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ABSTRACT 

The attachment of Staphylococcus epidermidis to the 
surface of carbon paste electrode (CPE) by applying 
positive potentials (50 - 600 mV) with regard of va- 
rious buffer pH, cultivation time and solid-medium 
type was studied. The attachment process was ana- 
lyzed by measuring the electric current derived from 
the dye (amido black) adsorbed on the vacant areas of 
CPE after attachment of microbial cells. The pH was 
not identified as a single main factor affecting the 
attachment (p > 0.05), however further insight re- 
vealed that the potentials applied had different effects 
on the microbial cells attachment. Both cultivation 
time and solid-medium type significantly affected the 
microbial attachment. Generally, increase of cultiva- 
tion time up to 168 h resulted in increase of adhesion. 
Applying potentials 300, 400 and 200 mV resulted in 
the highest attachment process for bacteria cultivated 
for 24, 48 and 168 h, respectively. S. epidermidis cul- 
tivated on the blood agar and Baird-Parker agar 
plates showed the higher extent of attachment. 
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1. INTRODUCTION 

The surface characteristics of bacterial cells including 
hydrophobicity, surface charge and electron donor/accep- 
tor properties play an important role in their attachment 
to various surfaces. Adherence of microorganisms is 
accepted as the initial step in the process of coloniza- 
tion of the host tissue or the formation of biofilm [1]. 
Microorganisms acquire a surface electric charge in 
aqueous environment due to the ionization of their sur- 
face chemical groups, such as amino, carboxyl and phos-  

phoryl groups. The negative charge mostly predominates 
in bacteria. Since the cell surface is in direct contact with 
the environment, the charged groups within the surface 
of cells may interact with charged ions or molecules 
present in the external medium [2,3]. While hydrophobic 
interactions between hydrophobic molecules on the sur- 
face of the microorganism cells and the inert surface 
predominate at long distance (cca 10 nm), the electric 
surface charge acted at shorter distances [4]. In addition, 
physiological state of the bacterial cells and the pH of the 
surrounding environment also play a crucial role in at- 
tachment process [5-10]. 

The surface charge of microorganisms is necessary to 
determine and give us the information whether the cells 
may attached on the particular surface. Microbial surface 
charge is often determined using electrostatic interaction 
chromatography or by measurement of the electropho- 
retic motilities, and hence the determination of zeta po- 
tential using Smoluchowski equation [11,12]. Morisaki 
et al. [13] proposed a method for study of attachment of 
bacterial cells to carbon electrodes. The bacterial at- 
tachment process was analyzed indirectly by measuring 
the electric current derived from the organic dye ad- 
sorbed on the surface of carbon paste electrodes (CPE). 
They study the attachment of Pseudomonas syringe us- 
ing anodic stripping method which allowed accumulating 
bacterial cells to the surface of CPE enhanced by the 
particular potential previously determined by the mea- 
surement of electrophoretic mobility. In our previous re- 
port, the attachment process of microbial cells to the 
surface of carbon paste electrode (CPE) was analyzed by 
measuring the electric current derived from the dye 
(amido black) adsorbed on the vacant areas of CPE after 
their attachment [14]. We demonstrated that various ap- 
plied potentials influenced the attachment of Staphylo- 
coccus epidermidis onto the surface of CPE. The results 
showed that positive potentials applied during accumu- 
lation of bacteria S. epidermidis enhanced their adsorp- 
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tion to the surface of CPE in comparison with that oc- 
curred during free adsorption process and in negative 
potentials. 

The objective of the study was to examine the effect of 
the solid-type mediums, pH of buffer solutions and the 
physiological state of S. epidermidis on its attachment to 
the surface of carbon paste electrode. 

2. METHODS 

2.1. Organisms and Culture Conditions 

Staphylococcus epidermidis CCM 4418 (Czech Collec- 
tion of Microorganisms, Masaryk University, Brno) 
stock culture was prepared as follows: the freeze-dried 
cells of S. epidermidis were activated by transfer into 
Nutrient agar no. 2 (MPA, HiMedia, Bombay, India) at 
37˚C for 24 h followed by an appropriate incubation in 
MPA agar plate. Stock culture was kept in refrigerator 
and refreshed each 2 weeks. For the purpose of this study, 
a fresh culture was prepared from the stock culture by 
incubating inoculum in freshly prepared MPA (37˚C, 24 
h) agar plate. 

2.2. The Effect of pH, Cultivation Time and  
Culture Media on the Bacterial Attachment 

From the freshly grown culture (37˚C, 24 h), a cell sus- 
pension was prepared in various Britton-Robinson buf- 
fers (pH 5.0, 7.2 and 9.0). The concentration of the cell 
suspension was adjusted to 1.5 according to McFarland 
turbidimetric standard. 

A fresh culture was inoculated on the surface of MPA 
agar plate and incubated at 37˚C for 24, 48, 96 and 168 h. 
Thereafter, the cell suspension was prepared in Brit- 
ton-Robinson buffer (pH 7.2) adjusted to 1.5 according 
to McFarland turbidimetric standard. 

For the purpose of the determination of solid-medium 
type effect, other types of media were used: Trypton 
soya agar, blood agar supplemented with 7% of defibri- 
nated sheep blood (BA) and Baird-Parker agar (B-P) 
(TSA, HiMedia, Bomaby, India). A fresh culture (37˚C, 
24 h) was inoculated on the surface of each agar plate 
and incubated at 37˚C for 24 h. A suspension of bacterial 
cells was prepared as described above. 

2.3. The Preparation of Carbon Paste Electrodes 

A mixture of 0.5 g of graphite powder 5.5 - 7.0 μm 
(CR-5, Maziva Týn n. L., s.r.o., Czech Republic) and 
130 μL of mineral oil (M5904, Sigma-Aldrich, Germany) 
was prepared in ceramic mortar. Freshly prepared carbon 
paste was packed into the teflon piston holder with inner 
diameter of 2.0 mm [15]. The resistance of such prepared 
electrode was 11.7 ± 2.1 Ω. 

2.4. Chemicals 

All the reagents were purchased in Sigma-Aldrich (Darm- 
stadt, Germany). Amido black dye solution (1.0 µmol·L−1) 
was prepared by dilution of appropriate amount of the 
dye in phosphate buffer (pH 7.2). Distilled water pu- 
rified by deionized water system was used in this study 
(G ≤ 0.055 µS). The soluble oxygen was removed from 
all the solutions by purging with argon for 15 min (purity 
99.99%, Linde Technoplyn, Prague, Czech Republic). 

2.5. Electrochemical Measurement 

Three electrodes system consisting of carbon paste elec- 
trode (working), Ag/AgCl/3.0M KCl (reference) and 
platinum wire (counter electrode) connected to PalmSens 
(Ivium Technologies, Netherland) was used for electro- 
chemical measurement. The surface of CPE was rege- 
nerated by renewing and polishing it on wet filter paper 
before each measurement. 

2.6. The Free Adsorption of Organic Dye and  
Microorganisms to the Surface of CPE  

The experimental procedure was adopted from our pre- 
vious study. Briefly, CPE was immersed into 4 ml of 1.0 
µmol·L−1 amido black solution (pH 7.2). The dye accu- 
mulation was performed in 70 s stirring at 400 rpm. The 
CPE with adsorbed organic dye was immersed in fresh 
phosphate buffer (pH 7.2) and the oxidation current of 
amido black (I0) was determined using square wave 
voltammetry (SWV, frequency 25 Hz, potential range 
from 0 to +1.0 V, potential step 0.025 V and potential 
pulse 0.025 V). These I0 values served as blank through- 
out the whole experiment. 

Working electrode was immersed into 4 ml of cell 
suspension (1.5 × 108 cfu·mL−1) in buffer (pH 7.2) for 
130 s at 400 rpm. In the case of the pH effect, buffer so- 
lutions of pH 5.0 and 9.2 were also used. After the at- 
tachment process, amido black solution was allowed to 
adsorb for 130 s at 400 rpm with the electrode system 
switched off (7.2 pH). CPE with adsorbed cells and or- 
ganic dye was dipped into fresh buffer solution (pH 7.2) 
and the oxidation current of amido black (I0(cells)) was 
examined using SWV with the condition described 
above.  

The extent of free cell adsorption (I0(extent)) to the sur- 
face of CPE was calculated using equation: 

  00 extent 0 cellsI I I                 (1) 

where I0 is the oxidation current of the adsorbed dye 
(µA), I0(cells) is the oxidation current of the dye adsorbed 
after accumulation of the cells of microorganisms (µA). 
The more cells attached to the surface of the electrode 
the greater the value of I0(extent). 
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2.7. The Adsorption of Microorganisms to the  
Surface of CPE Using Various Potential 

CPE was immersed into 4 ml of cell suspension (1.5 × 
108 cfu·mL−1) in phosphate buffer (pH 7.2) for 130 s at 
400 rpm and various potentials from +50 mV to +600 
mV (50 mV step) were applied. The cell suspension was 
then changed for amido black solution (1.0 µmol·L−1) 
and the adsorption process continued for 130 s at 400 
rpm with the electrode system switched off. The oxida- 
tion current (IE(cells)) of amido black adsorbed on the sur- 
face of CPE was then determined using SVW in phos- 
phate buffer (pH 7.2). The extent of cell adsorption af- 
fected by applied potential (IE(extent)) was calculated ac- 
cording to equation: 

( ) (0E extent E cellI =I I- )             (2) 

The results are interpreted as follow: I0(extent) ≥ IE(extent)  
means that the adsorption of microorganisms was not 
enhanced by the application of potential, i.e. the amount 
of the cells on the surface of CPE was similar or lower in 
comparison with free adsorption of cells. If I0(extent) < 
IE(extent), the attachment of cells of microorganisms was 
enhanced by the application of potential. 

2.8. Statistical Analysis 

The experiments were carried out in two separate trials 
and individual measurements were replicated five times 
at least. The results are expressed as average values with 
standard deviations. Scheffé’s method was applied for 
multiply comparison of all the datasets. Analysis of 
variance (ANOVA) was used as a tool for determination 
of the effects of applied potentials, cultivation time, pH 
and solid-type media on the IE(extent) values. Both statis- 
tical methods were set on the probability level of p = 
0.05. 

3. RESULTS AND DISCUSSION 

The free adsorption process (without applied potential) 
of S. epidermidis on the surface of CPE decreased with 
increasing of pH. As shown in Figure 1, I0(extent) gave 
0.97 ± 0.06 µA at the pH 5.0 and 0.78 ± 0.03 µA at the 
pH 7.2 (p < 0.01). In basic environment, no free attach- 
ment of S. epidermidis was observed. It was previously 
published that alkaline pH (8.5) had inhibiting effects on 
the attachment of S. epidermidis and S. aureus strains [5]. 
On the contrary, decrease of gram-positive Listeria 
monocytogenes adhesion at pH 5.0 was determined in 
comparison with physiological condition (i.e. pH 7.4) 
[10]. In acidic environment (pH 5.0), the attachment of 
bacterial cells to the surface of the CPE was slightly en 
hanced at 50 and 100 mV in comparison with that oc- 
curred during free attachment process (p < 0.05) in our 

study. The rest of the potentials either did not affect the 
adsorption of S. epidermidis (200, 500 - 600 mV) cells or 
caused the deliberation of the cells from the surface of 
the CPE (150, 250 - 450 mV). According to statistical 
analysis (Student’s t-test), four potentials (100, 150, 300 
and 400 mV) applied to CPE significantly promoted ad- 
sorption of bacterial cells at pH 7.2 (p < 0.05). It is clear 
from Figure 1 that applying 300 mV had a marked effect 
on the adsorption of S. epidermidis to CPE giving the 
IE(extent) 2.9 times higher than the extent of the free ad- 
sorption (I0(extent)). The rest of applied potentials resulted 
in lower values of IE(extent) indicating that cells were de- 
liberated from the surface of carbon paste electrode. In- 
terestingly, the attachment of bacteria to the surface of 
CPE occurred when potentials 100, 350 and 450 - 600 
mV were applied in basic environment (pH 9.0). Other 
potentials did not allow bacteria to be attached similarly 
as during free adsorption. It has to be noticed that bacte- 
ria were still viable at the end of the attachment process 
in all the buffer solutions and the cells concentration did 
not differ from the initial count (p < 0.05). However, the 
overall effect of pH on the bacterial attachment on the 
surface of CPE at different potentials used in this study 
was not significant (p > 0.05), i.e. the pH was not identi- 
fied as the significant main factor in ANOVA procedure. 
The adhesion forces reached its highest value when the 
pH of the solution was near the isoelectric point of bac- 
teria as was determined in the study of bacteria-metal 
attachment [7]. Xie et al. [16] concluded that biofilm 
development in the electrode at various potentials could 
be perceived from the point of view of surface charge 
interaction. They determined the particular potential, at 
which E. coli biofilm with the highest cell density was 
 

 

Figure 1. The anodic peak current of the dye (amido 
black) after attachment of Staphylococcus epidermidis 
to the surface of carbon paste electrode at various pH 
affected by electrochemical potentials for 130 s (400 
rpm stirring). Off, the free attachment process (with 
electrode system switched off). Mean values and stan-
dard deviations (n = 10 - 12). Different letters above 
columns indicate statistical difference (p < 0.05). 
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observed. In our study, the highest IE(extent) value indicat- 
ing the enhanced attachment of S. epidermidis was de- 
termined at 300 mV in 7.2 pH. 

It is evident from Figure 2 that attachment process 
depended on the time of cultivation which was determin- 
ed as the single main factor affected the adsorption (p < 
0.001). Whereas I0(extent) values were similar for 24 h and 
48 h cultivation time (p > 0.05), extended cultivation 
time up to 96 or 168 h at 37˚C resulting in increase of the 
free attachment of S. epidermidis on the surface of CPE 
(Figure 3). 

The application of the potentials in the range of 50 to 
450 mV did not show clear dependence among various 
incubation times. Three potentials, namely 500, 550 and 
600 mV applied to the CPE, showed clear relationship, 
i.e. adsorption of the cells increased with increase of the 
incubation time. Comparing the IE(extent) values with that 
obtained during free adsorption revealed that the adsorp- 
 

 

Figure 2. The cultivation time as the main factor influ-
encing the attachment of Staphylococcus epidermidis on 
the surface of carbon paste electrode. Mean values with 
95% confidential interval. 

 

 

Figure 3. The anodic peak current of the dye (amido black) 
after attachment of Staphylococcus epidermidis, grown for 
various time on MPA at 37˚C to the surface of carbon 
paste electrode (7.2 pH) affected by electrochemical po-
tentials for 130 s (400 rpm stirring). Off, the free attach-
ment process (with electrode system switched off). Mean 
values and standard deviations (n = 10 - 14). Different let- 
ters above columns indicate statistical difference (p < 
0.05). 

tion process was enhanced by different potentials with 
regards to the cultivation time. Whereas 24 h of cultiva- 
tion resulting in higher IE(extent) values at potentials 100, 
150, 300 and 400 mV (p < 0.01), the adsorption of bacte- 
rial cells cultivated for 48 h was significantly higher (p < 
0.001) when applying potentials 400, 450, 550 and 600 
mV. Interestingly, the cells incubated for 96 h at 37˚C 
attached to the surface of CPE in lower extent in com- 
parison with that during free adsorption (without apply- 
ing potential) in the range from 100 to 600 mV. The po- 
tentials had no effect on the adsorption of 168 h culture 
of S. epidermidis to the surface of CPE with two excep- 
tions. Firstly, the application of 200 mV significantly 
enhanced the adsorption (p < 0.05), and 300 mV reduced 
the attachment (p < 0.01) in comparison with that during 
free attachment process, in second. 

The type of solid media exhibited different results on 
the extent of attachment process of S. epidermidis to the 
surface of CPE. According to ANOVA procedure, the 
adsorption process was affected by the type of solid me- 
dia used for cultivation of S. epidermidis (p < 0.05) as 
depicted in Figure 4. Regarding the free adsorption of 
bacterial cells, the cultivation on MPA and B-P plates 
gave the similar values of I0(extent) 0.78 ± 0.03 and 0.76 ± 
0.09 µA, respectively (p > 0.05). Enhanced attachment 
was discovered when cells were able to grow on blood 
agar resulting in twofold higher value of I0(extent). On the 
other hand, the cells cultivated on TSA plates did not 
freely attach to the surface of CPE. The application of 
potentials 300, 400 and 500 mV caused the attachment of 
S. epidermidis grown in TSA plates with the highest 
IE(extent) value at the potential 300 mV (1.37 ± 0.04 µA) 
(Figure 5). 

A few applied potentials (100, 200 - 300, 500, 550 mV) 
did not permit the bacteria grown in B-P plates to adhere 
to the surface of CPE similarly as during free adsorption 
process. On the other hand, bacteria cultivated in BA at 
37˚C resulted in significantly higher IE(extent) in comparison  
 

 

Figure 4. Solid-medium type as the main factor influenc-
ing the attachment of Staphylococcus epidermidis on the 
surface of carbon paste electrode. Mean values with 95% 
confidential interval. MPA-Nutrient agar No. 2, BA-blood 
agar, TSA-Trypton soya agar, B-P-Baird-Parker agar. 
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Figure 5 The anodic peak current of the dye (amido 
black) after attachment of Staphylococcus epidermidis, 
grown for various solid-medium (24 h, 37˚C) to the sur-
face of carbon paste electrode (7.2 pH) affected by elec-
trochemical potentials for 130 s (400 rpm stirring). Off, 
the free attachment process (with electrode system swit- 
ched off). Mean values and standard deviations (n = 11 - 
14). MPA-Nutrient agar No. 2, BA-blood agar, TSA- 
Trypton soya agar, B-P-Baird-Parker agar. Different let-
ters above columns indicate statistical difference (p < 
0.05). 

 
with that in free attachment process (p < 0.01). 

It is well known that surface charge of bacteria is de- 
pendent on their physiological state which reflects the 
molecular composition of the cell wall, particularly the 
number and the type of functional groups [7,17,18]. 
Various intrinsic and extrinsic factors including growth 
phase, medium type and nutritional sources had impact 
on the cell wall composition. The concentration of sugars 
and amino acids in cell walls of staphylococci varied 
depending on the growth conditions [19] and the cultiva- 
tion method and the growth phase also affected the 
lipopolysaccharide composition of bacterial cells [20]. In 
stationary phase of growth of S. aureus, increase of 
genes expression encoding the proteins formation re- 
sponsible for surface charge was determined [18]. There- 
fore, the stationary-phased S. aureus had strong negative 
surface charge in comparison with the cells in exponen-
tial growth phase. Higher values of both I0(extent) and 
IE(extent) for 96 h and 168 h cultures of S. epidermidis de-
termined in our study may indicate the increase of nega-
tive surface charge of bacterial cells. Although we did 
not provide the enumeration of dead cells of S. epider-
midis, we found that thermally inactivated yeast cells 
significantly increased I0(extent) and IE(extent) values com- 
pare with those for viable cells [14]. These findings also 
corresponded with the study of the postmortem changes 
in the surface charge of the membranes of the human 
erythrocytes [21]. Although not fully comparable with 
our research, they demonstrated the increase of charges 
(depending on pH) after sudden unexpected death of 
cells. We may just hypothesize that increase of dead cells 

could result in increase of their attachment to the surface 
of CPE. The significantly higher IE(extent) and I0(extent) values 
for S. epidermidis grown in BA plates for 24 h at 37˚C in 
comparison with other solid-type media can be explained 
by different nutrient composition. It was described that 
initial attachment and further biofilm formation de-
pended on the availability of key nutrients in growth me-
dia. While the biofilm development of some gram-nega- 
tive bacteria was enhanced in poor media [6,8], gram- 
positive S. aureus formed biofilm in nutritionally rich 
medium [9]. In addition, the effect of solid-medium type 
also influenced the identification of bacterial isolates us- 
ing advanced analytical technique [22]. 

4. CONCLUSION 

The attachment of S. epidermidis strain on the surface of 
carbon paste electrode at the potentials ranged from 50 
mV to 600 mV was studied. Various conditions such as 
pH of buffer solution, cultivation time and solid-medium 
type were investigated as variables influencing the at- 
tachment to the surface of CPE. Generally, the attach- 
ment of S. epidermidis to the CPE depended on all the 
tested conditions. Although the effect of pH was not 
supported by ANOVA procedure, interesting results 
were obtained. In acidic environment, the applied poten- 
tials resulted in similar or lower extent of attachment in 
comparison with that determined during free attachment 
process. On the other hand, alkali condition impeded free 
attachment of bacteria but high IE(extent) values were de- 
termined at certain potentials. Both cultivation time and 
solid-medium type were identified as the single main 
factors affected the attachment of bacteria to the surface 
of CPE. The values of IE(extent) indicating the extent of 
attachment process increased with increasing of cultiva- 
tion time. The solid-medium used for cultivation also 
affected the attachment process with higher IE(extent) values 
for blood agar followed by Baird-Parker agar plates. In- 
terestingly, bacteria grown on TSA were not able to at- 
tach to the surface at the majority of applied potentials. 
Since the solid media differed in nutrient composition, 
this could probably result in different composition of cell 
wall and thus, different surface charge properties of the 
cells. However, another substantial investigation is ne- 
cessary to clarify this behavior. 
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