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Abstract 

Background:  It has been well established that biofilm formation on orthopaedic implants is a critical event in the 
pathogenesis of orthopaedic infections, yet the natural history of this process with respect to bacterial adhesion, pro-
liferation, and glycocalyx matrix production remains poorly understood. Moreover, there are no quantitative methods 
yet available to assess the differences in biofilm formation between different bacterial strains or implant materials. 
Consequently, this study aimed to investigate the natural history of S. aureus in in vitro biofilm formation in human 
plasma media using a flow chamber system. Bioluminescent S. aureus strains were used to better understand the bac-
terial growth and biofilm formation on orthopaedic materials. Also, the effects of human plasma media were assessed 
by loading the chamber with Tryptic Soy Broth with 10% human plasma (TSB + HP).

Results:  Scanning electron microscopy (SEM) was utilized to assess the morphological appearance of the biofilms, 
revealing that S. aureus inoculation was required for biofilm formation, and that the phenotypes of biofilm production 
after 24 h inoculation with three tested strains (SH1000, UAMS-1, and USA300) were markedly different depending on 
the culture medium. Time course study of the bioluminescence intensity (BLI) and biofilm production on the implants 
due to the UAMS-1 and USA300 strains revealed different characteristics, whereby UAMS-1 showed increasing BLI and 
biofilm growth until peaking at 9 h, while USA300 showed a rapid increase in BLI and biofilm formation at 6 h. The 
kinetics of biofilm formation for both UAMS-1 and USA300 were also supported and confirmed by qRT-PCR analysis 
of the 16S rRNA gene. Biofilms grown in our flow chamber in the plasma media were also demonstrated to involve 
an upregulation of the biofilm-forming-related genes icaA, fnbA, and alt. The BLI and SEM results from K-wire experi-
ments revealed that the in vitro growth and biofilm formation by UAMS-1 and USA300 on stainless-steel and titanium 
surfaces were virtually identical.

Conclusion:  We demonstrated a novel in vitro model for S. aureus biofilm formation with quantitative BLI and SEM 
outcome measures, and then used this model to demonstrate the presence of strain-specific phenotypes and its 
potential use to evaluate anti-microbial surfaces.
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Background
Infection remains a major complication of orthopaedic 
surgery, with ~ 50–60% of infections caused by Staphy-
lococcus aureus [1–3]. Especially for post-arthroplasty, 
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infections occur in 1–5% of cases, either from primary 
arthroplasty or revision arthroplasty [4, 5]. Most of these 
infections are caused by S. aureus [6, 7]. The treatment 
of post-arthroplasty infection typically requires exten-
sive medical and surgical care, and involves significant 
healthcare costs, prolonged disability/rehabilitation, 
and significantly worse outcomes [8]. It is known that 
bacteria can adhere to orthopaedic implants, where-
upon they form biofilms that prevent the penetration 
of immune cells and antibiotics [9, 10]. Although it has 
been well established that biofilm formation on ortho-
paedic implants is a critical event in the pathogenesis of 
orthopaedic infections [11], the natural history of this 
process with respect to bacterial adhesion, prolifera-
tion, and glycocalyx matrix production remains poorly 
understood [12–14]. Moreover, there are no quantita-
tive methods yet available to assess the differences in 
biofilm formation between different bacterial strains or 
implant materials. While there is extensive literature on 
this topic based on the results from static in  vitro bio-
film assays [15–20], a previous study involving scan-
ning electron microscopy (SEM) evaluation of samples 
revealed that some regions that were quantified as posi-
tive in crystal-violet staining did not contain any biofilm, 
and most strains did not produce glycocalyx in static 
cultures [21]. Thus, we chose to investigate the natural 
history of S. aureus dynamics in in vitro biofilm forma-
tion using a flow chamber system and quantitative analy-
sis by SEM. After confirming glycocalyx production in 
the flow chamber, we aimed to characterize the kinet-
ics and the phenotypes of biofilm formation by three 
different S. aureus strains, namely SH1000, UAMS-1, 
USA300. We used two bioluminescent S. aureus strains, 
namely Xen40 and USA300 LAC::lux, to better under-
stand the nature of this biomarker of bacterial growth 
and biofilm formation. Bioluminescence imaging (BLI), 
assessment of the morphological appearance by SEM, 
and quantification of the bacteria load by qRT-PCR were 
the analytical techniques we used to study the kinetics 
and phenotypes of the S. aureus biofilms. Finally, we 
compared the natural history of biofilm formation on 
different Kirschner (K) wires to test the hypothesis that 
titanium (Ti) [21] is more resistant to S. aureus coloniza-
tion than stainless steel (SS).

Results
Robust biofilm formation in human plasma media
Assessment of the SEM images revealed that S. aureus 
inoculation was required for biofilm formation, and that 
the phenotypes of biofilm production after 24 h inocula-
tion by the three tested strains were markedly different 
depending on the culture media (Fig. 1). In the absence 
of inoculated S. aureus bacteria, there was no biofilm 

on the implant pins, both in tryptic soy broth with 0.5% 
dextrose and 3% NaCl (TSBGN) and tryptic soy broth 
with 10% human plasma (TSB + HP) media. SH1000 
produced more biofilm in TSBGN, and its biofilm in 
TSB + HP did not contain a network of fibres. UAMS-1 
biofilm formation in TSBGN was scant and limited to 
small clusters of bacteria that did not contain a matrix, 
while its biofilm was robust in TSB + HP and exten-
sively covered by a matrix containing networks of fibres. 
USA300 produced robust biofilms in both culture media; 
however, networks of fibres were only produced in the 
TSB + HP media. SEM quantification using NIH Image 
software confirmed these significant differences (Fig. 2). 
In the TSBGN media, SH1000 and USA300 formed 
robust biofilms with statistically significant differences 
compared to the non-inoculated bacteria and UAMS-
1. In the TSB + HP media, all three strains (SH1000, 
UAMS-1, and USA300) formed more biofilm than in 
the case with the non-inoculated bacteria with statisti-
cal significance. When comparing each strain in these 
two different media, SH1000 had less biofilm formation 
in TSB + HP media compared to in TSBGN media. Both 
UAMS-1 and USA300 had robust biofilm formation in 
TSB + HP media. UAMS-1 produced biofilm statistically 
differently in TBS + HP media compared to in TSBGN 
media. However, USA300 showed no significance differ-
ence in biofilm formation in TSB + HP media compared 
to in TSBGN media.

Fibronectin networks formed in the biofilm matrix
To identify the network components in the biofilm, we 
performed in  vitro biofilm formation analysis using the 
UAMS-1 ∆spa strain, which decreased the non-specific 
binding of 1:100 fibrinogen tagged with goat anti-rabbit 
30 nm gold secondary. Figure  3 shows that all the net-
works were coated by a bead of gold particles. Therefore, 
the structures of our biofilms were confirmed as com-
prising fibrinogen networks.

Time course of in vitro biofilm formation
Time course study of the BLI and biofilm produc-
tion by UAMS-1 and USA300 revealed that UAMS-1 
adhered to the implant immediately via secondary 
attachment to the fibronectin fibres that were formed 
directly on the pin, with an increasing BLI and bio-
film growth until peaking at 9 h (Fig.  4A–C). In con-
trast, biofilm formation by USA300 commenced via 
direct bacterial adherence on to the pin after 3 h, and 
showed a rapid increase in BLI and biofilm forma-
tion at 6 h, together with a similar peak at 9 h to that 
observed with UAMS-1 (Fig.  5A–C). These kinet-
ics of biofilm formation were further confirmed by 
measurement of the RNA of the living bacteria in the 
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Fig. 1  Glucose/salt versus plasma requirements for in vitro biofilm formation on stainless steel by different S. aureus strains assessed by SEM at 24 h. 
Stainless-steel pins were placed in the flow chamber containing TSBGN or TSB + HP media without bacteria, or inoculated with SH1000, UAMS-1, 
or USA300 S. aureus, and incubated for 24 h at a flow rate of 0.2 ml/min at 37 °C. Afterwards, the pins were harvested and processed for SEM. 
Representative SEM images of two independent experiments are shown with the region of interest (ROI; red box in the photo) of the biofilm in the 
left panels obtained at 150x, and at 5000x in the right panels. Of note is that SH1000 produced a greater biofilm in TSBGN that was phenotypically 
similar to that produced in TSB + HP. In contrast, UAMS-1 failed to produce a biofilm in TSBGN, as evidenced by the sparse cell clusters (black 
arrows), but generated a robust biofilm containing fibres (white arrows) in TSB + HP. USA300 produced robust biofilms in both media, but fibres 
(white arrows) were only present when grown in TSB + HP.

Fig. 2  Quantification of the in vitro biofilm formation on stainless-steel pins. A 0.25 mm2 ROI in the 150x SEM images of the pins (n = 4) described 
in Fig. 1 was used to quantify the % surfaced covered by the biofilm using NIH Image, and the data are presented as the mean +/− SD (*p < 0.05 vs. 
no inoculation in TSBGN media; #p < 0.05 vs. no inoculation in TSB + HP media; @ p < 0.05 TSBGN vs. TSB + HP for each strain)
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biofilm on the pins (Fig.  6). Figure  6A and B present 
the gel electrophoresis results of the PCR products 
and a graph showing the results from the quantifi-
cation real-time PCR analysis of 16S rRNA from the 
UAMS-1 and USA300 biofilms, respectively. The 
amount of UAMS-1 16S rRNA on the pins increased 
according to the incubation time, peaking at 9 h, while 
USA300 showed a significantly higher amount of 16S 
rRNA at 6 h.

Biofilm‑related genes expression as assessed by qRT‑PCR 
analysis
The relative expression of the biofilm-related genes 
icaA, fnbA, spa, and alt are shown in Fig. 7. These com-
parisons were achieved using RNA isolated from plank-
tonic bacteria and from biofilms on the pins. Most of 
the biofilm-related genes (icaA, fnbA, and alt) showed 
a high expression in the biofilms from both UAMS-1 
and USA300 compared to with the planktonic bacteria. 

Fig. 3  Immunogold-labelling for fibrinogens from the in vitro biofilm formation on stainless-steel pins. Stainless-steel pins were placed in the 
flow chamber containing TSB + HP media and inoculated with UAMS-1 ∆spa S. aureus, and incubated for 9 h at a flow rate of 0.2 ml/min at 37 °C. 
Afterwards, the pins were harvested and processed for immunogold-labelling. Representative SEM images of two independent experiments are 
shown. The biofilm in the upper panels were obtained at 10,000x, and at 20,000x in the lower panels. The network fibres in the matrix of the biofilm 
were coated by gold particles (white arrows), which directly attach to specific antibodies of the fibrinogen molecules
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However, in our flow chamber, we found that the spa 
gene was downregulated in the biofilms compared to 
with the planktonic bacteria.

Biofilms on different orthopaedic materials
Titanium (Ti) is commonly used in orthopaedic surgery 
as it is considered more resistant to biofilm formation 
than stainless steel (SS). However, the BLI and SEM 
results from the K-wire experiments revealed that the 
in vitro growth and biofilm formation by UAMS-1 and 
USA300 on SS and Ti surfaces were virtually identical 
(Fig. 8).

Discussion
Based on the in vitro biofilm assay system, the best bio-
film assay system should be representative of what occurs 
in  vivo. In our previous studies, a flow chamber with a 
continuous flow of media was proven to be a better sys-
tem to grow dynamic biofilms on orthopaedic materials 
[22]. Our findings in this study revealed that in the pres-
ence of human plasma in the media, S. aureus could dra-
matically form biofilms on implants. This result is line 
with the findings in a previous report by Chen et al. [13], 
who reported that with human plasma-containing media, 
S. aureus formed reproducible and robust biofilms, both 
in flow chambers and in static well plates. To the best of 

Fig. 4  Kinetics of UAMS-1 in the in vitro biofilm formation on stainless steel. Bioluminescent UAMS-1 (Xen40) was inoculated (1 × 106 cfu/ml) in the 
flow chamber containing TSB + HP and stainless-steel pins, which were harvested at the indicated time (n = 4). A Heat map images of the harvested 
pins in a microtiter plate during bioluminescent imaging (BLI exposure time 60 s, colour scale 1e5–1e6). B Quantification of the BLI signal (p/s/cm2/
sr logarithmic scale) in the 1 cm2 ROI is presented as the mean +/− SEM (*p < 0.05). C Representative SEM images of the pin are shown at 80x (left), 
and the ROIs containing biofilm (red box) are shown in the SEM at 5000x (right). Note that a significant biofilm in the form of a precipitated matrix 
was formed immediately (0 h), while bacterial adherence to this matrix did not occur until 6 h, and biofilm formation peaked at 9 h
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our knowledge, this is the first study to demonstrate that 
a matrix of these biofilms composed of networks of fibres 
is formed by the bacteria and then adheres on to the pins. 
These fibre networks were identified as fibronectin net-
works by immunogold-labelling. Also, 9 h incubation was 
found to be the most appropriate time for biofilm forma-
tion in this study based on evidence from the BLI, SEM, 
and qRT-PCR analyses. Both UAMS-1 and USA300 
could form biofilms similarly on SS and Ti orthopaedic 
materials.

From our findings, the mechanisms by which human 
plasma promotes the dramatic growth of S. aureus 

biofilms might be explained by the presence of fibrinogen, 
which is one of the major components in human plasma. 
We suggest that the planktonic growth of S. aureus in our 
flow chamber might have led to the upregulation of sur-
face adhesions, especially fibrinogen adherence factors. 
Therefore, clumps of S. aureus occurred within the fibrin-
ogen networks and attached to our orthopaedic materi-
als. After that, these adherence interactions led to an 
upregulation of the biofilm-forming genes. This hypoth-
esis is supported by the studies of global gene expression 
and proteome analysis of S. aureus biofilms. These stud-
ies have demonstrated that S. aureus in the planktonic 

Fig. 5  Kinetics of USA300 in the in vitro biofilm formation on stainless steel. Bioluminescent USA300 (USA300 LAC:lux) was inoculated in the flow 
chamber as described in Fig. 3, and the stainless-steel pins were harvested at the indicated time (n = 4). A Heat map images of the harvested pins 
in a microtiter plate during bioluminescent imaging (BLI exposure time 60 s, colour scale 1e5–1e6). B Quantification of the BLI signal (p/s/cm2/sr 
logarithmic scale) in the 1 cm2 ROI is presented as the mean +/− SEM (*p < 0.05). C Representative SEM images of the pin are shown at 80x (left), 
and the ROIs containing biofilm (red box) are shown in the SEM at 5000x (right). Note that significant biofilm formation did not occur until the 
bacteria had adhered to the pin at 6 h. While fibril networks formed on top of the bacteria thereafter, this did not markedly increase the BLI signal 
from its peak at 6 h
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mode of growth, especially in the exponential phase, 
can upregulate the production of adhesins for many host 
adhesive matrix molecules (e.g. fibrinogen, fibrin, osteo-
pontin, fibronectin, collagen, elastin) [23–25].

There are many biofilm assay systems for the production 
of in  vitro biofilms, including the three-channel flow cell, 
planar flow cell multichannel, and microdevice flow system 
[26–28]. In all these systems, the flow of media is followed 

Fig. 6  Kinetics of 16S rRNA for UAMS-1 and USA300 in the in vitro biofilm formation on stainless steel. Bioluminescent UAMS-1 and USA300 
(USA300 LAC:lux) were inoculated in the flow chamber as described in Figs. 3 and 4, and the stainless-steel pins were harvested at the indicated 
time (n = 4). RNA was extracted and after that cDNA was generated by iScript kits. Electrophoresis and quantitative real-time PCR were done 
using 16S rRNA primers. A Images from the agarose gel electrophoresis are shown for UAMS-1 (left-side), and USA300 (right side). B Graph of the 
quantification real-time PCR analyses of UAMS-1 and USA300. Note that a significant amount of 16S rRNA occurred at 3 h and then increased in a 
time-dependent manner for both strains. UAMS-1 had its peak at 9 h, while USA300 peaked at 6 h (*p < 0.05 vs. other inoculation times in UAMS-1; 
#p < 0.001 vs. other inoculation times in USA300)
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by the inoculate bacteria in to the chamber, which overall 
is a time-consuming process requiring at least 1 or 2 days 
for biofilm mass production. In our flow chamber system, 
we could achieve a biofilm mass in less than 1 day in salted 
media, and also in a very short period of time with human 
plasma media. In addition, the benefit of our system is that it 
can be used to test different types of orthopaedic materials.

In our current study, we explored the kinetics of S. 
aureus biofilm formation by qRT-PCR analysis of 16S 
rRNA, which is an indicator of cell viability. To the best 
of our knowledge, the present study is the first report to 
describe the use of a qRT-PCR assay for the quantifica-
tion of S. aureus on orthopaedic implants. Our results 
showed that the living bacteria attached to the ortho-
paedic material in a time-dependent manner to form 
an in vitro biofilm in our flow chamber. With this tech-
nique, we could detect bacteria at an early time point 
(3 h) and we also demonstrated a higher sensitivity than 
SEM and BLI measurement for detecting bacteria loaded 
onto orthopaedic implants. Our findings correspond to 
those found in the previous studies of Wada et  al. [29] 
and Bergin et al. [30], who reported that rRNA qRT-PCR 
is a sensitive and reliable test as a viability indication for 
bacteria in clinical samples and periprosthetic infections, 
respectively.

Biofilm formation on implants is a major cause of chronic 
infection following orthopaedic surgery [9–11]. Thus, there 
is a great demand for anti-microbial-coated implants that 
can significantly inhibit biofilm formation. As suspected, 
here we demonstrated that this problem is exacerbated by 

strain-specific biofilm phenotypes that must be accounted 
for to protect against S. aureus infections. While anti-
adhesin coatings may be effective for strains like SH1000 
that directly bind to the surface of metal implants, this 
approach would likely be ineffective against MSSA strains 
like UAMS-1 that indirectly bind to the implant via host 
factors [31]. Moreover, the need for a combined anti-
microbial coating approach is highlighted by the highly 
virulent MRSA strain USA300, which is capable of form-
ing biofilms via host factor-dependent and -independent 
mechanisms equally well on SS and Ti K-wires [32].

While the primary goal of this study was to develop a 
rapid in  vitro biofilm assay system for the quantitative 
measurement of S. aureus growth and biofilm forma-
tion with morphological similarities to that observed in 
animal models and on retrieved implants from patients 
with S. aureus infection, it is not a substitute for in vivo 
research [22]. Also, one major limitation of this system 
is the absence of host immune mechanisms and other 
critical biological components of the bone microen-
vironment; hence, follow-up studies to confirm these 
findings in an appropriate in vivo model are warranted. 
In addition, in our system, we used only three strains of 
S. aureus, which does not represent the full range of S. 
aureus involved in orthopaedic biofilm infections.

Conclusion
S. aureus is the most common pathogen involved in 
orthopaedic implant infection and biofilm forma-
tion, which is a critical event in the pathogenesis of 
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orthopaedic infection. Here, we demonstrated a novel 
in vitro model for S. aureus biofilm formation with quan-
titative BLI and SEM outcome measures, and then used 
this model to demonstrate the presence of strain-specific 
phenotypes and the model’s potential use to evaluate 
anti-microbial surfaces.

Materials and methods
S. aureus strains and growth conditions
Three different S. aureus strains were used in this study: 
1) SH1000, which has been extensively studied as a 
robust biofilm-producing strain in static biofilm assays 
[33], 2) UAMS-1 (and its bioluminescent version Xen40 
(Caliper, Alameda, CA, USA)), which is a prototypical 

methicillin-sensitive S. aureus (MSSA) strain isolated 
from an osteomyelitis patient [34], and 3) USA300 LAC 
(and its bioluminescent version USA300 LAC::lux), 
which is the most prevalent community-acquired methi-
cillin-resistant S. aureus (MRSA) strain [35]. USA300 
LAC::lux was provided by Dr. Tammy Kielian. The strains 
Xen40 and USA300LAC::lux both possess the biolumi-
nescent luxABCDE operon construct from the bacterial 
insect pathogen Photorhabus luminescens, which natu-
rally produces a blue-green light, but emits luminescent 
light only when it is alive and metabolically active. All 
the S. aureus strains were stored at − 80 °C in Tryptic 
Soy Broth (TSB; Sigma Aldrich, Missouri, USA) contain-
ing 10% glycerol. For the in vitro biofilm experiments, all 

Fig. 8  UAMS-1 and USA300 produced similar biofilms on stainless-steel (SS) and titanium (Ti) K-wires. Bioluminescent UAMS-1 or USA300 were 
inoculated in the flow chamber containing K-wires made of SS or Ti as described in Fig. 3. A Heat map images of the harvested K-wires in a 
microtiter plate during bioluminescent imaging (BLI exposure time 60 s, colour scale 1e6–1e7). B Quantification of the BLI signal (p/s/cm2/sr 
logarithmic scale) in the 1 cm2 ROI is presented as the mean +/− S.E. (*p < 0.05). C Representative SEM images of the biofilm on the implant are 
shown at 30x. No remarkable differences between the biofilm formed on SS vs. Ti were observed
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the strains were cultured in TSB and grown overnight 
at 37 °C in a shaking incubator. The bacterial inoculants 
(2 × 108 cfu/ml) were estimated by measuring the absorb-
ance at 600 nm.

Orthopaedic implant materials
Stainless‑steel (SS) pins
Flat (0.5 mm wide by 0.2 mm deep) stainless-steel ribbons 
(type 304v) were obtained from MicroDyne Technologies 
(Plainville, CT, USA), and cut to pin lengths of 7 mm for 
use in the flow chamber assay.

Kirschner‑wire (K‑wire)
Round orthopaedic-grade K-wires in both stainless-steel 
316 L (SS316L) and titanium (Ti-6Al-4 V) [21] materials 
were obtained from Synthes (Monument, CO, USA) with 
a diameter of 1.25 mm.

All the materials were coated with 20% normal human 
plasma at 4 °C overnight prior to placement in the flow 
chamber.

Flow chamber used for the biofilm formation
A flow chamber that could continuously circulate the 
bacterial strains of interest at 37 °C was used to evaluate 
the formation of in  vitro biofilms on the stainless-steel 
flat pins. A one-channel flow chamber with chan-
nel dimensions of 2.5 × 7.5 × 2 mm was inserted with 
a microscope glass cover slide from Leica Biosystems 
(Richmond, IL, USA) and the stainless-steel flat pins were 
placed on top. TSB supplemented with 0.5% dextrose and 
3% NaCl (TSBGN) and TSB with 10% human plasma 
(Biological Specialty Corporation, Colmar, PA, USA) 
(TSB + HP) were used as the biofilm media. The media 
flow was initiated at a constant rate of 0.2 ml/min (fluid 
velocity = 0.534 mm s− 1) using a Bio-Rad low-pressure 
pump (Model EP-1 Econo Pump) (Bio-Rad Life Science 
Research, Hercules, CA, USA). Then, overnight cultures 
(1:200 dilutions) were inoculated in 300 ml of the biofilm 
medium (final concentration of bacteria 1 × 106 cfu/ml) 
and circulated through a cassette containing the stain-
less-steel pins. After the specified incubation periods, the 
pins were removed from the flow chamber and analysed 
to assess their bioluminescence intensity (BLI), morpho-
logical appearance by SEM, and for qRT-PCR analysis of 
the biofilm formation.

Quantification of the bioluminescence
Biofilm formation on the stainless-steel pins was quanti-
fied from the bioluminescent signal arising from the bio-
films on the pins. The bioluminescence was imaged with 
a CCD camera (IVIS® Lumina II, Imaging System, Cali-
per Life Sciences, Hopkinton, MA, USA) directly after 
incubation using a 12.5 cm field of view, binning of 4, 1/f 

stop, 60 s exposure time, and open filters, with automatic 
correction for the background luminescence. The circular 
regions of interest (ROIs) were set to 1 × 1 cm to coincide 
with the size of the stainless-steel pins. The total photon 
flux over the ROIs was converted to an average radiance 
(p/s/cm2/sr) using Living Image® software (Caliper Life 
Sciences).

Scanning electron microscopy (SEM) imaging and analysis
The stainless-steel pins were removed at the set incu-
bation time point in the flow chamber and the biofilm 
that had formed on them was fixed in 2.5% glutaralde-
hyde/4.0% paraformaldehyde, then post-fixed in 1.0% 
osmium tetroxide, before being dehydrated in 100% etha-
nol, and then placed into a critical point dryer to remove 
any remaining water and so that the ethanol could be 
exchanged with CO2 gas for complete specimen drying. 
A Zeiss-Auriga field emission scanning electron micro-
scope was utilized to examine the biofilm/pins and digi-
tal images were captured using a Gatan digital system. 
Quantification of the biofilm on the pins was performed 
by ROI analysis of a 150x SEM image, which included 
an entire surface of the pin, and the % surface covered 
by biofilm determined by ImageJ 1.46r software (Wayne 
Rasband, NIH, USA), reported as the mean +/− stand-
ard error.

Immunogold‑labelling of the fibronectin network
For immunogold-labelling, the biofilm formed from the 
UAMS-1 ∆spa strain, which is a protein A negative strain 
of S. aureus, was used. Immunogold-labelling was done 
for the SEM analysis to confirm the presence of fibronec-
tin in the biofilm matrix on the K-wires. The wires were 
fixed for 30 min in 4.0% paraformaldehyde in 0.1 M Mil-
lonig’s buffer, then rinsed in phosphate-buffered saline 
(PBS), blocked using 1.0% normal goat serum in 0.1% 
bovine serum albumin (BSA) in PBS for 1 h at room tem-
perature, followed by incubation in polyclonal rabbit 
anti-human fibrinogen (Dako) at 1:200 dilution overnight 
at 4 °C. After rinsing six times in PBS, the wires were 
incubated for 2 h at room temperature in a 1:40 dilution 
of a gold-tagged (30 nm) goat anti-rabbit secondary anti-
body (Structure Probe, Inc.) diluted in 0.1% BSA/PBS. 
The wires were rinsed in PBS and post-fixed in 2.0% glu-
taraldehyde/PBS overnight and then processed for SEM 
examination. No sputter coating was done on the wires 
prior to the imaging.

Kinetics of the in vitro biofilm formation
We determined the kinetics of in vitro biofilm formation 
by the two S. aureus strains by incubating the pins for 
0, 3, 6, 9, and 18 h in the flow chamber at 37 °C (n = 4). 
The extent of biofilm formation for each sample was 
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determined from its bioluminescent emission and from 
SEM photographs of the ROI, which was used to quantify 
the % surface covered by the biofilm using ImageJ 1.46r 
software (Wayne Rasband, NIH, USA).

RNA extraction and quantitative real‑time polymerase 
chain reaction (qRT‑PCR) analysis
The bacterial biofilms on the stainless-steel pins were 
harvested at the desired inoculation time points, 
washed with TSB media to remove any planktonic 
bacteria, and stored at − 80 °C overnight before RNA 
extraction. The total bacteria RNA was extracted from 
the bacteria using the RNeasy Mini Kit (Qiagen, Inc., 
Valencia, California) according to the manufacturer’s 
instructions. DNA contamination was eliminated by 
means of on-column DNase digestion prior to elu-
tion of the total RNA with 30 μl RNase-free water. The 
amount of recovered RNA was determined spectro-
photometrically, and the absence of DNA was verified 
by PCR. The RNA was converted to cDNA using the 
iScript cDNA synthesis kit following the manufacturer’s 
instructions (Bio-Rad Laboratories). After that, quan-
titative real-time PCR was performed for the S. aureus 
16S rRNA gene to quantify the bacteria load utilizing 
the 16S rRNA primers forward 5′-CCA​GAC​TCC​TAC​
GGG​AGG​CAG-3′ and reverse 5′-CGT​ATT​ACC​GCG​
GCT​GCT​-3′ to amplify the 200-bp product. Briefly, 
the reactions were carried out in a final volume of 10 μl, 
consisting of 300 nM primer, iQ™ SYBR® Green Super 
Mix (2X) (Bio-Rad, Hercules, CA, USA), and 1 μl of the 
cDNA template. The samples were assayed in triplicate 
in a Rotor-Gene RG3000 system (Corbett Research, 
Sydney, AU). In order to calculate the 16S rRNA gene 
copies in a pin sample, we first generated a standard 
curve with S. aureus 16S rRNA purified directly from 
an overnight culture. The mean of three cycle threshold 
(Ct) values from each sample was then plotted against 
this standard curve to extrapolate the number of 16S 
rRNA genes.

qRT‑PCR analysis of the biofilm‑forming genes
To determine the relative expression level of the icaA, 
fnbA, spa, and alt genes, which are the important genes 
that participate in biofilm formation, qRT-PCR analy-
sis of these genes was performed. RNA from the 9-h 
UAMS-1 biofilm and 6-h USA300 biofilm were reverse 
transcribed and subsequently analyzed by qRT-PCR 
as described previously. The sequences of the primers 
were gyrB forward 5′-CCA​GGT​AAA​TTA​GCC​GAT​
TGC-3′, gyrB reverse 5′-AAA​TCG​CCT​GCG​TTC​TAG​
AG-3′, icaA forward 5′-AAC​AGA​GGT​AAA​GCC​AAC​
GCA​CTC​-3′, icaA reverse 5′-CGA​TAG​TAT​CTG​CAT​
CCA​AGCAC-3′, fnb forward 5′-ACA​GTA​ACA​GAA​

CAA​CCG​TCA​AAC​G-3′, fnb reverse 5′-TTG​CTG​GTT​
GTG​CAG​TTT​GTG-3′, spa forward 5′-TTA​GCA​TCT​
GCA​TGG​TTT​GC-3′, spa reverse 5′-AAG​AAG​ACG​
GCA​ACG​GAG​TA-3′, and alt forward 5′-TAC​CGT​
AAC​GGC​GTA​GGT​CGT-3′, alt reverse 5′-CAT​AGT​
CGT​GTG​TGT​GTA​CGA-3′. The relative expression 
levels were determined by comparison with the level of 
gyrB expression in the same cDNA preparations.

Statistical analysis
All the values are expressed herein as the mean +/− 
standard error (SE). Statistical analysis was performed 
using StatView for Windows version 5 (SAS Institute 
Inc., Cary, NC, USA). The Mann–Whitney U test was 
used to compare the nonparametric values. A p-value 
< 0.05 was considered to be statistically significant.

Abbreviations
TSB + HP: Tryptic Soy Broth with 10% human plasma; TSBGN: Tryptic Soy 
Broth with dextrose and NaCl; BLI: Bioluminescence intensity; SEM: Scanning 
electron microscopy; K: Kirchner wire; Ti: Titanium wire; SS: Stainless steel; ROI: 
Region of interest.

Acknowledgements
The authors would like to thank Gayle Schneider and Karen L. de Mesy Bentley 
for the SEM sample analyses, Tony Chen and Hani Awad for assistance with 
the flow chamber installation, John J. Varrone, Andrew D. Shubin, Hiromu Ito, 
Stephen L. Kates, and John L. Daiss for laboratory technical support, and Miss 
Nhathita Panatreswas for assistance with the journal submission process.

Authors’ contributions
WS contributed toward the original idea, data collection, analysis, and prepa-
ration of the manuscript. KN provided technical support and data analysis. 
ES contributed toward the original idea, grant provision, and supervised the 
work. All the authors read and approved the final manuscript.

Funding
The first author (WS) would also like to thank Siriraj Hospital, Mahidol Univer-
sity, Thailand, for their financial support. Financial support was provided by the 
AO Trauma Clinical Priority Program on Bone Infection and NIH, NIAMS grant 
P30 AR061307.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethic approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 The Center for Musculoskeletal Research, University of Rochester, Rochester, 
NY, USA. 2 Department of Orthopaedic Surgery, Faculty of Medicine, Siriraj 
Hospital, Mahidol University, Bangkok, Thailand. 3 Department of Orthopaedic 
Surgery, Graduate School of Medicine, Kyoto University, Kyoto, Japan. 



Page 12 of 12Sutipornpalangkul et al. BMC Microbiology          (2021) 21:314 

Received: 12 July 2021   Accepted: 29 October 2021

References
	1.	 Lin S, Mauffrey C, Hammerberg EM, Stahel PF, Hak DJ. Surgical site infec-

tion after open reduction and internal fixation of tibial plateau fractures. 
Eur J Orthop Surg Traumatol. 2014;24(5):797–803.

	2.	 Mackenzie WG, Matsumoto H, Williams BA, Corona J, Lee C, Cody SR, 
et al. Surgical site infection following spinal instrumentation for scoliosis: 
a multicenter analysis of rates, risk factors, and pathogens. J Bone Joint 
Surg Am. 2013;95(9):800–6 S801-802.

	3.	 Darouiche RO. Treatment of infections associated with surgical implants. 
N Engl J Med. 2004;350(14):1422–9.

	4.	 Kurtz SM, Lau E, Schmier J, Ong KL, Zhao K, Parvizi J. Infection bur-
den for hip and knee arthroplasty in the United States. J Arthroplast. 
2008;23(7):984–91.

	5.	 Bozic KJ, Kurtz SM, Lau E, Ong K, Vail TP, Berry DJ. The epidemiology of 
revision total hip arthroplasty in the United States. J Bone Joint Surg Am. 
2009;91(1):128–33.

	6.	 Fulkerson E, Valle CJ, Wise B, Walsh M, Preston C, Di Cesare PE. Antibiotic 
susceptibility of bacteria infecting total joint arthroplasty sites. J Bone 
Joint Surg Am. 2006;88(6):1231–7.

	7.	 Salgado CD, Dash S, Cantey JR, Marculescu CE. Higher risk of failure of 
methicillin-resistant Staphylococcus aureus prosthetic joint infections. 
Clin Orthop Relat Res. 2007;461:48–53.

	8.	 Del Pozo JL, Patel R. Clinical practice. Infection associated with prosthetic 
joints. N Engl J Med. 2009;361(8):787–94.

	9.	 Zimmerli W, Trampuz A, Ochsner PE. Prosthetic-joint infections. N Engl J 
Med. 2004;351(16):1645–54.

	10.	 Stewart PS, Costerton JW. Antibiotic resistance of bacteria in biofilms. 
Lancet. 2001;358(9276):135–8.

	11.	 Stoodley P, Ehrlich GD, Sedghizadeh PP, Hall-Stoodley L, Baratz ME, 
Altman DT, et al. Orthopaedic biofilm infections. Curr Orthop Pract. 
2011;22(6):558–63.

	12.	 Brady RA, Leid JG, Calhoun JH, Costerton JW, Shirtliff ME. Osteomyelitis 
and the role of biofilms in chronic infection. FEMS Immunol Med Micro-
biol. 2008;52(1):13–22.

	13.	 Chen P, Abercrombie JJ, Jeffrey NR, Leung KP. An improved medium 
for growing Staphylococcus aureus biofilm. J Microbiol Methods. 
2012;90(2):115–8.

	14.	 Otto M. Staphylococcal infections: mechanisms of biofilm maturation 
and detachment as critical determinants of pathogenicity. Annu Rev 
Med. 2013;64:175–88.

	15.	 Kelly D, McAuliffe O, Ross RP, Coffey A. Prevention of Staphylococcus 
aureus biofilm formation and reduction in established biofilm density 
using a combination of phage K and modified derivatives. Lett Appl 
Microbiol. 2012;54(4):286–91.

	16.	 Hell E, Giske CG, Nelson A, Romling U, Marchini G. Human cathelicidin 
peptide LL37 inhibits both attachment capability and biofilm formation 
of Staphylococcus epidermidis. Lett Appl Microbiol. 2010;50(2):211–5.

	17.	 Abbanat D, Shang W, Amsler K, Santoro C, Baum E, Crespo-Carbone S, 
et al. Evaluation of the in vitro activities of ceftobiprole and comparators 
in staphylococcal colony or microtitre plate biofilm assays. Int J Antimi-
crob Agents. 2014;43(1):32–9.

	18.	 Fallarero A, Skogman M, Kujala J, Rajaratnam M, Moreira VM, Yli-Kau-
haluoma J, et al. (+)-Dehydroabietic acid, an abietane-type diter-
pene, inhibits Staphylococcus aureus biofilms in vitro. Int J Mol Sci. 
2013;14(6):12054–72.

	19.	 Sanchez CJ Jr, Ward CL, Romano DR, Hurtgen BJ, Hardy SK, Woodbury 
RL, et al. Staphylococcus aureus biofilms decrease osteoblast viability, 
inhibits osteogenic differentiation, and increases bone resorption in vitro. 
BMC Musculoskelet Disord. 2013;14:187.

	20.	 Thurlow LR, Hanke ML, Fritz T, Angle A, Aldrich A, Williams SH, et al. 
Staphylococcus aureus biofilms prevent macrophage phagocytosis and 
attenuate inflammation in vivo. J Immunol. 2011;186(11):6585–96.

	21.	 Pantanella F, Valenti P, Natalizi T, Passeri D, Berlutti F. Analytical techniques 
to study microbial biofilm on abiotic surfaces: pros and cons of the main 
techniques currently in use. Ann Ig. 2013;25(1):31–42.

	22.	 Nishitani K, Sutipornpalangkul W, de Mesy Bentley KL, Varrone JJ, Bello-
Irizarry SN, Ito H, et al. Quantifying the natural history of biofilm formation 
in vivo during the establishment of chronic implant-associated Staphy-
lococcus aureus osteomyelitis in mice to identify critical pathogen and 
host factors. J Orthop Res. 2015;33(9):1311–9.

	23.	 Beenken KE, Dunman PM, McAleese F, Macapagal D, Murphy E, Projan 
SJ, et al. Global gene expression in Staphylococcus aureus biofilms. J 
Bacteriol. 2004;186(14):4665–84.

	24.	 Fitzpatrick F, Humphreys H, O’Gara JP. The genetics of staphylococcal 
biofilm formation--will a greater understanding of pathogenesis lead to 
better management of device-related infection? Clin Microbiol Infect. 
2005;11(12):967–73.

	25.	 Resch A, Leicht S, Saric M, Pasztor L, Jakob A, Gotz F, et al. Compara-
tive proteome analysis of Staphylococcus aureus biofilm and plank-
tonic cells and correlation with transcriptome profiling. Proteomics. 
2006;6(6):1867–77.

	26.	 Zhang W, Sileika TS, Chen C, Liu Y, Lee J, Packman AI. A novel planar flow 
cell for studies of biofilm heterogeneity and flow-biofilm interactions. 
Biotechnol Bioeng. 2011;108(11):2571–82.

	27.	 Sanchez Z, Tani A, Suzuki N, Kariyama R, Kumon H, Kimbara K. Assessment 
of change in biofilm architecture by nutrient concentration using a multi-
channel microdevice flow system. J Biosci Bioeng. 2013;115(3):326–31.

	28.	 Heydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov M, Ersboll BK, 
et al. Quantification of biofilm structures by the novel computer program 
COMSTAT. Microbiology. 2000;146(Pt 10):2395–407.

	29.	 Wada M, Lkhagvadorj E, Bian L, Wang C, Chiba Y, Nagata S, et al. Quantita-
tive reverse transcription-PCR assay for the rapid detection of methicillin-
resistant Staphylococcus aureus. J Appl Microbiol. 2010;108(3):779–88.

	30.	 Bergin PF, Doppelt JD, Hamilton WG, Mirick GE, Jones AE, Sritulanon-
dha S, et al. Detection of periprosthetic infections with use of ribo-
somal RNA-based polymerase chain reaction. J Bone Joint Surg Am. 
2010;92(3):654–63.

	31.	 Corrigan RM, Rigby D, Handley P, Foster TJ. The role of Staphylococcus 
aureus surface protein SasG in adherence and biofilm formation. Microbi-
ology (Reading). 2007;153(Pt 8):2435–46.

	32.	 Saeed K, McLaren AC, Schwarz EM, Antoci V, Arnold WV, Chen AF, et al. 
2018 international consensus meeting on musculoskeletal infection: 
summary from the biofilm workgroup and consensus on biofilm related 
musculoskeletal infections. J Orthop Res. 2019;37(5):1007–17.

	33.	 Geoghegan JA, Corrigan RM, Gruszka DT, Speziale P, O’Gara JP, Potts JR, 
et al. Role of surface protein SasG in biofilm formation by Staphylococcus 
aureus. J Bacteriol. 2010;192(21):5663–73.

	34.	 Gillaspy AF, Hickmon SG, Skinner RA, Thomas JR, Nelson CL, Smeltzer MS. 
Role of the accessory gene regulator (agr) in pathogenesis of staphylo-
coccal osteomyelitis. Infect Immun. 1995;63(9):3373–80.

	35.	 Kourbatova EV, Halvosa JS, King MD, Ray SM, White N, Blumberg HM. 
Emergence of community-associated methicillin-resistant Staphylococ-
cus aureus USA 300 clone as a cause of health care-associated infections 
among patients with prosthetic joint infections. Am J Infect Control. 
2005;33(7):385–91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Quantitative flow chamber system for evaluating in vitro biofilms and the kinetics of S. aureus biofilm formation in human plasma media
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Robust biofilm formation in human plasma media
	Fibronectin networks formed in the biofilm matrix
	Time course of in vitro biofilm formation
	Biofilm-related genes expression as assessed by qRT-PCR analysis
	Biofilms on different orthopaedic materials

	Discussion
	Conclusion
	Materials and methods
	S. aureus strains and growth conditions
	Orthopaedic implant materials
	Stainless-steel (SS) pins
	Kirschner-wire (K-wire)

	Flow chamber used for the biofilm formation
	Quantification of the bioluminescence
	Scanning electron microscopy (SEM) imaging and analysis
	Immunogold-labelling of the fibronectin network
	Kinetics of the in vitro biofilm formation
	RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) analysis
	qRT-PCR analysis of the biofilm-forming genes
	Statistical analysis

	Acknowledgements
	References


