig. 6. A: Low magnification. B: Higher magnification of the same field shown in A. Section of the radius from animals of Group 4M (efficacy 
assessment phase) showing healing scored grade 4––there is incomplete bony union with intermediate ossification phase (equal amounts 
of cartilage and trabecular bone). Open arrows indicate intramedullary cartilage formation. Black arrows indicate intramedullary new 
bone formation.
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containing 20% w/w gentamicin alone. Non-specific staphy-
lococcal bacterial growth was also identified in 2/6 animals 
from group 1M (i.e., non-contaminated, untreated control) 

and, thus, is regarded as background growth, which might 
be related to exposure of the wound to air for ten minutes 
during fracture induction, or due to contamination during 
bone excision or handling of the bone suspension.

Osteolysis was the main micro-CT measure of osseous 

Table 10.  Mean Severity and Incidence of Histopathological Findings Observed in the Efficacy Evaluation Phase (28 Days Post-fracture  
  Induction)

Organ/Tissue

Histopathological findings  
(number affected/ total number of animals)

Group 1M Group 2M Group 3M Group 4M Group 5M Group 6M
n=3 n=3 n=6 n=6 n=6 n=6

Radius–Callus area
Abscess formation 0.0 (3/3) 2.0 (3/3) 2.3 (6/6) 0.3 (2/6) 0.0 (6/6) 0.2 (1/6)
Destruction of cortical bone (necrosis; sequestra) 0.0 (3/3) 2.0 (3/3) 1.5 (5/6) 0.3 (2/6) 0.7 (6/6) 0.0 (6/6)
Periosteal new trabecular bone formation 0.0 (3/3) 0.0 (3/3) 0.7 (3/6) 0.0 (6/6) 0.0 (6/6) 0.2 (1/6)
Intramedullary fibrosis in the callus area 1.0 (2/3) 2.7 (3/3) 3.2 (6/6) 2.0 (6/6) 1.3 (5/6) 1.0 (2/6)
Intramedullary new trabecular bone formation 3.0 (3/3) 1.3 (3/3) 0.8 (4/6) 2.5 (6/6) 3.0 (6/6) 2.8 (6/6)
Intramedullary new cartilage formation 1.0 (2/3) 0.0 (3/3) 1.2 (4/6) 1.8 (6/6) 1.8 (5/6) 1.5 (4/6)

Callus repair 5.0 (3/3) 0.0 (3/3) 0.3 (1/6) 3.8 (6/6) 4.5 (6/6) 4.0 (6/6)

Score of changes: 0 = No lesion, 1 = Minimal change, 2 = Mild change, 3 = Moderate change, 4 = Severe change. 1M = Sham; 2M = Un-
treated control; 3M = p(SA-RA); 4M = p(SA-RA) containing 20% w/w gentamicin; 5M = p(SA-RA) containing 20% w/w gentamicin + IP 
cefuroxime; 6M = IP cefuroxime.

Fig. 8. A: Low magnification. B: Higher magnification of the same 
field shown in A. Section of the radius from animal of Group 
6M (efficacy assessment phase) showing healing scored grade 
5―there is incomplete bony union with late ossification phase 
(predominantly trabecular bone with some cartilage). Black 
arrows indicate intramedullary new bone formation. Open ar-
rows indicate intramedullary cartilage formation.

Fig. 7. A: Low magnification. B: Higher magnification of the same 
field shown in A. Section of the radius from animal of Group 
5M (efficacy assessment phase) showing healing scored grade 
4––there is incomplete bony union with intermediate ossifica-
tion phase (equal amounts of cartilage and trabecular bone). 
Open arrows indicate intramedullary cartilage formation. 
Black arrows indicate intramedullary new bone formation. 
Short arrow indicates bone necrosis (also shown in inset, 
higher magnification).
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change in this model, whereas all other parameters represent 
processes that are amplified when bacterial infections are in-
volved. These features are either secondary (e.g., clearance 
of fracture line, sequestrum existence) or consequences that 
could have been affected by the array of experimental con-
ditions, surgical intervention, lack of bone fixator, animal 
restrain, extent of local edema, etc. (e.g., periosteal reaction, 
cortical thickening, bone sclerosis). The results of the ex-vi-
vo micro-CT were consistent with the microbiologic evalua-
tions, showing that the combination of p(SA-RA) containing 
20% w/w gentamicin and IP injection of cefuroxime com-
prises the most effective treatment modality in this model. 
Histopathological evaluation showed almost complete and/
or complete healing of the fracture area, without any local 
complications (i.e. inflammation), in all the different treat-
ment modalities (groups 4M–6M).

This study has limitations, including the use of only 
one animal model, limited soft tissue damage, and a follow-
up period of only 28 days. However, based on all the differ-
ent evaluation methods in this model (micro-CT imaging, 
histopathological and microbiological findings), it is evident 
that each of the therapeutic modalities, either systemically, 
by standard regimen of antibiotic agent, locally, by applica-
tion of p(SA-RA) containing 20% w/w gentamicin, or by 
their combination, possesses a high capacity to consider-
ably reduce infection and promote callus repair. However, 
our data point to the fact that the combination of local and 
systemic treatment has the highest therapeutic potential 
when compared to the other treatment modalities. These 
findings indicate that further evaluation of p(SA-RA) con-
taining 20% w/w gentamicin in subsequent in vivo models 
is a worthwhile endeavor; also, the results are encouraging 
regarding the future use of this compound in clinical trials 
in humans.

Disclosure of Potential Conflicts of Interest: Tal Hagigit is 
an employee of Dexcel Pharma Technologies Ltd. The study 
was funded by Dexcel Pharma Technologies Ltd., Or-Akiva, 
Israel.
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