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Significance and Impact of the Study: The majority of studies of antibiotic efficacy in the treatment of
chronic osteomyelitis are carried out in animals. We developed an in vitro model of Staphylococcus aureus infection of bone to evaluate the ability of antibiotics to eradicate mature biofilms on surfaces analogous to necrotic bone. The results demonstrated the difficulties which occur in osteomyelitis
treatment, with only very high concentrations of antibiotic able to penetrate the bone sufficiently to
reduce bacterial survival whilst still failing to eradicate biofilms. This model could be of use in initial
screening of novel compounds intended for use in the treatment of osteomyelitis.
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Abstract
Chronic osteomyelitis is difficult to treat, with biofilm growth and the
diffusion barrier to antibiotics presented by bone contributory factors. The aim
of this study was to develop and evaluate an in vitro model of osteomyelitis. A
bioluminescent strain of Staphylococcus aureus was grown in bone blocks made
from bovine femur. Light output was insufficient for detection of bacterial cells
within bone by 24 h and viable counting of crushed bone blocks was used to
determine bacterial survival. Challenge of 72 h biofilms with gentamicin and
daptomycin for 24 h demonstrated that only concentrations of 10 times the
clinical peak serum target levels (100 mg l 1 gentamicin and 1000 mg l 1
daptomycin) resulted in significant reductions in cell viability compared to
controls. Once daily dosing over 7 days resulted in ≥3 log reductions in cell
numbers by 48 h. Thereafter no significant reduction was achieved, although
emergence of resistance was suppressed. Determination of antibiotic
concentration in bone blocks over 7 days indicated that neither agent was able
to consistently reach levels in bone of >10% of the original dose. The model
was, therefore, able to demonstrate the challenges posed by biofilm growth on
and within bone.

Introduction
Osteomyelitis, microbial infection of cortical and cancellous bone, can occur in any bone in the human body
(Beck-Broichsitter et al. 2015). It may be acquired exogenously via direct inoculation of micro-organisms through
trauma or surgery, or endogenously via haematogenous
spread of micro-organisms (Walter et al. 2012) or contiguous spread from, for example diabetic foot ulcers
(Malhotra et al. 2014). With population ageing and
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concomitant increases in orthopaedic intervention and
prosthesis implantation, as well as an increasing diabetic
population (WHO 2016), the incidence of osteomyelitis is
likely to increase. Osteomyelitis is inherently difficult to
diagnose and treat. In its chronic form, bone necrosis and
microbial biofilm formation limit delivery of antibiotics
to, and within, the infection site (Cook et al. 2015).
Relapse of infection is common and surgical debridement
of the infected site (Tuchscherr et al. 2016) and prolonged antimicrobial chemotherapy add to the already
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considerable economic burden of this disease (Birt et al.
2017).
Staphylococcus aureus is the bacterium most commonly
associated with chronic osteomyelitis, responsible for up
to 90% of cases (Olson and Horswill 2013). It expresses a
number of adhesins for bone extracellular matrix components and, once chronic osteomyelitis is established, it
likely resides within the fluid spaces of de-vascularized,
dead bone, known as sequestra (Ciampolini and Harding
2000). However, S. aureus also persists within live cortical bone cells, leading to biofilm formation in osteocyte
lacunae (de Mesy Bentley et al. 2017).
If diagnosed early, acute and haematogenous
osteomyelitis caused by methicillin sensitive S. aureus can
be treated by 6 weeks of antibiotic therapy, whereas
chronic infection treatment may span from 8 weeks to
lifelong suppression. Gentamicin, an aminoglycoside, has
been widely used in orthopaedic surgery, intravenously,
impregnated into bone cement or implanted in the form
of beads in order to deliver high concentrations at the site
of device implantation (McHugh et al. 2011). Daptomycin, a cyclic lipopeptide, has been used experimentally
and clinically in the treatment of osteomyelitis and
device-related infections caused by S. aureus, often in
combination with rifampicin. Although often used successfully, there are reports of relapse of infection and
emergence of resistance (Falagas et al. 2007) particularly
with monotherapy, and optimal dosing regimes are still
being investigated (Senneville et al. 2016).
Clearly, further study and new, novel agents are
required. However, with limited new approaches available,
it is pertinent to investigate current drugs with new models. Although reports in the literature of in vitro biofilm
models of osteomyelitis have increased in recent years
(Tuchscherr et al. 2016; Junka et al. 2017; Melichercık
et al. 2018; Raic et al. 2018), most pharmacodynamic
studies of antibiotic efficacy are carried out in animals.
The aim of this work was to use a novel in vitro pharmacodynamic model of biofilm in bone in order to study
gentamicin and daptomycin efficacy against a bioluminescent S. aureus reporter strain.
Results and discussion
The bone model
The work described here highlights the challenges
involved in in vitro modelling of osteomyelitis. Bovine
bone was chosen for several reasons; its availability, its
similarities in chemical composition and architectural
geometry to human bone (Stavropoulos 2008) and also
its reported similar antibiotic elution properties to human
bone (Winkler et al. 2000). The size of bovine femur

Bone biofilms

enabled a large number of blocks to be cut from the
cortical region of an individual bone, however, natural
variation in the bone marrow lumen diameter and bone
density, precluded the production of identical bone
blocks, as encountered elsewhere (Melichercık et al.
2018). To minimize variation, only blocks between 1 and
2 g were used. Changes to the bone that may have
resulted from autoclaving, such as reduction in mechanical strength (K€
ohler et al. 1986) were deemed less important than the requirement to sterilize the bone and, as the
model aimed to simulate in vivo necrotic bone devoid of
blood supply, some denaturation of the organic matrix
was acceptable.
Visualization of S. aureus 8325p1 biofilm on bovine
femur bone substratum
Scanning electron microscopy of 72 h biofilms confirmed
that S. aureus 8325p1 was adhering to bovine femur bone
(see supporting information). As this strain is a dual
reporter (expressing gfp and lux genes), it was hoped that
information on its location and metabolic activity within
bone blocks could be acquired via confocal laser scanning
microscopy and bioluminescence imaging respectively.
However, preliminary work (data not shown) demonstrated that bone autofluorescence interfered with detection of gfp-expressing bacterial cells and, although it may
be possible to mitigate this (Zimmermann et al. 2014;
Capasso et al. 2017), only bioluminescence imaging was
further investigated.
During low light level imaging of S. aureus 8325p1 cultures in bone blocks over 24 h (Fig. 1), bioluminescence
initially increased, indicating that cells were metabolically
active and primarily maintained within the bone blocks.
Thereafter, light intensity decreased within the bone, but
increased in the broth surrounding the bone, as the bacterial reporter spread outwards due to the vascularized nature of bone. At 24 h, there was an obvious darker region
where the bone was present in each of the samples (represented by arrows in Fig. 1). This reduction in bioluminescence was not due to an absence of cells, as viable counts
performed by crushing the bone blocks and counting cells
washed from the bone fragments all yielded c.
4 9 106 CFU per ml (c. 80 9 107 CFU per bone block).
One possible reason was that the number of reporter
organisms was too low for bioluminescence to be detected
through the bone. An improved lux gene construct generating increased light output, recently described for use in
Escherichia coli by Gregor et al. (2018), may address this
problem. It is, however, more likely that cells adherent to
the bone were metabolically inactive or growing slowly
and, therefore, not emitting sufficient detectable light.
The likelihood of slow growing or persister cells within

Letters in Applied Microbiology 68, 294--302 © 2019 The Society for Applied Microbiology

295

E. Sweeney et al.

Bone biofilms

(a)

2h

6h

12 h

18 h

24 h

(b)

(c)

Figure 1 Bioluminescence imaging of cultures of Staphylococcus aureus 8325p1, growing within 1 cm3 sterile bovine bone blocks (indicated by
superimposed square), surrounded by 3 ml NB in tissue culture plates (indicated by superimposed circle), over 24 h. Arrows at time 24 h indicate
dark areas where bioluminescence is no longer detected. a–c represent three replicates. [Colour figure can be viewed at wileyonlinelibrary.com]

biofilms (Conlon 2014) will limit the utility of reporters
reliant on active metabolism and a combination of bioluminescence imaging and conventional viable counting will
likely be required for the study of mature biofilms
(Ogunniyi et al. 2018) and chronic infection.
Time/kill studies of gentamicin and daptomycin against
biofilms of S. aureus 8325p1
Gentamicin and daptomycin were chosen as relevant
antimicrobials with which to investigate antibiotic penetration into and efficacy within the bone model. S. aureus
8325p1 was susceptible to both antibiotics, with MICs of
025 mg l 1 and 10 mg l 1 for gentamicin and daptomycin respectively.
For gentamicin dosing of 72 h biofilms, at concentrations of 10, 30 and 100 mg l 1 for 24 h, only 100 mg l 1,
corresponding to c. 10 times the target peak concentration in plasma (Cmax), resulted in a significant difference
in viable cell counts compared to the growth control
(p = 004) (Fig. 2), with a > 2 log10 reduction. Overall
drug effect (i.e. bacterial survival) was determined from
the area under the bacterial kill curve (AUBKC).
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Gentamicin at 10 and 30 mg l 1 had minimal effect,
however, at 100 mg l 1 the mean AUBKC was
7046  06 log CFU per ml hour, corresponding to a
389% reduction in the bacterial population.
Exposure to daptomycin for 24 h at concentrations of
100 and 300 mg l 1 did not result in a reduction in
viable cells from 72 h biofilms compared to controls
(Fig. 3). As a result, biofilms were challenged with daptomycin at 1000 mg l 1 thereafter. The effect of exposing
72 h biofilms to once daily dosing of daptomycin at
1000 mg l 1 and gentamicin at 100 mg l 1, over 7 days,
was investigated (Fig. 4). A significant reduction in the
recovery of S. aureus 8325p1 from biofilms was achieved
over 7 days with both antibiotics when compared with
recovery of cells from the growth control (P = 0002 for
daptomycin and P = 00005 for gentamicin), with gentamicin superior to daptomycin (P = 00005). AUBKC
for each antibiotic (18680  71 log CFU per ml h for
gentamicin and 54942  24 log CFU per ml 1 h for
daptomycin) represented 119% predicted survival with
gentamicin treatment and 35% survival with daptomycin
when compared to the AUC of the untreated control.
A ≥ 3 log10 CFU per ml reduction was achieved for both
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improvement of targeted antimicrobial delivery systems
should allow high local antibiotic doses whilst minimizing
systemic toxicity (Birt et al. 2017). It is likely that maintaining high concentrations over a prolonged period will
be crucial.
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Figure 2 Effect of varying concentration on the antimicrobial activity
of single dose gentamicin against 72 h biofilms of Staphylococcus
aureus 8325p1 in bone, monitored over 24 h. Growth Control (■),
gentamicin at 10 mg l 1 (□), 30 mg l 1 (▼) and 100 mg l 1 (●)
(n = 3, error bars indicate SD).
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Figure 3 Effect of varying concentration on the antimicrobial activity
of single dose daptomycin +50 mg l 1 Ca2+ against 72 h biofilms of
Staphylococcus aureus 8325p1 in bone, monitored over 24 h. Growth
Control (■), daptomycin at 100 mg l 1 (□) and 300 mg l 1 (▼)
(n = 3, error bars indicate SD).

drugs by 24 h and, for gentamicin, maintained over the
remaining experimental period. However, despite both
drug concentrations being c. 10 times the target Cmax for
effective plasma concentrations in vivo, viable populations
remained. These results reflect those of other in vitro
studies (Parra-Ruiz et al. 2010; Molina-Manso et al.
2013) where high dose antibiotic levels were unable to
eradicate S. aureus biofilms. Although the concentrations
used in this study are unlikely to be achieved or tolerated with parenteral administration, the continued

Reduced antibiotic activity against bacterial biofilms
embedded in bone may be, in part, due to a lack of diffusion into bone or variability of diffusion rates, due to different bone densities. To evaluate diffusion, the
concentrations of both gentamicin and daptomycin were
measured in bone blocks over time. Once daily dosing
over 7 days resulted in both drugs accumulating within
the bone blocks (Fig. 5), with the relationship between
dose and drug accumulation stronger for daptomycin.
The reason for this remains unclear, although may be as
a result of daptomycin’s charge and the fact that it readily
binds to calcium ions (Humphries et al. 2013). However,
neither drug consistently reached levels that were greater
than 10% of the dosing concentration, highlighting the
difficulties that are encountered when attempting to
achieve clinically useful levels in necrotic bone in vivo.
The gentamicin levels achieved within the bone should,
in theory, be sufficient to reduce bacterial load as they
exceeded the plasma concentration generally regarded as
therapeutically effective (5–10 mg l 1 for multiple daily
dosing (Joint Formulary Committee, 2018)). Comparison
of the results of daily dosing on bacterial survival (Fig. 4)
and drug concentration within bone (Fig. 5), suggests
that, although the sustained antibiotic concentration was
unable to further reduce the biofilm population, it was
still sufficient to prevent re-growth over the time period
studied.
Reports of the concentration of daptomycin in bone
vary, with concern about its bioavailability in different tissues due to its high plasma protein binding (>90%). Nevertheless, it has been shown to equilibrate with bone
in vivo within 3 h of infusion (Traunm€
uller et al. 2010)
and reach a sufficient-free concentration for clinical efficacy against S. aureus infection (Montange et al. 2014). In
this study, daptomycin lacked efficacy at clinically acceptable concentrations and a significant reduction in bacterial numbers was only seen at 10 fold the target level.
This was sufficient only to prevent re-growth of cells and
maintain bacteriostasis. It should be noted, however, that
there was considerable variation in drug concentration
within replicate bone blocks, likely attributable to the
inherent variability in bone density of the blocks.
Although there have been varied reports for daptomycin
efficacy against staphylococci in biofilms both in vitro and
in vivo (Hurdle et al. 2011), a review of clinical outcomes
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Figure 4 Antimicrobial activity of once daily
doses of 100 mg l 1 gentamicin and
1000 mg l 1 daptomycin +50 mg l 1 Ca2+
against 72 h biofilms of Staphylococcus
aureus 8325p1 in bone, monitored over
7 days. Untreated control (■, n = 1),
gentamicin 100 mg l 1 (●, n = 3),
daptomycin 1000 mg l 1 +50 mg l 1 Ca2+
(○, n = 3) (Error bars indicate SD).
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for treatment of osteomyelitis and orthopaedic device
infection (EU-CORESM) reported efficacy in 827% of S.
aureus infections (Malizos et al. 2016). Work to further
improve and expand its use continues, particularly for
high dose delivery via polymethyl methacrylate (PMMA)
bone cement (Eick et al. 2017), or in the form of daptomycin-loaded PMMA microparticles to enhance delivery
to S. aureus within osteoblasts (Woischnig et al. 2018) or
biofilms (Santos Ferreira et al. 2018).
The results of this current work suggest that, without a
dynamic blood supply, bone presents a barrier to the diffusion of even small molecules. Local antibiotic delivery
methods in vivo, such as antibiotic-loaded beads, antibiotic-coated intramedullary rods or antibiotic-containing
cement, expose the infecting micro-organisms to high
doses without causing toxic levels systemically (Hake
et al. 2015). However, sustaining the required effective
concentration for a sufficient period is not without
298
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Figure 5 Measurement of antibiotic diffusion
into bone over 7 days with once daily dosing
of 100 mg l 1 gentamicin (■) and 1000 mg
l 1 daptomycin (▼). Gentamicin
concentration determined by FPIA and
daptomycin concentration by HPLC (n = 3,
error bars indicate SD).

potential problems. S. aureus small colony variants
(SCVs) are isolated from osteomyelitis infections (Kahl
et al. 2016) and were noted when S. aureus 8325p1 was
exposed to gentamicin. It is likely that treatment failure
and relapse of chronic osteomyelitis are, at least in part,
attributable to this antibiotic tolerant phenotype. Nonstable SCVs with long lag phases originate from persister
cells and their delayed growth is advantageous in the
presence of antibiotics (Vulin et al. 2018). Under the
stressful conditions that likely exist in necrotic bone during (inadequate) antibiotic treatment, such SCVs would
be at a selective advantage. Furthermore, known to survive in osteoblasts and osteocytes (Yang et al. 2018),
SCVs have the potential to persist even when bone is
being remodelled and reformed. Three-dimensional scaffolds which allow bone generation alongside sustained
release of antibiotic are under development (Cicuendez
et al. 2018) and it will be critical to their success that
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sufficient antibiotic can be delivered in order to suppress
the development of SCVs.
It is clear from this work that in vitro modelling of bone
infection is challenging, both in terms of consistency of
model construction and the nondestructive monitoring of
the infecting organisms. Nevertheless, the model has the
potential to generate information on bacterial survival over
sustained time periods which can be related to the ability of
antibiotic to penetrate into the bone. Most in vitro pharmacokinetic and pharmacodynamic models only investigate
short term drug efficacy which is not appropriate when
modelling chronic osteomyelitis. Given that the levels
required for measurable reduction in our study were 4009
MIC for gentamicin and 10009 MIC for daptomycin, the
model was able to reflect some of the challenges faced with
in vivo control of S. aureus on and within bone.
Material and methods
Bacterial strain
The bacterial strain used was S. aureus ATCC 8325, transformed (Sweeney 2010) with a recombinant plasmid containing the luxABCDE gene cassette of Photorhabdus
luminescens (pSB3007; a three fragment expression cassette
in the shuttle vector pUNK1 Emr : PxylA:gfp:luxABCDE:
rrnBT1T2 [4 attB]) (Perehinec et al. 2007). The transformant, S. aureus 8325p1, was maintained on nutrient agar
(NA) (Oxoid, Basingstoke, UK) supplemented with 10 mg
l 1 erythromycin (Sigma-Aldrich Company Ltd., Poole,
UK) for plasmid selection and overnight cultures were
grown in nutrient broth (NB) (Oxoid) supplemented with
10 mg l 1 erythromycin (Sigma-Aldrich).

Bone biofilms

then immersed in 5 ml of prewarmed NB, in universal
bottles and incubated, without agitation, at 37°C in air
for 72 h to allow biofilm development. Bones were transferred to fresh NB every 24 h.
Bioluminescence imaging of S. aureus 8325p1 in bone
blocks
Bone blocks were prepared and inoculated with S. aureus
8325p1, as described previously, placed in a tissue culture
dish (Nunclonâ 60 9 15 mm) containing 3 ml NB and
light output monitored over 24 h, at 37°C, using a High
Resolution Photon Counting system (HRPCS-3; Photek,
St. Leonards-on-Sea, UK).
Recovery of viable bacterial cells from bone blocks
To recover S. aureus 8325p1 from bone blocks, they were
crushed in an iron bore mortar. The fragments were given
four successive 1 min vortex-washes in 5 ml sterile PBS.
The 20 ml washings were pooled, serially diluted in saline,
plated onto NA containing 10 mg l 1 erythromycin and
incubated overnight at 37°C for bacterial enumeration.
Antimicrobial susceptibility testing
Minimum inhibitory concentrations (MICs) of gentamicin and daptomycin were determined for S. aureus
8325p1 using the BSAC standard broth macrodilution
method (Andrews 2001), modified for daptomycin by
using Mueller Hinton broth (MHB) (Oxoid) supplemented with 50 mg l 1 calcium ions.
Time/kill studies of antibiotics against bone biofilms

Bone model preparation
Bovine femur, obtained from an abattoir (Bristol University Veterinary School, Langford, UK) or a local butcher,
was sliced into c. 4 cm sections. Bone marrow and debris
were removed and bone slices washed in 10% HycolinTM.
Bone blocks of 1 cm3 were cut from each section and
those weighing between 1 and 2 g were selected. A hole
(2 mm diameter 9 5 mm depth) was drilled into each
block and the blocks were sterilized by autoclaving
(121°C, 15 lb per inch2, for 15 min).
Bone model set up and confirmation of biofilm
formation
The well of each bone block was inoculated with 10 ll of
an overnight culture of S. aureus 8325p1 incubated in NB
containing 10 mg l 1 erythromycin and diluted to a final
concentration of 106 CFU per ml. Each bone block was

The activity of gentamicin and daptomyin (both SigmaAldrich) against biofilms within bone blocks was
determined. Bone blocks were inoculated, as described
previously, and incubated for 72 h at 37°C, with NB
changes every 24 h. Bones were then transferred to tissue
culture plates containing 3 ml sterile NB, NB containing
gentamicin (10, 30 or 100 mg l 1) or MHB containing
daptomycin (100, 300 or 1000 mg l 1) plus 50 mg l 1
Ca2+ in the form of CaCl2. At 0, 1, 2, 4, 6, 9, 12 and
24 h, three bone blocks for each treatment were
removed, briefly washed in fresh PBS and blotted dry to
remove adherent bacteria/antibiotic and the cells recovered for viable counting. To monitor the effect of oncedaily dosing, bone biofilms were developed and monitored in the same way and maintained for 7 days. Every
24 h, growth controls were transferred to fresh NB or
MHB+Ca2+ and test samples were transferred to the relevant broth containing the appropriate antibiotic dose.
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Three bone blocks were sampled for viable counting at
each 24 h interval.
Determination of antibiotic diffusion into bone by FPIA
and HPLC
Sterile bone blocks were weighed and placed into universals containing 5 ml of aqueous solutions of either
100 mg l 1 gentamicin or 1000 mg l 1 daptomycin. At
intervals of 0, 1, 2, 3, 4, 6, 12 and 24 h bone blocks were
crushed and re-weighed. Following transfer to universal
bottles, PBS was added in the ratio 1 : 2 w/v and the
samples left at room temperature for 4 h to allow the
drug to elute into the solution. Gentamicin concentrations were determined by Fluorescence Polarisation
Immunoassay (FPIA) (Abbott TDxFLxâ, Abbott Laboratories, Abbott Park, IL) and daptomycin was determined
by High Performance Liquid Chromatography (HPLC).
In brief, FPIA samples were prepared by 1 : 1 dilution
with TDx buffer (Abbott Laboratories) and then assayed
following the manufacturer’s instruction. HPLC samples
were diluted 1 : 1 with acetonitrile (Sigma-Aldrich),
allowed to stand for 5 min then centrifuged for 5 min
(2500g) to remove any cell protein and then assayed as
previously described (Tobin et al. 2008). Chromatography
was performed on a Hypersil 5ODS column using a
mobile phase composed of 02 mol l 1 phosphate buffer
(pH 55) and acetonitrile (70:30). The pump flow rate
was 15 ml min 1 and detection was by UV absorbance
at 223 nm (Thermo-Sep Electron Corp., Waltham, MA;
Dionex Chromeleon Analyser, Dionex Corp, Sunnyvale,
CA). All assays were calibrated against appropriate standards using the external standard method.
Statistical analysis
All data were analysed using GraphPad Prism 4.0 (GraphPad Software, La Jolla, CA). All assays were performed in
triplicate. Two-way ANOVA was used to compare antibiotic-treated biofilms with controls. P values of <005 were
considered statistically significant.
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Figure S1 ESEM images of 100 nm bone slices with
biofilm (a) SEM image of Haversian canal in bone, after
72 h biofilm development. (b) Magnification of area indicated by arrow in (a) shows densely packed cocci cells.
Scale bar 1 lm.
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