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Introduction

Drug delivery systems, microrobotics and gene the-
rapy are among the most distinctive examples of tech-
nological progress observed in medicine during recent 
decades. !e utilization of new technologies is also 
observed in such medicine related areas such as medical 
microbiology. Nowadays, this branch of medicine uses 
many advanced techniques of molecular bio logy, like 
nucleic acid sequencing, cell line cultures and transgenic 
methods. Recently, increasing interest of microbiologists 
in real-time analysis techniques can be observed. Tradi-
tional methods, referred to as end point methods, allow 
observation or measurement of the final e"ect, in con-
trary to the real-time techniques that give insight into 
every phase of the experiment (Siley, 2006).

Real-time measurements of electrical impedance 
are the real-time techniques focusing increasing atten-
tion of microbiologists because their possible applica-
tions in the study of bacteria. Impedance is a measure 
of opposition to time-varying electric current in an 
electric element. !e measure opposite to impedance 
is electrical conductivity describing an element’s ability 

to conduct electric current (Charles and Sadiku, 2006). 
!e application of impedance/conductivity sensors in 
microbiological assays allows to detect the presence of 
microorganisms or variable concentrations of medium 
ingredients in the reaction environment. Reduction of 
ion concentration (as a result of incorporation and 
utilization by bacteria), leads to increased impedance 
and decreased conductivity, and can be detected by 
the instrument’s electrodes in real time. !e number 
of bacterial cells or even smaller molecules like pro-
teins or lipids can be measured a#er they adhere to the 
electrodes (Zoroub et al., 2008). 

So far, impedance sensors have been used by micro-
biologists in basic research for a number of applications, 
predominantly for the evaluation of bacterial biofilm 
formation in vitro (Ramasamy  et al., 2008). However, 
the studies on biofilm formation are at preliminary, 
experimental stage, which makes standardization and 
comparison of the results difficult.

!ere are commercially available impedance sensors 
dedicated for biological purposes. !e newest one is 
the xCELLigence (Roche Diagnostics – available from: 
http:// www.roche-applied-science:com/sis/xcelligence/
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ezhome.html) instrument, dedicated for the measure-
ment of eukaryotic cell adherence and viability. Using 
golden microelectrodes, the xCELLigence instrument 
is able to detect changes in conductivity caused by 
adherence of eukaryotic monolayer on the bottom 
of the test plate (Fig. 1). Changes in impedance are 
transformed into dimensionless parameter termed the 
Cell Index (CI).

If the cells do not adhere or adhere loosely to the 
electrodes, the CI value equals 0, an increase in cell 
adherence causes an increase in the CI value.

According to the best knowledge of the authors, the 
xCELLigence system has been tested and utilized only 
for eukaryotic cell with the major focus on the cytotox-
icity and viability analysis (Blish et al., 2008, Hakki and 
Bozkrut, 2011, Rodrigues et al., 2011, Ge et al. 2009).

!e aim of this work was to estimate xCELLigence 
suitability for the use in the following microbiological 
tests:

1. Measurement of morphological changes in eukar-
yotic Chinese Hamster Ovary (CHO) cell line as a result 
of activity of bacterial heat-labile enterotoxin (LT) pro-
duced by the Escherichia coli ATTC 35401. 

2. Real-time measurement of staphylococcal (S. au- 
reus ATCC6538 reference strain) biofilm formation.

3. Real-time measurement of bactericidal activity of 
cationic antiseptic Octenisept® against staphylococcal 
biofilm (S. aureus ATCC6538).

Experimental

Materials and Methods

Measurement of morphological changes in CHO 
cell lines as a result of heat-labile LT enterotoxin 
activity produced by the reference E. coli strain 
ATTC 35401. !e LT enterotoxin was produced using 
the method described by Speirs et al. (1977). Brie+y, 

Fig. 1. Mechanism of action of Roche xCELLigence instrument
Top le! side panel – xCELLigence station for real-time analysis of impedance/conductivity and ACEA Biosciences plates contain microelectrodes. 
Right side panel – changes in impedance caused by cells adhering to the sensors electrode. !e more cells, the higher impedance and decreases 
conductivity. Bottom panel – impedance increase is proportional to the number of cells attached to electrodes and to the strength of adhesion. 
Changes in impedance are transformed into dimensionless value called Cell Index. (!e figure was kindly provided by dr Rafal Kochanowski, Roche 

Diagnostics Poland)
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bacterial liquid culture was incubated for 16–20 h at 
37°C under aerobic conditions with aeration. A#er 
incubation, the culture was centrifuged (17000 g/30 
min). !e supernatant was filtered through 0.45 µm 
pore diameter membrane filters and stored at 4°C. On 
the day of the experiment, the filtrate was diluted in 
the PBS 1:2 or 1:10.

CHO cells were incubated according to the manu-
facturer’s instructions, passaged and suspended in a F12 
medium. !e cells were counted in a Burker chamber 
and diluted to the required density of 3×104 cells/ml. 
!e enterotoxin’s filtrates diluted 1:2 or 1:10 were added 
to 3×104 CHO cfu and incubated for 18–24 hours at 
37°C. !e cytopathic e"ect causing morphological 
changes (elongation of cells) was observed using light 
microscopy (Heareus microscope, magnification x200). 

Real-time assay of enterotoxin activity using 
Roche’s xCelligence instrument. !e assay was con-
ducted in 16-well ACEA Biosciences plates containing 
electrodes on the bottom. Two hundred µl of CHO cells 
(density 3×104 cells/ml) were added to the appropriate 
wells. Next, 20 µl sample of diluted toxin filtrates was 
introduced to the wells. !e plate was incubated for 
18–24 hours at 37°C. Changes in the Cell Index were 
analyzed in real time using the xCelligence instrument.

Measurement of biofilm formed by the S. aureus 
ATCC6538 reference strain. !e ability of the S. aureus 
to form biofilm on di"erent biomaterials was tested 
with the use of standard end-point techniques: crys-
tal violet staining and quantitative cultures. !e ability 
of the S. aureus strain to form biofilm on xCelligence 
plates was tested as follows: 200 µl of medium contain-
ing 105 bacterial cells was introduced to the appropriate 
wells of ACEA Biosciences plates and was incubated 
for 24 h at 37°C. Subsequently, the bacterial suspen-
sion was removed and the wells were rinsed 3 times 
with sterile 0.9% NaCl to remove non-adherent cells. 
!en, the wells were vigorously rinsed with 0.5% sapo-
nine to remove biofilm. Bacteria were serially diluted 
and quantitatively cultured on Columbia agar plates. 
Biofilm formation was estimated as 104–105 cfu/well. 

Real-time measurement of biofilm formation 
using the xCelligence instrument. Two hundred 
µl of suspension containing 105 cells of the reference 
S. aureus strain was introduced to the appropriate wells 
of the xCelligence instrument and incubated at 37°C. 
Changes in Cell Index were measured in real time. Part 
“A” of the experiment: A#er 24 h of incubation, the 
media with non adherent cells was removed, wells were 
rinsed 3 times with sterile 0.9% NaCl and a portion of 
fresh medium was added. Subsequently, the plate was 
incubated for additional 96h to the end of the experi-
ment (120 hours total) and the CI values were measured 
in real time for 120 h. Part “B” of the experiment: the 
experiment was started as described for part A, but the 

medium was not changed throughout the experiment; 
the plate was incubated for 126 hours.

To estimate number of cells in the biofilm, bacteria 
were added to the separate ACEA Biosciences plate in 
the same way as to the wells in experiment A and B. 
A#er 6 ± 1, 12 ± 1, 24 ± 1, 48 ± 1, 96 ± 1 and 120 ± 1 hours 
from the beginning of the experiment, biofilm was 
washed, removed with 0.5% saponine and serial dilu-
tions were plated on Columbia agar. !e number colony 
forming units (CFU) was correlated with the values of 
CI measured during the real time analysis.

Real-time measurement of bactericidal activity of 
antiseptic against staphylococcal biofilm. S. aureus 
cells were incubated in wells of ACEA Biosciences plate, 
as described for experiments A and B. A#er 18 hours 
of incubation, when biofilm reached the plateau phase 
(CI = 0.1), the medium was removed, and 200 µl of 
Octenisept® (Schulke-Mayer) antiseptic (undiluted, 
90%, 80%, 70%, 60% and 50% of water dilution) was 
introduced to the wells. CI values were measured in 
real time for the following 22 hours. A#er that time, the 
antiseptic was removed, the wells were rinsed, biofilm 
was removed with 0.5% saponine and S. aureus CFU 
count was calculated as described above.

Results

Measurement of morphological changes in CHO 
cell lines as a result of heat-labile LT enterotoxin 
activity produced by the reference E.coli strain ATTC 
35401. !e LT enterotoxin produced by Escherichia coli 
causes’ cytopathic e"ect in the CHO lines observed as 
a  cell elongation (Fig. 2). !e traditional end-point 
method uses microscopy to evaluate enterotoxin-
caused cytopathic e"ect. In the traditional method, the 
ability of a strain to induce cytopathic e"ect is usually 
marked as “+”. A lack of this ability is described as “–”. 
If 50% of cells display morphological changes, the result 
is referred to as “++” and “+++” corresponds to > 80% 
of elongated cells. 

Real-time measurement of cytopathic e"ect using 
the xCelligence instrument. Figure 3 presents the plot 
of CI values acquired during real-time experiment 
when CHO cells were incubated with LT toxin. !e 
highest CHO cell line viability (control, red line) was 
observed a#er 9 hours from the start of the experiment 
(CI 0.45). A#er 9 hours, the viability decreased, which 
was re+ected in decreasing CI values. When the CHO 
cells were treated with 1:10 enterotoxin filtrate, the 
highest CI value (CI = 0.55) was observed a#er 12 hours 
from the start of the experiment. In the case of the cells 
treated with 1:2 enterotoxin filtrate, the CI reached the 
highest value (CI = 0.75) a#er 11 hours from the begin-
ning of the experiment (Fig. 3). 
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Real-time measurement of biofilm formed by 
the S. aureus ATCC6538 reference strain. Part “A” 
of the experiment. A#er 18 hours of S. aureus incu-
bation in the well, the CI reached the highest value 
(0.11). A change of medium a#er 24 h of the incuba-
tion resulted in a drop in CI value to 0.075. Between 
hours 24–40 of the experiment, the CI value increased 
(from 0.075 to 0.09). !e CI value did not reach, as 
we expected, the exact value detected before medium 
change; however it oscillated in a closed value range 
(0.08–0.09) (Fig. 4).

Part “B” of the experiment. Similarly to part “A”, 
in part “B” of the experiment, the Cell Index (CI) 
reached the highest value (0.10) a#er 18 hours of incu-
bation. Subsequently, the CI decreased, reaching 0.02 
a#er 120 h of the experiment. Quantitative cultures of 
bacterial cells shown in Table I indicate that changes 

in CI values correlate with changes in the number of 
cells adhered to the wells of the test plate. !e highest 
number of cells and the highest CI value were observed 
between the 12th and the 24th hour of the experiment. 
A#er 24 hours, the CI value decreased, reaching 0 
a#er120 h of the experiment. Between hours 96 to 120, 
when CI reached the lowest values of 0.01 and –0.02, 
the number of staphylococcal cells was also at the lower 
limit of detection by quantitative culturing.

Real-time measurement of bactericidal activity of 
antiseptic against staphylococcal biofilm using the 
xCelligence instrument. A#er 18 hours of incubation, 
CI reached the value of 0.1, which correlates with the 
highest number of biofilm-forming cells. At that time, 
the medium was removed and replaced with antiseptic. 
During the next 20 minutes, a substantial (proportional 
to the concentration of antiseptic) increase in CI was 

Fig. 2. Standard end-point method using light microscopy.
A – Regular CHO cells a#er 18 hours of incubation. B – Elongated CHO cells a#er 18 hours of incubation in the presence of LT enterotoxin filtrate. 

Heraeus microscope, magnification x200.

Fig. 3. Cell Index (CI) values collected in real time are a result of impedance changes caused by CHO cell elongation upon in+uence
of the LT enterotoxin.

A line – negative control (F12 medium), B line – positive control, CHO cells grown in the absence of enterotoxin, C line – CHO cells
treated with enterotoxin filtrate (diluted 1:10), D line – CHO cells treated with enterotoxin filtrate (diluted 1:2)
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observed (Fig. 5). At the end of the experiment quanti-
tative analysis of bacterial cell density was performed. 
!e results of cultures were negative for the bacteria 
recovered from wells treated with undiluted antiseptic 
and 90%, 80%, 70% and 60% concentrated solutions. 
In the case of 50% solution, the quantitative cultures 
indicated the presence of less than 102 of living bacteria. 
In all cases the cell index values were relatively high.

Discussion

Measurement of morphological changes in CHO 
cell lines as a result of heat-labile LT enterotoxin 
activity produced by the reference E.coli strain ATTC 
35401. Enterotoxic Escherichia coli strains (ETEC) 
are able to produce heat-labile LT enterotoxin, which 
causes diarrhoeas in humans. Traditional methods of 

Time of incubation (h) 6 12 24 48 96 120

Cell index (CI) 0.04–0.06 0.085–0.11 0.06–0.075 0.04–0.05 0.00–0.01 –0.02–0.0

Colony forming units (cfu) 2.5–4103  3–7×104 9×103–2×104 4×103–7×103 101–102 101–102

Table I
Correlation between time of incubation, CI value and the number of S. aureus cells

Fig. 4. Cell Index (CI) values collected in real time are a result of impedance changes caused by staphylococcal biofilm formation
A. Experiment with the medium exchange, B. Experiment with the untouched biofilm.

Fig. 5. Measurement of changes in CI value a#er treatment of S. aureus ATTC6538 biofilm with Octenisept®
A – undiluted antiseptic, B – 90% concentration of antiseptic, C – 80% concentration of antiseptic, D – 70% concentration of antiseptic,

E – 60% concentration of antiseptic, F – 50% concentration of antiseptic.
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LT enterotoxin detection are based on the cytopathic 
e"ect caused in CHO cell lines in the presence of the 
toxin. !is cytopathic e"ect is visible as CHO cell 
elongation. !e traditional method is an “end-point” 
method, which means that only the final e"ect can 
be observed or measured, leaving a whole spectrum 
of events undetected. In this end-point, microscopic 
method, the cytopathic e"ect was observed between 16 
and 18 hours a#er treatment of the cells with an enter-
otoxin-containing filtrate. In real-time measurement, 
the highest CI values were observed a#er 11–12 hours. 
It means that the result obtained by the standard end-
point method does not re+ect the real e"ect of the toxin 
on CHO cells. !e use of real-time measurement allows 
to better estimate the in+uence of the toxin to in+u-
ence the CHO cells. !e cytopathic e"ect is gentler than 
the cytotoxic e"ects caused by other toxins or agents 
leading to the cell death. !e presented results indicate 
that the xCelligence instrument was able to detect small 
cytopathic changes in real time and can be used for 
precise microbiologic diagnostics. 

Real-time measurement of biofilm formed by 

the S. aureus ATCC6538 reference strain. !e change 
of medium during biofilm incubation leads to the 
decrease in CI value. In studies concerning biofilm 
measurements in vitro, it is assumed that such action 
(medium change and rinsing) leads to the removal of 
non-adherent or loosely adherent cells (swimmer cells), 
which would explain the lower CI values observed dur-
ing the experiment. However, it should be noted that 
a newly changed medium is a new source of ions in 
the reaction environment, which increases the value of 
conductivity and may decrease Cell Index. On the other 
hand, it is assumed that the bottom layer of biofilm is 
weakly permeable for a majority of molecules, hence 
the lower CI values may be a result of a decrease in 
cell number rather than of electrode-ion interactions. 
A precise evaluation of the observed changes needs fur-
ther investigation.

!e strong adherence of cells to the surface occurs 
during the first 4–8 hours and the rapid increase in CI 
value observed at this time (–0.01–0.11) seems to con-
firm it. Initial adherence is a result of the activity of 
specific adhesins, a#er that time, adherence is medi-
ated by exopolysaccharide – biomaterial interaction 
(Bjarnsholt, 2011). !e cells with the exopolisaccharide 
attachment are at some distance from the cells of lower 
biofilm layers and usually are not distributed evenly in 
the biofilm structure. Along with the changes in the 
medium (decrease in nutrient concentration, increase 
in metabolite concentrations), the cells of the biofilms 
lower and mid- layer slow down their metabolic activity 
(anabiosis) and change their morphological properties 
(Dunne, 2002). An introduction of a fresh medium acti-

vates “latent” bacteria and leads to the reconstruction 
of a biofilm structure. A decrease in CI values observed 
in part “B” of the experiment (hours 18 to 120) and in 
part “A” (hours 42–120) may be a result of this mecha-
nisms; the performed quantitative cultures indicate 
a progressing decrease in the cell number. Because of 
a high number of variables, it is difficult to draw unam-
biguous conclusions from above data. !e first aspect 
that should be investigated in detail is the in+uence of 
bacterial metabolic products on the electrodes’ ability 
to conduct electric current. 

Real-time measurement of bactericidal activity of 

antiseptic against staphylococcal biofilm using the 

xCelligence instrument. !e analysis and interpreta-
tion of the data collected during this experiment causes 
some confusion. Octenidine dihydrochloride, the anti-
septic’s active ingredient disrupts cell continuity. In 
e"ect, ion concentration in the environment increases, 
which leads to decreased impedance. We expected to 
observe a decrease in CI value as a result of antiseptic’s 
biocidal activity. However, a#er 20 minutes from the 
antiseptic’s application, the CI increased 4–6 times. !e 
increase in CI value was proportional to the concentra-
tion of the used antiseptic. 

Sample with undiluted antiseptic was considered 
a  background, so the observed increase in CI value 
is not a result of antiseptic introduction, but rather 
cell-electrode interaction. It has to be emphasised that 
impedance sensor’s electrodes are placed only on the 
bottom of the wells. Biofilm forms not only there, but 
also on the walls of the well. !e surface of walls is 
a  few times larger than the surface of the bottom of 
the well. Probably, when antiseptic penetrates through 
biofilm layers, cells are disrupted and gradually are 
detached from the walls. Probably, cell debris sediment 
in the bottom of the well a#er treatment with antisep-
tic and this event is measured by the electrodes as an 
increase in CI value. 

A#er real-time experiment, the presence of liv-
ing cells was detected using quantitative cultures in 
the wells treated with 50% concentration of antisep-
tic only. It would be expected that the survivor cells 
would rebuild biofilm structure and this phenomenon 
would be measured by the sensor. Surprisingly, such 
fact was not observed. However, as it was seen in bio-
film measurement assay (Result 2), the Cell Index dur-
ing biofilm formation reached 0.1–0.11. !ese values 
were lower than these reached when the antiseptic was 
applied. !us, possible biofilm re-formation could be 
not detected by the sensor.

It is estimated that 99.9% of bacterial biomass is 
organized in the form of biofilm. Over 60% of all hos-
pital infections are in fact, biofilm-related (Fux et al., 
2003). !e costs and burden related to the treatment 
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of these infections are very high. Because every new 
data regarding the mechanisms of biofilm formation 
can be further used for biofilm eradication, research 
on real-time biofilm formation described in this work 
can be used in the future experiments.

Conclusions

1. Real-time measurement of morphological changes 
in CHO cell lines as a result of activity of heat-
labile LT enterotoxin activity produced by the ref-
erence E. coli strain ATTC 35401

 !e experiment showed that the xCelligence instru-
ment can be used for real-time monitoring of mor-
phological changes in CHO cells treated with bacte-
rial LT enterotoxin allowing to exactly evaluate the 
time when the cytopathic e"ect occurs. 

2. Real-time measurement of biofilm formed by the 
S. aureus ATCC6538 reference strain

 !e xCelligence instrument can be used in real-time 
measurement of biofilm formation in vitro. However, 
additional experiments have to be done. 

3. Real-time measurement of antiseptic’s bactericidal 
activity against staphylococcal biofilm 

 !e large number of factors that in+uence the CI 
value during the measurement is a big caveat of the 
experiments of such type. We can conclude that addi-
tional experiments using substances with various 
mechanism of action are required. 
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