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A B S T R A C T   

The major role and implication of bacterial biofilms in the case of bone and prosthesis infections have been 
highlighted and often linked to implant colonization. Management strategies of these difficult-to-treat infections 
consist in surgeries and antibiotic treatment, but the rate of relapse remains high, especially if Staphylococcus 
aureus, a high-virulent pathogen, is involved. Therapeutic approaches are not adapted to the specific features of 
biofilm in bone context whereas infectious environment is known to importantly influence biofilm structure. In 
the present study, we aim to characterize S. aureus SH1000 (methicillin-sensitive strain, MSSA) and USA300 
(methicillin-resistant strain, MRSA) biofilm on different surfaces mimicking the periprosthetic environment. As 
expected, protein adsorption on titanium enhanced the number of adherent bacteria for both strains. On bone 
explant, USA300 adhered more than SH1000. The simultaneous presence of two different surfaces was also found 
to change the bacterial behaviour. Thus, proteins adsorption on titanium and bone samples (from bank or 
directly recovered after an arthroplasty) were found to be key parameters that influence S. aureus biofilm for
mation: adhesion, matrix production and biofilm-related gene regulation. These results highlighted the need for 
new biofilm models, more relevant with the infectious environment by using adapted culture medium and 
presence of surfaces that are representative of in situ conditions to better evaluate therapeutic strategies against 
biofilm.   

1. Introduction 

Bacterial colonization of medical implants and surrounding tissues 
are related to chronic and difficult-to-treat infections. More than a 
quarter of bone and joint infections occurs in presence of orthopedic 
material leading to severe clinical consequences, bone resorption and 
loss of mobility but also to high economic costs [1–3]. Bone and Pros
thesis Infections (BPIs) are more difficult to treat if a bacterial biofilm is 
involved [4,5]. Eighty percent of BPIs are estimated to be 
biofilm-related, of which 30–40% are due to Staphylococcus aureus; 
including approximately 20%–50% S. aureus resistant to methicillin 
(MRSA) [6,7]. Biofilms are a very heterogeneous structure with a con
tinuum of bacteria in different metabolic states, embedded in a complex 
matrix constituted of exopolysaccharides, exoproteins, extracellular 
DNA (eDNA) and lipids [8,9]. Thus, biofilm constitutes a super organi
zation specifically adapted to surfaces colonization and to their 

environment besides being tolerant to antibiotics and immune system 
[10–12]. 

Moreover, biofilm formation is dependent of environmental factors, 
such as adhesion to biotic or abiotic surfaces, as well as availability of 
oxygen and nutrients, which strongly influence the structure and 
composition of biofilms [11,13–18]. 

Thus, in BPI context, bone prostheses offer an ideal surface to biofilm 
formation. Indeed, the prosthesis surfaces are rapidly covered with host 
proteins, especially fibronectin which represents a key factor for 
S. aureus adhesion during infection [19]. S. aureus exhibits surface 
proteins named cell wall-anchored (CWA) proteins and for which the 
most prevalent group are microbial surface component recognizing 
adhesive matrix molecules (MSCRAMMS). The latter are adhesins that 
binds to host extracellular matrix and host proteins [20]. 
Fibronectin-binding proteins (FnBPs) and collagen-binding protein 
(Cna) are MSCRAMMS that ensure the first step of irreversible adhesion 
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and biofilm formation [11,20]. 
Another important surface involved in BPI is the bone which 

complexity is hard to mimic using in vitro model. However, its presence 
could strongly affect bacterial behaviour. Indeed, bone is a permanently 
renewed tissue composed of a mineral part (calcium phosphate), an 
organic part containing mainly collagen (mostly type I collagen) and 
bone cells like osteoblasts, osteoclasts and osteocytes [21]. Then, a 
prosthesis as a foreign body may impair the bone homeostasis and in
duces immune responses that could influence bacterial adhesion [22, 
23]. 

Regarding biofilm formation, factors of the bone environment (e.g. 
hypoxia and a high concentration of magnesium) and the presence of 
highly active and communicating bone cells (e.g. osteoblasts and oste
oclasts) have influences [15]. The physical and chemical properties of 
surfaces on which bacteria adhere can also affect biofilm formation 
[24–26]. 

In BPI context, a better comprehension of the periprosthetic envi
ronment influences on bacterial adhesion highlights the need for in vitro 
models that better represent infection conditions. This could facilitate 
the development of new strategies to prevent biofilm formation [27]. 

In this study, we investigated S. aureus adhesion on different surfaces 
found in bone context with the objective to decipher mechanisms 
involved (simple adhesion or stress response) but also to select param
eters for the development of BPI in vitro model. 

2. Materials and methods 

2.1. Coating preparation 

Titanium disks (diameter 12 mm × 5 mm) (ACNIS, France) were 
shotpeened by CRITT-MDTS (Charleville-Mézières, France), which cor
responds to the processing of orthopedic femoral stem prosthesis sur
face. Titanium disk surfaces were then coated with different solutions: 
phosphate-buffer saline (PBS) corresponding to the control, pure fetal 
bovine serum (FBS) (Dutscher, Bernolsheim, France), and human 
fibronectin (Sigma, St Quentin-Fallavier, France) at a concentration of 
100 μg/mL. To do so, a drop of 200 μL of solution was deposited on the 
top surface of titanium disks for 2 h at room temperature. After washing 
in PBS, the disks were dried overnight under the laminar flow. 

2.2. Bone samples 

Bones from bank were provided by O.S.T Laboratories (Saint-Beau
zire, France). Femoral condyles and tibia samples from which trabecular 
bone explants were extracted were obtained by Orthopedic and Trauma 
Service of Reims University Hospital Center (Reims, France), from pa
tients having undergone total knee arthroplasty, after written informed 
consent of patients (Conservation d’Élément du Corps Humain Autho
rization, DC-2014-2262 given by the French Ministry of Research). It 
should be noted that patients undergoing arthroplasty received a pro
phylactic cefazolin administration (intravenous, 2 g, with a renewal if 
the surgery lasts more than 4 h). After sampling with a 2 mm diameter 
trocar, bone explants were washed four times with Dulbecco’s Phos
phate Buffered Saline (Gibco Paisley, UK), then frozen at − 80 ◦C and 
thawed three times in order to eliminate viable human cells. Fresh bone 
samples were extracted and washed in the same way but without 
freezing/thawing cycles. Scanning electron microscopy confirmed the 
presence of eukaryotic cells on the surface of fresh bone explants con
trary to frozen bone explants (Supplementary data S1). Bone samples 
weighed between 10 and 80 mg. 

2.3. Bacterial strains and culture media 

Two different strains of S. aureus have been used: a methicillin- 
resistant strain USA300 discovered in the 1990s in the United States, 
and a methicillin-susceptible strains: SH1000 derived from strain 8325- 

4 with the rsbU gene reconstituted [28,29]. To prepare the inoculum, 
− 20 ◦C glycerol stocks were streaked out on tryptic soy agar plates. 
Overnight cultures were performed by transferring one colony of a strain 
into 3 mL nutritive broth (Bio-Rad, Marnes-la-Coquette, France) for 18 h 
at 37 ◦C. Then the absorbance (at 600 nm) of the overnight cultures was 
adjusted to 1 and diluted to 1:100 in minimal medium (MM) [62 mM 
potassium phosphate buffer, pH 7.0, 7 mM (NH4)2SO4, 2 mM MgSO4, 
10 μM FeSO4] containing 0.4% (w/v) glucose and 0.5% (w/v) casamino 
acids. Unless otherwise stated, for all experiments, 500 μL of MM 
inoculated with bacteria (corresponding to 106 bacteria) were distrib
uted in 24-well plates containing titanium disk and/or bone samples (see 
below). Plates were incubated at 37 ◦C for 24 h in hypoxic atmosphere 
using GenBag system (Biomérieux, Marcy l’Étoile, France). 

2.4. Enumeration of viable adherent bacteria 

After incubation, the different surfaces (coated or uncoated titanium 
disks, bones samples) were washed with MM to remove non-adherent 
bacteria, then transferred to a 15-mL tube containing 2 mL of MM. 
The irreversibly adhered bacteria were then detached by placing the 
tube in ultrasonic bath (40 kHz) for 5 min. A volume of 100 μL from 
serial dilutions was plated on nutrient agar plates with an easySpiral Pro 
automatic plater (Interscience, St Nom, France) to determine the 
quantity of attached bacteria. After overnight incubation, CFU are 
enumerated with a Scan1200 automatic colony counter (Interscience, St 
Nom, France). To determine the number of CFU per mm2 on titanium 
disks, the number of CFU was correlated with the surface area of tita
nium disks diameter. Regarding bones samples, the number of CFU was 
correlated with the weight of the samples after determination of a linear 
correlation between weight and available bone surface using micro- 
computed tomography (Skyscan 1076, Bruker Optics, Germany) (Sup
plementary Fig. S2) [30]. For each experiment, at least four biological 
repeats were performed. 

2.5. Scanning electron microscopy 

Twenty-four hours after incubation, surfaces were washed twice in 
PBS for 5 min, then fixed with 2.5% (w/v) glutaraldehyde for 1 h 
(Sigma-Aldrich, St. Louis, MO, USA). Thereafter, surfaces were washed 
twice with distilled water for 10 min and dehydrated by successive 
treatment in graded ethanol solutions (50, 70, 90% and twice absolute) 
for 10 min. At this point, bank bones were treated differently than bone 
explants. Bank bones were desiccated in a drop of hexamethyldisilazane 
(Sigma-Aldrich, St. Louis, MO, USA) and air-dried at room temperature. 
To proceed with the desiccation of bone explants, critical-point drying 
was used with a critical point dryer CPD 030 (BAL-TEC, France). For 
this, after ethanol dehydration procedure, samples were placed in 
acetone which was replaced by liquid carbon dioxide with several cycles 
under stirring at 7 ◦C. All surfaces were then sputtered with a thin gold- 
palladium film using a JEOL ion sputter JFC 1100 instrument. Biofilms 
were observed using a Schottky Field Emission Scanning Electron Mi
croscope (JEOL JSM-7900F, Tokyo, Japan). Images were obtained at a 
primary beam energy of 2 kV (SM-EXG65 electron emitter, Tokyo, 
Japan). At least two different biological cultures were used for 
acquisitions. 

2.6. Confocal laser scanning microscopy (CLSM) 

After 24 h of incubation, non-coated or coated titanium disks were 
washed twice in PBS and stained with SYTOTM 9 at 1 μM to label bacteria 
and (i) propidium iodide at 20 μM to label damaged or “dead” bacteria, 
(ii) SYPRO® Ruby (v/v) to label proteins, or (iii) wheat germ agglutinin 
(WGA) associated with the Alexa FluorTM 350 conjugate at 100 mg/mL 
to label polysaccharide intercellular adhesin (PIA) with TOTOTM-3 io
dide (all from Thermo Fisher Scientific, USA) at 2 μM to label extra
cellular DNA. Each label was diluted in 0.9% NaCl. After 30 min of 
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incubation in the dark at room temperature, each titanium disk was 
washed twice in PBS and placed in a 24-well Krystal plate with glass 
bottom (Porvair, Whiteley, UK) containing PBS, with the biofilm side 
down, before observation with confocal laser scanning microscopy 
(CLSM) (LSM 710 NLO, Zeiss, Germany). Fluorochromes-labeled com
pounds volume was quantified using IMARIS software (v 9.8.0). For 
each experiment, at least three areas per titanium disk were acquired 
(except for USA300 on titanium coated with fibronectin), and experi
ments were performed three times. 

2.7. RT-qPCR (RNA Purification and reverse transcription) 

Biofilm and stress-responses related-genes were studied: adhesion- 
related gene fnbpB, stress-response-related gene rsh, biofilm formation 
and environmental stress response-related gene sigB [31–33], the auto
inducer peptide (AIP) and quorum sensing-related gene agrB [34], 
SOS-response-related genes recA and lexA [35], matrix 
formation-related gene cidA [36] and adhesion and early biofilm 
formation-related gene sarA [33]. 

During enumeration of viable adherent bacteria, remaining plank
tonic and sessile bacteria were independently centrifuge for 8 min at 
900 g to remove the medium and freeze-stored at − 80 ◦C. Total RNAs 
were extracted and cleaned up with MasterPureTM RNA Purification Kit 
(Lucigen, Middleton, WI, USA) in accordance with the manufacturer’s 
protocol. Total RNAs were reverse transcribed into complementary DNA 
(cDNA) using a high-capacity cDNA reverse transcription kit (Applied 
Biosystems, Sainte Genève des Bois, France) following the manufac
turer’s instructions. Transcription products were amplified by RT-qPCR 
using different primers (Eurogentec, Serraing, Belgium) (Table 1) on a 
StepOne PlusTM system (Applied Biosystems, Villebon-sur-Yvette, 
France). The TakyonTM Rox SYBR® MasterMix (Eurognetec, Belgium) 
was used for amplification. After a first denaturation step at 95 ◦C for 10 
min, RT-qPCR reactions were performed according to a thermal profile 
that corresponds to 40 cycles of denaturation at 95 ◦C for 15 s, annealing 
and extension at 60 ◦C for 1 min. Data collection was performed at the 
end of each annealing/extension step. The third step that consists in a 
dissociation process was performed to ensure the specificity of the 
amplicons by measuring their melting temperature (Tm). Data analysis 
was performed with the StepOneTM Software v2.3 (Applied Biosystems, 
Villebon-sur-Yvette, France). Relative messenger RNA (mRNA) expres
sion was calculated with the equation 2-ΔΔCt, where ΔΔCt is the sub
traction of ΔCt of bacteria within biofilm after subtraction of ΔCt of 
bacteria in planktonic state, and ΔCt is the Ct value of the target gene 
after subtraction of Ct for the housekeeping gene (rho). 

2.8. Evaluation of minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) 

The MICs and MBCs of cefazolin against S. aureus strains were 
determined by the broth microdilution method. Briefly, cefazolin 
(Mylan, France) was reconstituted in distilled sterile water according to 
the manufacturer instructions and tested in final concentration range of 

0.004–256 μg/mL prepared in 96-well cell culture plate by a series of 
two-fold dilutions in MM (100 μL at two-fold concentration). Absor
bance at 600 nm of overnight cultures were adjusted to 1 and diluted 
1:50 in MM. One hundred microliters of bacteria suspensions were 
added to cefazolin solutions. After 24 h incubation at 37 ◦C, the MICs 
were read as the lowest concentration of cefazolin at which visible 
growth was inhibited. A drop of 20 μL was harvested from wells equal or 
superior to MIC and then spotted on agar plates to determine the MBCs 
(minimal concentration able to kill 99.99% of bacteria after 24 h at 
37 ◦C). 

2.9. Graphical representation of data and statistical analysis 

Data are presented as histograms (representing the average; error 
bars represent standard deviation) or whisker plots (whiskers represent 
minimum and maximum values, the bottom and top of the box are the 
15th and 85th percentiles, and the band inside the box stands for the 
median). The significance of the results was assessed with and exact non- 
parametric Mann Whitney U test for independent samples (GraphPad 
Prism, 8.0.2). For confocal quantifications, acquisitions of different 
areas for the same biological replicates were considered for graphical 
representations and stratified Mann Whitney U test for independent 
samples was used. Differences were considered significant at p < 0.05. 

3. Results 

3.1. S. aureus adhesion on surfaces mimicking bone and joint prosthesis 

On titanium (Ti), SH1000 formed biofilms containing 1.2 × 104 

CFU/mm2 and USA300 biofilms were composed with less bacteria 2.8 ×
103 CFU/mm2 (p < 0.05) (Fig. 1A). On titanium coated with fetal bovine 
serum (TiFBS), SH1000 biofilms contained 2.5 × 104 CFU/mm2 and 
USA300 biofilms contained 2.9 × 104 CFU/mm2 which is significantly 
more than on Ti (p < 0.05). On titanium coated with fibronectin (TiFib), 
both strains presented significantly more adhered bacteria than on Ti: 
1.2 × 105 CFU/mm2 for SH1000 and 1.0 × 105 CFU/mm2 for USA300 (p 
< 0.05). 

To quantify dead and damaged bacteria as well as matrix compo
nents, fluorescent staining and confocal microscopy were used. 
Regarding biofilms formed on TiFib, SH1000 and USA300 presented 9% 
and 26% of dead or damaged bacteria within their biofilms, respectively 
(Fig. 1B). To take into consideration the different amounts of bacteria 
per acquisition, results were standardized towards SYTOTM 9 volume 
(Fig. 1C). SH1000 biofilms proportionally contained more poly
saccharide intercellular adhesin (PIA) than proteins and eDNA. USA300 
biofilm matrix contained mainly proteins. Representative images of 
fluorescence reconstructions are shown in Fig. 1D underlining the dif
ference in protein proportion in matrix between the two tested strain 
biofilms. 

Several genes related to biofilm formation on TiFib were investigated 
through RT-qPCR (Fig. 1E). For SH1000, we observed an upward trend 
of fnbpB (1.98-fold) and icaC expression (3.55-fold) and a downward 

Table 1 
Nucleotide sequences of primers used for RT-qPCR and efficiency for each primer couple.  

Target gene Sequences Efficiency 

Forward primer (5′→3′) Reverse primer (5′→3′) 

rho AACGTGGGGATAAAGTAACTGG TTCACTTCTTCTGCGTTATGGT 1.9 
recA ATAGGTCGCCGAGTTTCAAC GCGCTACTGTTGTCTTACCA 1.9 
lexA TCAATATTTTCTACTGCGGTAATAGG GAAACGATTCATGTGCCAGTT 2 
sigB TTGTCCCATTTCCATTGCTT CAGTGAAATAGCTGATCGATTAGAAG 2.1 
sarA TTTCTCTTTGTTTTCGCTGATGT TGTTATCAATGGTCACTTATGCTG 2 
agrB ACAGTGAGGAGAGTGGTGTAA AGCTAAGACCTGCATCCCTA 2 
rsh CGAAACCTAATAACGTATCAAATGC TGTATGTAGATCGAAAACCATCACT 2 
cidA GATTGTACCGCTAACTTGGGT GCGTAATTTCGGAAGCAACAT 1.8 
fnbpB AATTAAATCAGAGCCGCCAGT AATGGTACCTTCTGCATGACC 2.0  
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Fig. 1. S. aureus adhesion on uncoated or protein-coated tita
nium. (A) Number of viable adherent bacteria per mm2 on un
coated titanium (Ti), titanium coated with fetal bovine serum 
(TiFBS) or fibronectin (TiFib). *p < 0.05 versus Ti; #p < 0.05 
versus the same condition between strains. n = 4 to 9. Black 
histograms = SH1000, white histograms = USA300. (B) Ratio of 
dead or damaged bacteria to live bacteria. SYTOTM 9 and propi
dium iodide were acquired by confocal microscopy. ¤ p < 0.05 
versus SYTOTM 9. Black histograms = SH1000, white histogram 
= USA300. (C) Ratio of SYTOTM 9 to SYPRO® Ruby (red, pro
tein), WGA (blue, polysaccharide intercellular adhesin, PIA), and 
TOTOTM-3 (orange, extracellular DNA) acquired by confocal mi
croscopy. Results consist of three biological replicates with three 
different acquisitions for each. (D) Representative reconstructions 
of biofilm developed on TiFib are shown. Above each column is 
indicated the labeled-component and the corresponding colour. 
The scale bars indicate 50 μm. (E) Ratio of relative mRNA ex
pressions of genes by bacteria within biofilms to those in plank
tonic state (TiFib condition). n = 4 to 8. Black histograms =
SH1000, white histograms = USA300. (For interpretation of the 
references to colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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trend of sigB expression (2.45-fold). 

3.2. S. aureus adhesion on bone samples 

We next investigated biofilm formation of S. aureus on bank bones 
and bone explants frozen for more than one month and less than six 
months. On bank bones, SH1000 displayed 4.7 × 104 CFU/mm2 whereas 
5.6 × 103 CFU/mm2 were counted for bone explants (significantly 
lower, p < 0.05) (Fig. 2A). USA300 displayed a lower number of 
adherent bacteria on bank bones than SH1000 (2.1 × 104 CFU/mm2, p 
< 0.05) but a higher number of adherent bacteria on bone explants (9.6 
× 104 CFU/mm2, p < 0.05). For bank bones, SH1000 bacteria within 
biofilms demonstrated lower expression of sarA (2.46-fold decrease) and 
recA (1.41-fold decrease) contrary to bone explants (1.90- and 1.49-fold 
increase, respectively) (p < 0.05) (Fig. 2B). Regarding USA300 on bank 
bones, bacteria within biofilms expressed more fnbpB (4.54-fold in
crease) contrary to those on bone explants (1.41-fold decrease) (p <
0.05). 

To investigate the effect of the time of preservation of the bone ex
plants, three other conditions were chosen and compared to the previous 
one: fresh bone explants (unfrozen) and bone explants frozen for less 
than one month or more than six months (Fig. 3). Bone explants frozen 
for more than one month significantly increased the number of viable 
adherent bacteria for SH1000 (99- and 1117-fold, respectively, p < 0.05) 
compared to bone frozen for less than a month. Only the preservation for 
more than six months significantly increased the bacterial burden on 
bone explant compared to fresh bones (248-fold, p < 0.05). Regarding 
USA300, the number of viable adherent bacteria was significantly 
reduced if the bone explants were frozen for more than six months 
compared to fresh bone (3.20-fold, p < 0.05). The other conditions did 
not present significant differences for USA300. Interestingly, comparing 
to USA300, SH1000 adhered less on fresh bone explants or bone ex
plants frozen for less than six months (p < 0.05). 

According to the previous results, we continued the experiments 
with bone explants preserved for less than one month. It allowed 
reproducing in a better way the bone environment during surgery time 
frame and these explants were easier to manage with the aim to create 
an easy-to-made in vitro model. We investigated the aspect of biofilms 
through scanning electron microscopy. Bank bones showed a different 
surface than bone explants. Indeed, the bone explants presented more 
reliefs and cavities than bank bones. No matrix structures were noticed 
on biofilms for both kinds of bones and almost no bacteria were 
observable on the surface of bone explants for SH1000 (Fig. 4). 

3.3. Influence of simultaneous presence of two different surfaces on 
S. aureus adhesion 

In order to mimic the presence of different surfaces in periprosthetic 
bone and joint environment, bacterial adhesion was evaluated in pres
ence of bone explant frozen for less than one month and TiFib deposited 
together into the same well. 

SH1000 displayed a significant decrease in adhesion on TiFib in 
presence of bone explant (101-fold decrease, p < 0.05) (Fig. 5A). 
USA300 strains kept the same behaviour if TiFib was alone or in pres
ence of a bone explant. We observed a non-significant increase in bac
terial adhesion on bone explants deposited next to TiFib for SH1000 
(Fig. 5A and B). The analysis by scanning electron microscopy did not 
reveal difference between the tested conditions for USA300 (Fig. 5C). 
SH1000 displayed a production of matrix on TiFib. mRNA relative 
expression revealed a significant downregulation of SH1000 sigB gene 
expression on TiFib (2.65-fold, p < 0.05) and bone explant (3.10-fold, p 
< 0.05) (Fig. 5D). No significant changes of gene expression were 
notified for USA300 strain, this strain displaying a high heterogeneity of 
the relative mRNA expression compared to SH1000. Interestingly, 
USA300 showed important dysregulation (i.e. both important up- and 
downregulation) of sarA and agrB. 

4. Discussion 

We evaluated in vitro bacterial adhesion of two S. aureus strains on 
different supports mimicking surfaces encountered by bacteria in the 
periprosthetic environment. The objective of this study was to determine 
the appropriate supports to create an in vitro BPI model, focusing on 
infection located outside the movable part of the joint. The development 
of such in vitro model for joint infection will include other parameters 
than those discussed here, like the presence of artificial synovial liquid 
or a rich medium and implementation of shear forces. 

Implanted materials are rapidly covered by host proteins [11]. We 
therefore used protein-coated titanium to mimic this phenomenon. The 
medium FBS is a complex fluid, composed of non-proteinaceous com
ponents, which could also impact bacterial adhesion. Fibronectin-coated 
implants are known to promote bacterial adhesion [11]. However, 
S. aureus possess many adhesins allowing its adhesion to other polymers 
(fibrinogen, hyaluronic acid etc.) present in bone environment [11]. We 
confirmed that fibronectin-coating increases bacterial adhesion for 
SH1000 and USA300 in our model. Thanks to CLSM, we analyzed the 
composition of the biofilm matrix of both strains. SH1000 produced 
mainly PIA whereas USA300 produced mainly proteins. This confirmed 
the matrix production of MSSA and MRSA already described in literature 
[37]. 

To find out whether the observed modifications of biofilm formation 
were due to the regulation of biofilm-related genes, their expressions 
were assessed by RT-qPCR. Again, it seemed that the behaviours of 
SH1000 and USA300 were different. An over-expression of fnbpB and 
icaC was observed for SH1000. The first is involved in fibronectin 
binding and biofilm accumulation phase, which is consistent with the 
presence of fibronectin [38,39]. The second is involved in the operon 
ABCD, responsible of PIA production, which is consistent with the 
composition of the matrix quantify thanks to CLSM for SH1000 [40]. 
However, the two strains displayed different expression of sigB and agrB. 
SH1000 downregulated the expression of sigB, which is involved with 
biofilm maturation [32]. The gene agrB, involved in quorum sensing, was 
overexpressed by USA300 on TiFib. Agr operon is responsible for AIP 
production, which is involved in quorum sensing. This system allows 
bacteria to orchestrate biofilm formation: its structuration and detach
ment [34]. In conclusion, these strains seemed to form biofilm on TiFib 
through different pathways involving different genes. 

Bone being an attractive surface for bacteria [41], the next step for 
the development of a BPI model was to compare bacterial adhesion on 
bones from bank and bone explants. As commercial products, bones 
from bank are easier to obtain than bone explants, but the latter gives a 
better representation of the composition of human trabecular bone. As 
patients undergoing arthroplasty were treated with cefazolin, bone ex
plants may release unknown concentrations of this antibiotic, which 
could explain the obtained results (i.e. more adherent bacteria for 
USA300 MRSA). We performed MIC assay to investigate our hypothesis 
and tested one more MSSA: CIP 53.154 (Supplementary Table S1). This 
confirmed that these MSSA strains were more sensitive to this antibiotic 
than USA300. According to literature, the median cefazolin concentra
tion for bone would be at the maximum of 13.5 μg/g of bone [42]. Our 
bone explants weighted around 40 mg and were placed in 1 mL of me
dium. According to theoretical calculations, the maximum dose of 
released cefazolin could be 0.54 μg/mL. This concentration is just over 
the MIC of both MSSA and under MIC for MRSA USA300. Furthermore, 
CIP 53.154 showed similar results to SH1000 regarding the number of 
adherent bacteria to TiFib and bone explants (Supplementary Fig. S3). 
More strains are required to conclude about the reason of such differ
ences (difference between strains or methicillin sensitivity). Scanning 
electron microscopy acquisitions revealed no visible matrix structures 
on the observable surface of biofilm and bacterial matrix quantification 
was not technically possible. 

The regulation of several genes involved in biofilm formation for 
SH1000 and USA300 bacteria adhered to bones from bank or bone 
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Fig. 2. S. aureus adhesion on bank bone and bone explants. Bone 
explants were frozen for more than one month and less than six 
months. (A) Number of viable adherent bacteria per mm2. *p <
0.05 versus bank bone; #p < 0.05 versus the same condition 
between strains. n = 4 to 12. (B). Ratio of relative mRNA ex
pressions of genes by bacteria within biofilm to those in plank
tonic states. *p < 0.05 versus bone bank. n = 4 to 5. White 
histograms = bank bone, blue histograms = bone explant. (For 
interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)   
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explants was next investigated. SH1000 showed an opposite expression 
of sarA on the two surfaces. This gene involved in attachment and early 
biofilm formation could reveal an activation of the biofilm formation on 
bone explants. Furthermore, recA over-expression was observed 
regarding bone explants, suggesting an involvement of SOS response. 

This phenomenon was not observed for the second strain. However, 
USA300 adhered on bone explant and bank bone displayed a down
regulation of lexA. Surprisingly, fnbpB was upregulated for USA300 on 
bank bone, suggesting a global enhancement of adhesion protein 
expression. It appeared that these two strains formed biofilm on the two 
surfaces by involving different metabolic pathways. 

We noticed difference in bacteria adhered to bone explants according 
to the time of freezing. Thus, the consequence of different freezing times 
was explored. SH1000 showed an increase in the number of adherent 
bacteria according to the time of preservation. Cefazolin contained in 
bone explant could be degraded over time [43,44]. Further in
vestigations are needed to determine if the phenomenon is due to the 
degradation of cefazolin, but other explanations are conceivable such as 
degradation of bone factors or alteration of the bone structure. Indeed, 
bone cells produce antimicrobial peptides as defensins efficient against 
MSSA but not MRSA [45,46]. Furthermore, bone explants released lipid 
droplets within the wells despite several washing step after sampling. 
The effect of these lipids on bacteria growth and biofilm formation re
mains to be elucidate. Finally, bone explant presents a more represen
tative environment as bone composition is better preserved and 
structures such as cavities were observed thanks to SEM, contrary to 
bank bones. This highlighted the importance to use bone explant frozen 
for less than one month to investigate biofilm formation on bone in vitro. 

Finally, the bacterial adhesion in the presence of both TiFib and bone 
explant surfaces (frozen for less than one month) was investigated to 
better mimic the presence of bone and coated prosthesis in the patient. 
The presence of bone explant decreased bacterial adhesion on TiFib. 
However, we noticed a non-significant increase in adhesion on bone 
explant for the three strains (see Fig. 5B and S3C). Interestingly, we 
observed a change in matrix production of SH1000 on TiFib in presence 
of bone explant and the under-expression of sigB gene. SigB is a sigma 
factor that ensure many environmental and stress response and among 
them biofilm formation [31–33]. This underlined a change of SH1000 
behaviour between the conditions (surfaces alone or together). USA300 
strains did not show any modification of biofilm under scanning electron 
microscopy observations but sarA and argB genes were overexpressed on 
bone explant. The non-significant increase in bacteria adhesion on bone 
explant simultaneously present with TiFib remains to be confirmed and 
explained. Nevertheless, it confirms the need to investigate on the 
simultaneous presence of these two surfaces in BPI model. 

In perspective, the BPI in vitro biofilm model could also be completed 
with the presence of host factors. Indeed, the internalization of S. aureus 
in osteoblast and the secretion of bone cells also impact biofilm forma
tion [2,47]. The study of a clinical strain panel will be interesting to 
characterize biofilm formed under BPI environment. 

In conclusion, the type of surfaces and their structures strongly in
fluence bacterial adhesion in bone context. Bank bone is not represen
tative enough of bone, which mimics less BPIs. Thus, the use of a bone 
explants with the presence of coated titanium is necessary to get closer 
to in vivo conditions. Our results will help to build the foundations of an 
in vitro model of bone prosthesis infections. 
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inflammatory cell: production of cytokines in response to bacteria and components 
of bacterial biofilms. BMC Muscoskel Disord 2016;17:243. https://doi.org/ 
10.1186/s12891-016-1091-y. 

[46] Midorikawa K, Ouhara K, Komatsuzawa H, Kawai T, Yamada S, Fujiwara T, 
Yamazaki K, Sayama K, Taubman MA, Kurihara H, et al. Staphylococcus aureus 
susceptibility to innate antimicrobial peptides, β-defensins and CAP18, expressed 
by human keratinocytes. Infect Immun 2003;71:3730. https://doi.org/10.1128/ 
IAI.71.7.3730-3739.2003. 

[47] Lamret F, Varin-Simon J, Six M, Thoraval L, Chevrier J, Adam C, Guillaume C, 
Velard F, Gangloff SC, Reffuveille F. Human osteoblast-conditioned media can 
influence Staphylococcus aureus biofilm formation. Int J Mol Sci 2022;23:14393. 
https://doi.org/10.3390/ijms232214393. 

F. Lamret et al.                                                                                                                                                                                                                                  

https://doi.org/10.3205/dgkh000267
https://doi.org/10.3205/dgkh000267
https://doi.org/10.1038/s41413-019-0061-z
https://doi.org/10.1038/s41413-019-0061-z
https://doi.org/10.1128/AAC.00389-08
https://doi.org/10.1128/AAC.4.4.396
http://refhub.elsevier.com/S2590-2075(23)00017-5/sref44
http://refhub.elsevier.com/S2590-2075(23)00017-5/sref44
https://doi.org/10.1186/s12891-016-1091-y
https://doi.org/10.1186/s12891-016-1091-y
https://doi.org/10.1128/IAI.71.7.3730-3739.2003
https://doi.org/10.1128/IAI.71.7.3730-3739.2003
https://doi.org/10.3390/ijms232214393

	Approaching prosthesis infection environment: Development of an innovative in vitro Staphylococcus aureus biofilm model
	1 Introduction
	2 Materials and methods
	2.1 Coating preparation
	2.2 Bone samples
	2.3 Bacterial strains and culture media
	2.4 Enumeration of viable adherent bacteria
	2.5 Scanning electron microscopy
	2.6 Confocal laser scanning microscopy (CLSM)
	2.7 RT-qPCR (RNA Purification and reverse transcription)
	2.8 Evaluation of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
	2.9 Graphical representation of data and statistical analysis

	3 Results
	3.1 S. aureus adhesion on surfaces mimicking bone and joint prosthesis
	3.2 S. aureus adhesion on bone samples
	3.3 Influence of simultaneous presence of two different surfaces on S. aureus adhesion

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


