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Staphylococcus aureus is responsible for many types of 
infections related to biofilm presence. As the early di-
agnostics remains the best option for prevention of 
biofilm infections, the aim of the work presented was 
to search for differences in metabolite patterns of S. 
aureus ATCC6538 biofilm vs. free-swimming S. aureus 
planktonic forms. For this purpose, Nuclear Magnetic 
Resonance (NMR) spectroscopy was applied. Data ob-
tained were supported by means of Scanning Electron 
Microscopy, quantitative cultures and X-ray computed 
microtomography. Metabolic trends accompanying S. 
aureus biofilm formation were found using Principal 
Component Analysis (PCA). Levels of isoleucine, alanine 
and 2,3-butanediol were significantly higher in biofilm 
than in planktonic forms, whereas level of osmoprotect-
ant glycine-betaine was significantly higher in plank-
tonic forms of S. aureus. Results obtained may find 
future application in clinical diagnostics of S. aureus   
biofilm-related infections.
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INTRODUCTION

Biofilm is dynamic, surface-associated community 
of microorganisms embedded in layers of extracellular 
slime. Biofilms develop not only at solid-water interfaces 
(substrate-associated biofilms), but also, as the floating 
biofilms, at the water-air interface (Declerck et al., 2010). 
Thanks to protective architecture, layer-dependent dif-
ferences in metabolic activity and easiness of gene ex-
change, adhered bacteria display higher resistance against 
immune system and antimicrobials than their planktonic 
or so called “free-swimming” counterparts (Bjarnsholt et 
al., 2012). Therefore, the biofilm is responsible for par-
ticularly hard-to-treat infections, including these related 
to the presence of implants (Shunmuganperumal et al., 
2010). Biofilm’s ability to persist on various medical de-
vices and to evade antimicrobials, provides satisfactory 
explanation for a high number of therapeutic failures, 
which could not be explained otherwise. Although many 
counteractive measures are developed, including false 
metabolites, anti-Quorum Sensing agents, detergents and 
enzymes, biofilm remains one of the greatest challeng-
es of contemporary medicine (Wolcott et al., 2010). The 

early diagnostics remains still the best protection from 
biofilm-related infections. Active therapies should be ap-
plied before biofilm matures; but when it happens, sharp 
surgical debridement or medical implant removal are of-
ten the only options left (Widegrow et al., 2008; Wolcott 
et al., 2010).

Among many opportunistic pathogens, Gram-positive 
Staphylococcus aureus is considered to be one of the lead-
ing factors of orthopedic, wound and catheter-related in-
fections. All these infections are, in fact, related to the 
biofilm presence (Montaro et al., 2011). Increasing per-
centage of S. aureus strains displays also specific antibiot-
ic resistance against β-lactamase antibiotics. Such strains 
are referred to as Methicilin Resistant Staphylococcus aureus 
(MRSA). Thus, once matured, MRSA  biofilm is particu-
larly hard to eradicate (Mahmoud et al., 2012).

Hence, it is of paramount importance to enrich body 
of knowledge concerning S. aureus pathogenicity. Analy-
sis of differences between S. aureus plankton and biofilm 
is one of the directions to follow, as it may be applied 
in future schemes of diagnostics and treatment. A lot of 
work has been performed on the subject so far (Resch et 
al., 2005; Secor et al., 2011; Sadowska et al., 2013), how-
ever, there is still  plenty of work to be done. Partic-
ularly, metabolomics of S. aureus planktonic forms and 
biofilm remains one of the fields  for further studies.

Metabolome is a set of both intra- and extracellular 
metabolites of a living system (Nicholson et al., 1999; 
Fiehn et al., 2002). Part of a system biology referred to 
as metabolomics is focused on comprehensive analysis 
of these low molecular weight metabolites (MW<1500 
Da). Usefulness of metabolomics approach has been 
demonstrated in the field of disease diagnostics (Bertini 
et al., 2012), determination of food origin (Schievano et 
al., 2012), quality control (Li et al., 2013), and many oth-
ers. Nuclear Magnetic Resonance (NMR) spectroscopy is 
one of the fundamental tools among all analytical meth-
ods used in metabolomics studies.

NMR technique uses radiofrequency waves to acquire 
information about magnetic nuclei. It allows to observe 
not only a specific nuclei, but also their distribution 
across all chemical compounds present in the analyzed 
sample. Moreover, signals are sensitive to local chemical 
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environment. NMR-based observation of these phenom-
ena provides useful information concerning chemical 
structure of the compound. Therefore, data provided by 
NMR finds wide application in biological studies (Grif-
fin, 2010).

By means of NMR spectroscopy, bacterial fingerprints 
and footprints may be also analyzed. Term “fingerprint” 
describes the metabolites inside  the bacterial cells, 
whereas “footprint” refers to the metabolites secreted to 
the environment.

As for the biofilm study, recent review made by 
Zhang underlines the potency of a NMR spectroscopy 
in enhancing the understanding of a processes related 
to the structure and formation of the biofilms (Zhang, 
2012). Therefore, the aim of presented study was to 
compare metabolic profiles of S. aureus biofilm and its 
planktonic forms, and to identify differences distinguish-
ing one state of bacterial organization from another.

MATERIALS AND METHODS

Biofilm formation and quantitative cultures. Ref-
erence S. aureus ATCC 6538 strain, cultured on the 
stable CA medium (Biocorp, Poland), was transferred 
to the liquid Enrichment Broth (Biocorp, Poland) and 
incubated at 37°C for 24 hours under the aerobic con-
ditions. Density of bacterial suspension was measured 
using a densitometer (Biomerieux, Poland), and diluted 
to 3×108 cells/mL. Polystyrene mesh made of monofil-
amentous polipropylene of 0.46 mm macropores (Pol-
ernia, Poland) was used as a scaffold for the biofilm 
formation. Mesh was transferred to the bacterial sus-
pension and left for 1, 2, 4, 8, 16 and 24 hours/37°C. 
After incubation, mesh was rinsed thoroughly, using 
physiological saline to remove the non-adhered bac-
teria. Subsequently, mesh was transferred to 1 mL of 
mild detergent (0.5% saponine, Sigma-Aldritch) and 
vortex mixed vigorously for 1 min. to detach biofilm. 
After vortex mixing, bacterial suspensions obtained 
were diluted 10 to 108 times. 100 µL of each dilution 
was cultured on the agar plate and incubated for 24 
hours/37°C. After this time, bacterial colonies were 
counted, and the number of bacterial cells forming bio-
film on the mesh was determined. All measurements 
were repeated 3 times and presented in the form of 
mean value of cfu (colony forming units).

X-ray computed microtomography (µCT). The aim 
of this assessment was to estimate the exact surface of 
used polystyrene mesh. Such approach allows to present 
data obtained by means of quantitative culturing as cfu/
mm2. This value provides more information concern-
ing distribution of biofilm cells than value of cfu itself. 
To estimate surface of mesh, computed micro-tomog-
raphy methods (μCT) were used. 3 samples of meshes 
were scanned using μCT system (Metrotom 1500, Carl 
Zeiss, Oberkochen, Germany). This system consists of 
a flat panel detector with a resolution of 1024×1024 px 
(400 μm pixel size) and 16bit grayscale, rotary table, and 
microfocus X-ray tube with maximal accelerating volt-
age 225 kV and maximal current 1000 μA. In order to 
achieve maximum resolution, the tube voltage was fixed 
on the level 220 kV and the current 120 µA. Number 
of projections performed during the rotation of the sam-
ple of 360º was 800 with 1 s integration time for each. 
The result matched the parameters permitted to achieve 
a voxel size of 31 microns. The obtained data were ana-
lyzed using software VG Studio MAX (Volume Graph-
ics GmbH, Heidelberg, Germany).

Preparation of samples for footprint and finger-
print metabolic analysis. Staphylococcal biofilm was 
incubated on polystyrene mesh in conditions described 
in the part “quantitative cultures”. Mesh with biofilm  
was rinsed on it with 0.9% NaCl to remove non-ad-
herent bacteria. Next, mesh was transferred to 1 mL of 
H2O and placed at –80°C untill the time of further anal-
ysis. Such samples are later referred to as “the biofilm” 
or “B”. 

In the liquid media, where meshes were introduced to, 
planktonic forms of S. aureus were also present. The cell-
containing medium was centrifuged for 10 min/4440 g. 
Obtained cell-free supernatant was frozen at –80°C. 
Such samples are later referred to as “the medium” or 
“M”. Centrifuged planktonic cells were rinsed with saline 
to remove medium traces, then centrifuged again and 
frozen at –80°C. These samples are later referred to as 
“the planktonic form” or “P”. 

Scanning Electron Microscopy. Staphylococcal bio-
film was incubated on polystyrene mesh in conditions 
described in the part “quantitative cultures”. Mesh with 
biofilm was rinsed on it with 0.9% NaCl to remove non-
adherent bacteria. Subsequently, samples were allowed to 
dry at 37°C for 2 hours in sterile conditions. Dried sam-
ples were covered with Au/Pd (60:40, sputter current: 
40 mA, sputter time: 50 sec) using QUORUM machine 
(Quorum International, USA), and examined on Scan-
ning Electron Microscope Zeiss EVO MA25 (Carl Zeiss, 
Poland). The 25 neighbouring areas, and 25 randomly 
chosen areas of each sample were analyzed.  

Preparation of NMR samples. Biofilm samples, col-
lected after 1, 2, 4, 8, 16 and 24 hours of incubation,  
were transferred into a mechanic steel bead homogenizer 
(Tissuelyser LT; QIAGEN, Hilden, Germany). During 
the homogenization, samples were disrupted for 10 min. 
at 50 Hz shaking frequency. Samples were centrifuged at 
25590 g/10 min. (Universal 32, Hettich, Germany). To 
600 µL of supernatant obtained, 30 µL of phosphate 
buffer solution (PBS), and 70 µL of D2O, containing 
trimethylsilyl-2,2,3,3-tetradeuteropropionic acid sodium 
salt (TSP, internal standard) were added. The planktonic 
samples were prepared in the analogical manner. After 
process of preparation, biofilm and planktonic samples 
were ready for fingerprint analysis. 600 µL of samples 
for footprint analysis (medium) were simply introduced 
to the eppendorf tube containing 30 µL of PBS buffer 
and 70 µL of D2O.

1H NMR measurements and data preprocessing. 
All NMR spectra were recorded at 300 K using Bruker 
Biospin Avance II NMR spectrometer (Bruker, GmBH, 
Germany) operating at proton frequency of 600.58 MHz. 
Biofilm and planktonic samples were measured using 
one-dimensional noesy pulse sequence with water pre-
saturation, while medium samples were measured using 
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence in 
order to filter protein signals out. Number of scans was 
set at 128 and 64 for fingerprint and footprint, respec-
tively. After Fourier transformation of spectra, baseline 
and phase were manually corrected using the Topspin 
1.3 software (Bruker, GmBH, Germany). The whole 
spectral set was shifted to the TSP signal (δ = 0 ppm). 
Next spectra were exported to Matlab (Matlab v.8.1, 
Mathwork Inc.), where residual HDO resonance was ex-
cluded (region 4.20–5.19 ppm). Data were normalized to 
constant sum of signals equal to 100. 

Chemometrics and statistics. The STATISTICA 
software (v 10, StatSoft, Tulsa, USA) was utilized for 
the statistical analysis of the quantified metabolites (in 
terms of signal integrals). Metabolites were checked for 
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statistical significance using Mann−Whitney-Wilcoxon 
test (α=0.01). For multivariate data analysis Pareto scal-
ing was used. Data were visualized using principal com-
ponent analysis (PCA) in SIMCA-P+ software (v 13.0, 
Umetrics, Umeå, Sweden).

RESULTS

Biofilm dynamics

After one hour of incubation, staphylococcal cells ad-
hered strongly to the surface of polystyrene mesh as it 
is shown in Fig. 1A. During the 2nd and the 4th hour 
of incubation, number of adhered staphylococcal cells 
increased approximately 10 times and 100 times, re-
spectively. Surfaces coated with extracellular substance 
were seen among monolayers of adhered cocci, indicat-
ing process of biofilm maturation (Fig. 1B). Between 
4th and 8th hour of incubation, number of cells grew 
rapidly reaching value of over 20 millions of cells/mm2 

of mesh surface. It means that staphylococcal cells have 
formed multilayer structure, typical for matured biofilm. 
Majority of cells were embedded within extracellular sub-
stance (Fig. 1C). Between 16th–24th hour of incubation, 
number of cells in biofilm has grown slightly. It suggests 
that biofilm has reached the plateu phase. Biofilm has 
formed vast clusters, seen even under relatively low mag-

Figure 1. Stages of staphylococcal biofilm development. 
(A) Adhesion of cells to the mesh surface, magn.x3530. (B) layer of 
cells after 4 hours of incubation, cells are partially hidden under 
EPS, magn.x2980. (C) 8th hour of incubation – “three-dimension-
al” structure of biofilm, magn.x1009. (D) 24th hour of incubation 
— vast clusters of biofilm between threads of polistyrene mesh, 
magn.x666. (E) Multilayer staphylococcal biofilm after 24 hours of 
incubation, magn.x1780. All pictures presented were made using 
Electron Microscope Zeiss Evo MA 25.

Table 1. Staphylococcal biofilm dynamics expressed as number 
of colony units/mm2 of polystyrene mesh. 
Surface of mesh = 68.57 mm2. S.D. — standard deviation

Incubation time (h) Mean Cfu/mm2 S.D.

1 3.6x103 385

2 29.1x103 1.4x103

4 8.7x105 81.1x103

8 20.9x106 4.4x106

16 52.5x106 6.6x106

24 64.1x106 5.8x106

A B

C D

E
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nifications (Fig. 1D, E). Exact numbers of staphylococ-
cal cells forming biofilm on the mesh surface are given 
in the Table 1. 

NMR assessment

Protein content in footprint (medium) was higher 
than in fingerprint. Utilization of CPMG pulse sequence 
enabled to filter out signals originating from macromole-
cules and to compare footprint (medium) and fingerprint 
(biofilm and planktonic forms) spectra. The metabolites 
identified in the spectra are listed in Table 3. Observed 
differences between analyzed groups are visualized in 
PCA score plot (Fig. 2). First principal component (PC1) 
explains 46.4% of variance of this dataset. PC1 was 
mainly related to differences between planktonic finger-
print (P) vs. all other samples (B+M). It was impossible 

to distinguish biofilm fingerprint (B) from footprint (M) 
until the fourth principal component (PC4) was used. By 
explaining 6.4% of variance, PC4 made discrimination 
between samples B and P possible. 

Planktonic fingerprint samples presented strongest dis-
persion in PCA score plot. This phenomenon was re-
lated to highest variability in terms of metabolite levels. 
Planktonic fingerprint spectra displayed low concentra-
tion of intracellular metabolites in the beginning and in 
the end of the experiment, and the higher concentration 
of metabolites between 4th and 8th hour were observed. 
Concentration of metabolites in samples collected in this 
time interval was similar to concentration of metabolites 
in biofilm fingerprint. Contrary to planktonic cells, bio-
film cells exhibited stable concentration level of intra-
cellular metabolites during whole experiment. Moreover, 
the biofilm fingerprint (B) was much more similar to 
footprint (M) than planktonic fingerprint (P).

Ten out of 15 metabolites examined, were affected 
significantly, at least in one of statistical tests performed 
(Table 2). Generally, there was a higher concentration 
of isoleucine, methionine, alanine, glucose, tyrosine and 
phenylalanine found in medium in comparison to either 
biofilm or plankton samples. Biofilm fingerprint dis-
played elevated level of isoleucine, 2–3 butanediol and 
alanine. Glycine-betaine was the only metabolite, which 
level was higher in planktonic forms than in biofilm. 

DISCUSSION

It is estimated that 99.9% of bacterial biomass is or-
ganized in the biofilm form and at least 80% of all nos-
ocomial infections are, in fact, biofilm-related infections 
(Bjarnsholt, 2011). This discovery has already changed 
face of contemporary microbiology, and it is presently 
changing current clinical approach to chronic infection 
treatment. Therefore, it is of great importance to increase 
our knowledge concerning process of biofilm formation. 
Every data related to this topic may find application in 

Figure 2.  PCA score plot;  white squares — planktonic finger-
print; gray triangles — biofilm fingerprint; black diamonds — 
footprint medium. 
PC1 explains differences between planktonic fingerprint vs. all 
other types of samples analyzed. PC4 allows to distinguish be-
tween fingerprints (both planktonic and biofilm) vs. footprint 
(medium). The samples displaying similar metabolomic profile are 
presented on the plot as proximal elements, whereas samples dis-
playing significant differences are presented as distant elements. 

Table 2. Staphylococcal metabolites identified. 
B — biofilm; P — planktonic form; M — medium. B vs. P — comparison of metabolite level in biofilm fingerprint vs. planktonic finger-
print;  B vs. M — comparison between biofilm fingerprint and. medium footprint;  P vs. M — comparison between planktonic fingerprint 
and medium footprint.  — higher level of metabolite in the specific sample; s — singlet; d — doublet; t — triplet; m — multiplet; q — 
quartet; dd — double doublet; *difference in metabolite level  is statistically significant; n/s — non significant difference in metabolite 
level between specific samples. P value < 0.01, Mann-Whitney-Wilcoxon test.

No Metabolite Chemical shift (multiplicity) B vs. P B vs. M P vs. M

1 Valine 0.99 (d), 1.04 (d) n/s n/s n/s

2 Isoleucine 0.94 (t), 1.01 (d) B * M * M *

3 2,3-butanediol 1.14 (d) B * n/s M *

4 Ethanol 1.19 (t), 3.66 (q) n/s n/s n/s

5 Lactate 1.33 (d), 4.12 (q) n/s n/s M *

6 Methionine 2.14 (s) n/s M * M *

7 Alanine 1.48 (d) B * M * M *

8 Acetate 1.9 (s) n/s n/s n/s

9 Acetone 2.23 (s) n/s n/s n/s

10 Glycine betaine 3.27 (s), 3.90 (s) P * n/s P *

11 Glucose 3.25 (dd), 3.50 (t), 5.24 (d) n/s M * M *

12 Tyrosine 6.90 (d), 7.20 (d) n/s M * M *

13 Phenylalanine 7.33 (m), 7.38 (m), 7.43 (m) n/s M * M *

14 Glycine 3.57 (s) n/s n/s n/s

15 Succinate 2.41 (s) n/s M * n/s
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currently developed, biofilm-oriented diagnostics and 
treatment procedures (Wolcott, 2008; Bjarnsholt, 2010).

S. aureus strain used in the presented work was able to 
form biofilm on the surface of polystyrene mesh. More-
over, by means of electron microscopy and quantitative 
cultures, observation of the particular stages of biofilm 
formation was possible. Use of 1H NMR spectroscopy 
allowed to discriminate between biofilm forms of S. au-
reus and its planktonic counterparts (Fig. 2). Such knowl-
edge has got an applicative potential. The current reports 
indicate possibility of rapid identification of bacteria us-
ing 1H NMR spectroscopy (Gupta et al., 2012). In turn, 
our findings, if developed, would allow to distinguish 
whether S. aureus is undergoing process of biofilm for-
mation or if it has formed mature biofilm already. Such 
knowledge given to the clinician, would allow him to 
change the antimicrobial treatment, e.g. to switch from 
biofilm-inefficient antibiotic therapy to techniques more 
appropriate for biofilm eradication, such as surgical de-
bridement and antisepsis (Jawien et al., 2012).

The results presented in Tab.2 are of more basic sci-
ence character. As it was mentioned before, fingerprint 
metabolites are intracellular metabolites of planktonic 
forms or biofilm of S. aureus. But it should be borne in 
mind that in in vitro setting used, footprint metabolites 
comprise of metabolites secreted outside by planktonic 
cells, biofilm cells and metabolites present in, intact me-
dium. However, analysis of metabolite levels (Table 2) 
may provide interesting information.

Level of succinate was found to be lower in biofilm 
than in planktonic forms and media. This result stays in 
line with data provided by Gaupp et al., 2010. As it was 
shown in their study, succinate dehydrogenase activity 
was significantly up-regulated in S. aureus biofilm.

Levels of typical fermentation products, such as eth-
anol or acetate, was similar for biofilm and planktonic 
forms. Oxygen penetration to basal layers of biofilm is 
very limited, so presence of above mentioned metab-
olites seems to be natural phenomenon. In turn, pres-
ence of these metabolites in planktonic fingerprint may 
be explained by a growing number of cells in medium 
and subsequent decreasing concentration of oxygen. The  
2,3-butanediol, another metabolite related to anaerobic 
fermentation of glucose, was found to be elevated in 
biofilm comparing to planktonic forms, and it may be 
so because of reasons explained above. Glucose itself 
was found in similar concentration in either biofilm and 
planktonic mode of growth. The highest concentration 
of this carbohydrate was found in medium. It seems to 
be justified, as liquid enrichment broth applied contained 

high 1% (w/v) of glucose content. The observed high 
level of lactate in medium may be also related with glu-
cose consumption both by planktonic forms and biofilm 
(Gaupp et al., 2010).

Two metabolites, other than 2,3-butanediol, were 
found in higher concentration in biofilm than in plank-
tonic forms. These were alanine and isoleucine. Gross et 
al., 2001, has proved that S. aureus mutant lacking D-al-
anine esters of teichoic acids is no longer able to adhere 
and form biofilm on abiotic surfaces. Therefore, pres-
ence of high level of alanine in biofilm seems to have 
rational explanation. 

In turn, Pohl et al. (2009) showed that isoleucine plays 
a role in Staphylococcus aureus CodY-dependent repression 
of nitrogen metabolism. It is known that nitrite, either as 
the endogenous product of respiratory nitrate reduction 
or after external addition, is one of the factors impair-
ing process of S. aureus biofilm formation (Schlag et al., 
2007). As it was shown in the presented work (Fig. 1, 
Table 1), S. aureus strain formed strong structures of bio-
film on the abiotic mesh. Thus, our finding may indicate 
a role of isoleucine as biofilm dispersal down-regulator.

The phenylalanine and the tyrosine are two known in-
hibitors of S. aureus biofilm formation (Hochbaum et al., 
2011). These metabolites were found in the lower level 
in biofilm samples in comparison to medium. However, 
level of these two compounds were also lower in plank-
ton than in medium. 

The only metabolite found to be elevated in plankton-
ic cells comparing to biofilm, was glycine-betaine. This 
compound is the most efficient osmoprotectant com-
pound of S. aureus.  It also allows this bacteria to grow 
in the high-salt niches, such as human skin (Graham et 
al., 1992). Presently, we find no satisfactory explanation 
for the observed accumulation of glycine-betaine in the 
planktonic cells, but not in biofilm of S. aureus. It may 
be presumed only, that biofilm cells are better protect-
ed than planktonic cells from environmental stress be-
cause of extracellular matrix layers. Therefore, more 
stress-exposed planktonic cells have to use such counter-
measures, as glycine-betaine accumulation. Since the ob-
served trend is strong and statistically significant (Fig. 3), 
further experiments need to be performed to understand 
this phenomenon.

In the presented work, we showed possibility of dis-
criminating S. aureus biofilm from S. aureus planktonic 
form by means of NMR technique. The utility of this 
method was supported by comparison with SEM mi-
croscopy and quantitative culturing. Moreover, our find-
ings, being of preliminary value, if developed, may be 
helpful in future clinical applications. A limitation of this 
particular work is that only one S. aureus strain was in-
vestigated. 

The biofilm formation is a complex process depend-
ing on plethora of factors. Presently, we are unable to 
define its specific time-points in in vivo clinical setting 
without using sophisticated, cutting-edge methods. NMR 
spectroscopy could be considered as one of them and it 
might find an application in microbial diagnostics in the 
future.

In conclusion, there are strong differences in metab-
olite patterns between S. aureus biofilm and planktonic 
cells as indicated by NMR analysis. In this study, a single 
marker metabolite has not been found as present in one 
form of bacterial organization, and as completely absent 
in another one. However, statistically significant differ-
ences in specific metabolite concentrations were present-
ed. If to treat these differences in the total manner, pat-

Figure 3. Differences in level of glycine-betaine in biofilm, me-
dium and plankton samples.  
Bar — median; whiskers — min max. M — medium, B — biofilm, 
P — planktonic forms. Note that even the lowest value of glycine-
betaine in P samples is still higher than in M or B samples. 
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tern obtained may serve as a collective biomarker of the 
S. aureus biofilm presence.
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