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Abstract:  
Bacteria growing as biofilms are distinct from the same bacteria growing as planktonic cells. Biofilms 

cells show increased resistance to antimicrobial, immunological, predatory, and chemical attack than 
planktonic cells. Most studies on bacterial diseases use planktonic bacteria. The objective of this study was 
to identify expressed proteins that are unique to Staphylococcus aureus biofilm mode of growth. S. aureus 
was grown in tryptic soy broth and Dulbecco's modified eagle medium at biofilm and planktonic growth 
conditions. Protein samples were cleaned up and separated according to their electrophoretic mobility 
using 7 cm IPG strips (pH 3–10 and pH 4–7) on 2D gel electrophoresis. Expressed proteins of both growth 
conditions were compared. Data analysis revealed that the expression of S. aureus proteins from 
planktonic and biofilm was higher in TSB media than DMEM media. Biofilm growth condition showed 
higher intensity of expressed proteins and new expressed proteins were observed. One protein was found 
to be upregulated in planktonic growth condition. Additionally, the majority of the proteins were 
clustered in the area of acidic region (pH 4–7). 2D-gel electrophoresis is a powerful and widely used 
method for the proteomic analysis. Biofilms represent a realistic representation of bacterial behavior and 
organisms are capable of altering their physiology in the surrounded environments. The results could help 
to illustrate the differences in pathogenesis between biofilm and planktonic cells in any model of disease. 
This will identify biological markers to improve the diagnostics, treatment, and prevention of S. aureus 
biofilms. 
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Introduction 
 aureus is one of the major pathogens of 
humans; it causes various suppurative 
diseases, food poisoning, pneumonia, 

and toxic shock syndrome (Foster, 2005). In 
most natural and clinical environments, 
microorganisms aggregate together on a surface 
or air/liquid interface and grow within 
communities where they encase themselves 
within extracellular polymeric substances 
composed of proteins, lipids, and 
polysaccharides (Flemming and Wingender, 
2010). Such an existence is now defined as a 
biofilm (Stewart and Costerton, 2001, Branda et 
al., 2005). Bacteria growing as biofilms are 
genetically and physiologically distinct from the 
same bacteria growing as free-swimming 
planktonic cells (Sauer et al., 2002, Resch et al., 
2005). Bacteria growing as biofilms are 
significantly less susceptible to antibiotics and 
host cell defenses than are planktonic forms. 
Further advantages of biofilm growth include 
increased metabolic efficiency, substrate 
accessibility, enhanced resistance to 
environmental stress and inhibitors and an 
increased ability to cause infection and disease 
(Schierle et al., 2009). Biofilm activities include 
the upregulation of virulence factors and 
secretion of extracellular polymers (Branda et 

al., 2005). A study identified over 160 genes that 
were expressed at significantly higher levels 
under biofilm growth conditions, which included 
binding factors, polysaccharide intracellular 
adhesion (PIA), and peptidoglycan (Resch et al., 
2005).  

The inability of chronic wounds to heal has 
now been associated with the presence of 
microbial biofilms (Gjodsbol et al., 2006, James 
et al., 2008). Shierle et al. (2009) demonstrated 
that presence of Staphylococcal biofilms delayed 
the reepithelialization process in a murine 
model. It was demonstrated that greater 
transcriptional activity in human epithelial 
keratinocytes (HEKa) cells exposed to biofilm 
conditioned media compared to HEKa cells 
exposed to planktonic conditioned media 
(Tankersley et al., 2014). Recent evidence 
reveals that soluble products from S. aureus 
biofilms and soluble products from planktonic S. 
aureus differentially affect viability and 
inflammatory cytokine production by human 
keratinocytes and fibroblasts (Secor et al., 2011, 
Kirker et al., 2012). Unfortunately, most studies 
often use planktonic bacteria to study the 
host/pathogen interactions. The identification 
and characterization of S. aureus biofilm specific 
secreted proteins will allow elucidating the 
relationship between S. aureus biofilms and 
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different aspects such as inflammation and 
impairing wound healing at the molecular level. 
The goal of this study is to identify secreted 
proteins that are unique to S. aureus biofilm 
mode of growth by using two-dimensional gel 
electrophoresis to compare secreted protein 
profiles between biofilm secreted products 
(BSP) and planktonic secreted products (PSP). 
This will identify biological markers to improve 
the diagnostics, treatment, and prevention of S. 
aureus biofilms.  

Material and methods 
Bacteria and culture conditions.  

Staphylococcus aureus ATCC 6538, 
(American Type Culture Collection) provided by 
Dr Robert E. Brennan, were incubated statically 
at 37оC for 24 hrs in 5 ml of tryptic soy broth 
(TSB) and Dulbecco's modified eagle medium 
(DMEM). The biofilm and planktonic 
conditioned media were prepared as following:  

A- Biofilm-conditioned Medium  
Biofilm-conditioned medium (BCM) was 

produced based on previously described method 
(Tankersley et al., 2014). Briefly, the 10 mm 
diameter tissue culture inserts (NalgeNunc 
International, Rochester, NY) were placed in a 
24 well Nunc™ Cell-Culture plate (Thermo 
Scientific) and inoculated with 10 µl of 
overnight culture and 500 µl of TSB and 
inoculated at 37оC for 72 hrs. Every 24 hrs 
during that 72 hrs period the TSB supernatant 
was removed, the inserts were moved to new 
wells in the 24 well plates, and 500 µl of fresh 
TSB was added to the wells. At the end of 72 hrs 
period the TSB and DMEM was removed and 
500 µl of phosphate buffered saline pH 7.4 
(PBS) was added and left for 1 hr to wash the 
remaining TSB or DMEM from the tissue 
culture insert. After the removal of the PBS, 500 
µl of TSB or DMEM was added and incubated 
for 24 hrs at 37оC. The new biofilm conditioned 
media (BCM) was then removed from the well 
and filtered with 0.45 µm syringe and collected 
in 15 ml centrifuge tubes. This BCM collecting 
and filtering procedure was repeated every 24 
hrs for 3 days. The collected BCM (secreted 
protein) was then pooled and frozen at -20оC 
until use.  

B- Planktonic-conditioned Medium 
Planktonic-conditioned medium (PCM) was 

prepared by using previously described methods 
(Tankersley et al., 2014). An overnight culture 
was created by inoculating a colony of S. aureus 

into 5 ml of TSB or DMEM for 24 hours at 37oC 
on a rotary shaker set at 150 rpm. After 
incubation the S. aureus culture was centrifuged 
for 7 minutes at 1500 rpm. The supernatant was 
then replaced with PBS, and pellet was re-
suspended by thoroughly mixing with pipette. 
The S. aureus was then centrifuged for 7 minutes 
at 1500 rpm and the PBS was decanted. Five 
milliliters of TSB or DMEM was then added to 
the washed S. aureus culture and mixed 
thoroughly with pipette. The S. aureus in the 
TSB or DMEM was then incubated for 24 hours 
at 37oC on a rotary shaker set at 150 rpm. After 
24 hours the culture was centrifuged at 1500 rpm 
for 7 minutes and the supernatant (secreted 
protein) was decanted and filtered with a 0.45 
µm syringe and stored at -20оC until use. 

Protein sample manipulation 
In order to get of derbies, Secreted protein 

samples from planktonic and biofilm S. aureus 
were cleaned up using ReadyPrep™ 2-D 
Cleanup Kit (Bio-Rad, USA) according to the 
manufacturer’s instructions. Protein (resuspend 
in 2-D dehydration sample buffer) concentration 
was determined using Nanodrop 
spectrophotometry (Thermo) by measuring the 
absorbance at 280 nm. 2-D dehydration sample 
buffer used as a blank. 

Two-dimensional gel electrophoresis  
Protein samples were separated according to 

their electrophoretic mobility using 
ReadyPrep™ 2-D Starter Kit according to the 
manufacturer’s instructions (Bio-Rad, USA). 
This technique separate proteins in two steps, 
according to two independent properties: the 
first-dimension is isoelectric focusing (IEF), 
which separates proteins according to their 
isoelectric points (pI); the second-dimension is 
SDS-PAGE, which separates proteins according 
to their molecular weights (You and Wang, 
2006, Matsumoto et al., 2012). The process 
included three main steps. 

A- Loading the protein samples on IPG strip 
(7 cm) 

 One hundred twenty five µl (100 µg) of the 
protein sample were loaded on 
rehydration/equilibration trays and then the 7 cm 
immobilized pH gradient (IPG) strips gel (pH 3–
10 and pH 4–7) was placed onto the sample and 
the strips overlaid with 2 ml of mineral oil to 
prevent evaporation during the rehydration 
process. To rehydrate the IPG strips and load the 
protein sample, the rehydration/equilibration tray 
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was covered with the plastic lid and left on 
bench (room temperature) for 14 hrs then it was 
used directly or stored at -80оC. After 
incubation, the oil was removed (by vertically 
holding it for 5 sec).   

B- Isoelectric focusing of the protein sample 
Isoelectric focusing for the protein sample 

was performed using protean IEF cell (Bio-Rad). 
A paper wick was placed at both ends of the 
channels covering the wire electrodes of the 
PROTEAN IEF focusing tray and 8 μl of 
nanopure water was added onto each wick. The 
IPG strip was transferred to the channel in the 
focusing tray (the gel side down) and the strip 
was covered with 2 ml of mineral oil. The 
focusing tray was placed into the PROTEAN 
IEF cell and the electrophoresis performed using 
the appropriate 3-step protocol provided in the 
kit manual.  

C- SDS-PAGE electrophoresis  
After completion of the electrophoresis, the 

IPG strip removed from the focusing tray and 
washed with buffer I and buffer II (in each step 
the strip was washed for 10 min at room 
temperature with shaking). The IPG strips were 
dipped briefly into the 1× Tris/glycine/SDS 
running buffer and then IPG strips were run in 

the second dimension on 12.5% SDS-
polyacrylamide gel electrophoresis (PAGE). 
SDS-PAGE electrophoresis was run using Mini-
PROTEAN (Bio-Rad) in 200 V, constant 
condition for 40-50 min. Gel was washed for 2 
min and stained with Brilliant Blue R-250.  

Results 
Visual observation of protein generated on 

2D gel electrophoresis revealed that S. aureus 
protein spots were at higher level of expression 
on TSB media than DMEM media (Fig 1 A and 
B).  

In general, the protein banding patterns 
generated by 2D gel maps of S. aureus cells 
were found to be similar. However, the 
observations revealed that certain spots appeared 
to have intensity differences. Visual analysis of 
the images indicated that there is a significant 
variation in the expression of proteins in the 
biofilm state had higher intensity than in the 
planktonic state. Furthermore, new expressed 
proteins (spots) were observed in S. aureus cells 
that were grown under biofilm conditions (Fig 
1). Interestingly, one specific protein was 
observed to be upregulated in S. aureus cells that 
were grown under planktonic conditions on TSB 
media (Fig 1A). 

 

Figure (1): 2D-gel electrophoresis of the S. aureus profile protein from biofilm cells and from planktonic cells. 
Bacteria were grown in TSB media (A) and DMEM media (B). 125 µl (100 µg) of the protein was loaded on pH 

3–10 isoelectric point (PI) strips and proteins were separated on SDS-PAGE and followed by staining with 
Brilliant Blue R-250. Arrow in figure A shows the upregulated protein in planktonic cells. 
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2D gel electrophoresis analysis of the expressed proteins from planktonic and biofilm cells, using 
pH gradient (pH 3 to 10) strips, showed that the majority of the proteins (spots) were centralized in the 
area of acidic region (pH 4–7); therefore, to get better separation of proteins, narrow pH range strips 
(pH 4–7) were used. S. aureus cells grown on TSB showed higher intensity of expressed proteins and 
also many new proteins were expressed when cells grown under biofilm condition as shown in figure 
2. 

 

Figure (2): 2D-gel electrophoresis of the S. aureus profile protein from biofilm cells and planktonic cells. 
Bacteria were grown in TSB. 125 µl (100 µg) of the protein was loaded on pH 4–7 isoelectric point (PI) strips 
and proteins were separated on SDS-PAGE and followed by staining with Brilliant Blue R-250. 

Discussion 
TSB media showed higher level of protein 

expression. This is could be due to the fact that 
TSB medium is suitable medium for expression 
of some proteins. It is known that the gene 
expression is different according to the 
surrounding environment (medium) (Cheung et 
al., 2004, Oogai et al., 2011).  In this regard, 
Hogt et al. (1983) explained that TSB was the 
ideal medium for production of slime layer with 
S. epidermidis but not suitable for expression of 
cell surface hydrophobicity.  

In biofilm cell, it is found that spots were of 
higher intensity and many new proteins were 
expressed. This is due to the fact that there are 
many genes and proteins which are expressed in 
greater folds in biofilm state than the planktonic 
state. For example, Beenken et al. (2004) 
identified 48 genes, associated with 
informational pathways, metabolism, cell 
envelope, and cellular processes, that were 
expressed by at least two-fold greater in S. 
aureus biofilms compared to planktonic S. 
aureus. Studies on proteomic differences 
between planktonic and biofilm S. aureus 
identified about 37 S. aureus biofilm-specific 
soluble proteins. The majority of the proteins 
identified were proteins associated with 
metabolism, translation, and stress response, but 
in each case few proteins were found with no 

known function (Brady et al., 2006, Secor et al., 
2011). 

In this study, one specific spot was highly 
upregulated in planktonic growth condition. This 
could be due to the fact that some genes and 
proteins are upregulated in planktonic state. In 
this regard, Rexch et al., (2005) identified 
various genes encoding toxins and proteases 
were upregulated under planktonic growth 
conditions. The impact of biofilm formation on 
S. aureus virulence is controversial. In one 
study, virulence factor gene expression in S. 
aureus cells within a biofilm was downregulated 
when compared to planktonic S. aureus cultures 
(Resch et al., 2005). On the other hand, another 
study showed that biofilm formation had no 
effect on the virulence of S. aureus (Kristian et 
al., 2004). Oogai et al. (2011) identified one 
gene that was drastically downregulated in 
biofilms, which was spa, the gene that encodes 
protein A.  

The majority of the S. aureus proteins in both 
biofilm and planktonic cells were clustered in 
the acidic region. It is well known that the 
majority of S. aureus proteins clustered between 
pH 4 and 6 (Cordwell et al., 2002, Brady et al., 
2006). In Gram-negative and Gram-positive 
bacteria the proteins are highly phosphorylated 
therefore they appear as highly acidic. The S. 
aureus proteins that clustered between pH 4 and 
6 includes many cellular proteins, such as 
chaperones, biosynthetic, and metabolic 
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enzymes (Rosen et al., 2004). For this reason, 
better separation of proteins was performed by 
using pH 4–7 strips. 2D gel electrophoresis 
showed more intensive expressed protein (spots) 
in biofilm cells compared to planktonic cells. 
Biofilm formation by S. aureus has been shown 
to be highly dependent on the staphylococcal 
accessory regulator (sarA) (Beenken et al., 
2004) and to a certain degree on the (icaABCD) 
operon (Beenken et al., 2003, Valle et al., 2003), 
and the walRK operon (Delaune et al., 2012). It 
has become clear that biofilms represent a far 
more realistic representation of bacterial 
behavior outside of the laboratory setting. 
Bacteria are capable of radically altering their 
physiology to cope with stressful environments 
(Stoodley et al., 2002, Otto 2008).  

It is of interest to identify secreted proteins 
specific to S. aureus biofilm mode of growth, 
bacterial biofilms proteins are a major barrier to 
healing chronic wounds.  

Further studies are needed to include proteins 
with enzymatic functions such as proteases, 
lipases, and nucleases as well as proteins 
containing secretion signal sequences, as these 
types of proteins are well known virulence 
factors. This will help to change the focus of 
treatment approaches from treating the 
symptoms to treating the causes. The impact of 
these results will begin to establish what S. 
aureus biofilm/host products are involved in S. 
aureus pathogenesis, such as inflammatory 
responses, which inhibit reepithelialization. 

In conclusion, S. aureus protein expression 
was at higher level on TSB media and the 
expression was upregulated in the biofilm 
growth condition except one specific protein that 
upregulated under planktonic conditions. 
Furthermore, the majority of the proteins cluster 
was centralized in the area of acidic region (pH 
4–7). Collectively, further proteomic analyisis is 
needed for this study and other studies which 
could help to explain the differences in 
pathogenesis between bacterial biofilm and 
planktonic cultures. 
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