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Abstract

terms of the directive 2000/54/EC.

Background: Workers of agriculture and intensive life stock farming are exposed to highly contaminated workplaces.
Bioaerosol exposures are suspected to trigger respiratory health effects of the workers. So far, risk evaluation of bioaerosols
has been assessed through the infectivity of comprising biological agents that is classified in Europe by four risk groups
according to the criteria of Directive 2000/54EC of the European Parliament. However, this directive additionally requires
the risk assessment of allergenic and toxigenic effects without further elaboration. The aim of our study was to establish
an in vitro screening system that is able to measure inhalative toxic effects of bacteria and their metabolites.

Methods: In this study, we analyzed three bacterial toxins and five culture supernatants of selected bacteria with known
toxicity as model agents exposed to the lung epithelial cell line NuLi-1. We used electrical cell-substrate impedance
sensing (ECIS) method to monitor real-time cell changes and the viability test Prestoblue™.

Results: We confirmed concentration dependent cytotoxic effects of the selected toxins in NuLi-1 cells over a period of
up to 48 h. Each toxin resulted in a different but specific impedance profile over time according to their mode of action,
whereas viability assay showed the metabolic activity of the cells at a chosen time point without revealing any
information on their mode of action. Furthermore, dose-response-relationships were monitored. Tested model bacteria
(Streptoccous pneumoniae, Acinetobacter radioresistens, Aerococcus viridans, Aeromonas hydrophila) reacted according to
their expected toxicity except one bacterium (Enterococcus faecalis). The established assays revealed the concentration
dependent onset and intensity of bacterial cytotoxicity and the viability of the cells at 24 h and 48 h exposure.

Conclusion: Impedance measurement and the viability assay Prestoblue™ in combination are suitable as sensitive
screening methods to analyze toxic potential of bacteria and can therefor support the risk assessment of workplaces in
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Introduction
Employees should be protected from risks caused by bio-
logical agents at their workplaces applying the strategy
of risk assessment (Directive 2000/54/EC).

The risk assessment needs to comprise the infectious,
toxigenic and allergenic potential of biological agents.
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For the infectious risk assessment, biological agents are
separated into risk groups. However, the assessment of
the allergenic and toxic potential of biological agent is
not sufficiently feasible and not covered by the classifica-
tion into the established risk groups. In order to protect
workers sufficiently, it is essential to assess the sensitiz-
ing and toxic potential of the biological agents in
addition to their infectious potential. At workplaces with
biological security levels, e.g., in laboratories or health

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12995-021-00317-z&domain=pdf
http://orcid.org/0000-0001-5852-5692
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:Klar.Stefanie@baua.bund.de

Klar et al. Journal of Occupational Medicine and Toxicology

facilities, biological agents are known in most cases and
protective measures are based on their risk group. How-
ever, in case of agriculture, waste management, etc., the
assessment is much more difficult, as the composition of
biological agents is much more complex and varies
widely. Diseases of toxic and allergenic causes play a
major role in addition to infectious diseases [1]. None-
theless, in Germany, there is no commitment to measure
biological agents at workplaces.

Up to now, the toxic potential of biological agents is
often estimated exclusively by the endotoxin content
and has been reviewed in several publications [2-4], al-
though other components influence the toxic potential
as well. These include, for example, exotoxins of the
bacteria and mycotoxins of molds. They are secreted in
the course of secondary metabolism and are not vital for
the microorganisms. Exotoxins are usually proteins,
while mycotoxins belong to a wide variety of chemical
substances. These toxins can act in very different ways.

A known bacterial toxin, which has a health adverse
effect in the lungs, is the pertussis toxin from Bordetella
pertussis. It acts on the epithelial cells of the lungs and
impairs their barrier function and furthermore the in-
nate immune response [5]. Another example, the alpha-
toxin of Staphylococcus aureus is also involved in pneu-
monia and attacks pulmonary epithelial cells. The toxin
forms transmembrane pores, which leads to the collapse
of the cells and epithelial cells can no longer exercise
their barrier function [6]. These are just two examples of
many bacterial toxins that can have an impact on the
lungs. Lung epithelial cells represent the first row of host
defense and biological barrier against potentially harmful
substances as well as microorganisms. The toxic effects
range from a regulatory disturbance, e.g., inflammatory
effects caused by endotoxins, to necrotic or apoptotic
cell destruction [7]. In order to be able to assess the tox-
icity of biological agents, it is important to establish
standardized methods providing information on possible
cellular effects. Among many in vitro methods, imped-
ance measurement is a promising label-free, non-
destructive real-time method for detecting cell responses
to e.g., toxins of chemical or biological origin. This
method was primarily used to study the adhesion of cul-
tured cell lines [8]. The “electric cell-substrate imped-
ance sensing” (ECIS) method is based on cells growing
adhered to small gold electrodes located at the bottom
of cell culture dishes. Cells act as dielectric layers which
results in a measurable cell-specific impedance. Cyto-
toxic substances affect cells and thus changes in the im-
pedance can be monitored. ECIS has been intensively
tested and is routinely used to analyze e.g., the adher-
ence and distribution of cells, cell movements, cell-cell
contacts, cell proliferation and in vitro toxicology in real
time [9].
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Some studies have shown that half-maximum effective
concentrations obtained with ECIS match the values of
other cytotoxicity assays such as neutral red uptake
(NRU), (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) test, lactate dehydrogenase (LDH)
measurement, [10-12].

It is well known that occupational inhalational expos-
ure to bioaerosols of high microbial load could lead to
respiratory disease like inflammation, allergies and infec-
tions [13, 14]. For our studies, we choose the NuLi-1 cell
line, which is often used for in vitro studies of cystic fi-
brosis [15]. The cell line display several of the primary
culture properties and exhibit characteristics of a polar-
ized differentiated epithelium in air liquid interface
(ALI) cultivation [16, 17]. NuLi-1 cells are suitable for
studying innate immunity and have also been used to
study mechanisms of bacterial infection and inflamma-
tion [18-20]. More importantly, this cell line is hTERT-
transfected and of human origin, thereby overcoming
the constraints of using primary cells, like limited pas-
sage number, and donor dependent heterogeneity.

In this study, the ECIS method in combination with a
viability assay was applied to investigate the response of
the human lung epithelial cell line NuLi-1 to bacterial
toxins and culture supernatant. To verify the toxic im-
pact three bacterial toxins (Streptolysin-O, Hygromycin
B and Nigericin) have been tested. Streptolysin O is a
pore-forming hemolytic exotoxin. Hygromycin B is an
antibiotic produced by the bacterium Streptomyces
hygroscopicus inhibiting protein synthesis and Nigericin
also produced by Streptomyces hygroscopicus is an iono-
phore (antiporter of H" and K"). Hereinafter, analysis of
culture supernatants of four bacteria with known toxicity
(Streptococcus pneumoniae, Acinetobacter radioresistens,
Enterococcus faecalis, Aeromonas hydrophila) were per-
formed. S. pneumoniae and A. hydrophila are known as
toxin-producers whose toxins have a cell-damaging ef-
fect by perforating the membrane of host cells [21, 22].
A. radioresistens is known for lacing vesicles, so-called
“outer membrane vesicles (OMV)”, which may play a
role in the induction of apoptosis [23, 24]. E. faecalis is a
bacterium found in the intestine and highly virulent
strains are able to form a cytolysine [25]. In order to in-
vestigate a relatively unknown bacterium in this experi-
mental setup, we also studied the properties of A.
viridans, which was often found in intensive animal hus-
bandry facilities [26].

Material and methods

Cell culture

NuLi-1 cells (ATCC-CRL-4011) were obtained from the
American Type Culture Collection (ATCC, Virginia,
USA). The hTERT (human telomerase reverse tran-
scriptase)-transfected cell line derived from 36-year-old
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healthy male human donor. Cells do not undergo growth
arrest in cell culture due to retroviral expression of the
telomerase and human papilloma virus-16 E6/E7 genes.
They were grown in supplemented serum-free airway
epithelial cell basal medium (AECBM; ATCC-PCS-300-
040; ATCC-PCS-300-030). Cells were culture in CELL-
BIND cell culture flasks (Corning®’, NY, USA) under
standard conditions (37 °C; 5% CO,). Only cells between
passages 4 and 11 were used for experiments.

Toxins

Toxins were obtained from the following manufacturers:
Streptolysin O from Sigma-Aldrich (S5265; Saint Louis,
Missouri, USA); Nigericin from Invivogen (tlrl-nig; San
Diego, USA) and Hygromycin B from Roche (H777-2;
Mannheim, Germany). All toxins were dissolved and
stored according to manufacturer’s specifications.

Bacteria

Streptococcus pneumoniae (NCTC7466), Acinetobacter
radioresistens (DSMZ 6976), Enterococcus faecalis
(DSMZ 20478), Aeromonas hydrophila (DSMZ 30187)
and Aerococcus viridans (DSMZ 20340) were acquired
from the National Collection of Type Cultures (NCTC,
Salisbury, UK) and the German Collection of Microor-
ganisms and Cell Culture GmbH (DSMZ; Braunschweig,
Germany). All bacteria were cultured in Todd Hewitt
Broth +0.5% vyeast extract (THY) medium overnight
until stationary growth phase. Subsequently, the colony-
forming units were determined per ml (cfu/ml) summa-
rized in Table 1. For toxicity testing, cultures were cen-
trifuged (15.000 x g) to separate bacteria from culture
supernatants. Culture supernatants were filtered (0.2 um
sterile filter) and stored until use at — 80 °C. For experi-
ments, four different dilutions of the sterile culture su-
pernatants were used.

Impedance measurements and data processing

Impedance measurements were carried out using the
ECIS system (ECIS-Z Theta; Applied Biophysics; New
York, USA) equipped with a 96-well station. In order to
produce a confluent monolayer of NuLi-1 cells for the
ECIS assay, cells were seeded at a concentration of 1 x

Table 1 Corresponding concentrations (colony forming units
(cfu)/ml) of the used bacterial culture supernatants

Bacteria cfu/ml

E. faecalis 240E+08
A. radioresistens 1.80E+09
S. pneumoniae 340E+07
A. viridans 1.50E+08
A. hydrophila 3.70E+09
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10* cells /well in a 96 well cell culture test plate
(96idf10e, Applied Biophysics). For this purpose, the
wells were previously coated with 100 pl collagen IV so-
lution (Sigma Aldrich; ¢ = 60 pg/ml) for 60 min at room
temperature. Afterwards, collagen was removed and re-
placed by 100 ul AECBM medium. Subsequently, 200 pl
cell suspension per well was added and cells were incu-
bated for 48 h at 37 °C/ 5% CO, until a confluent mono-
layer was reached which was confirmed by a plateau of
the impedance measurement. For exposure, 200 ul of
medium was removed. In addition to the remaining
100 pl medium, 100 pl fresh medium and 100 pl sample
were added (total volume per well 300 pl). ECIS assay
was carried out at frequencies of 4, 16 and 64 kHz for
each well over a measuring period for another 48 h.
Measurements were set up in the minimum time inter-
val allowed by the 96-well plate which means every sin-
gle well was measured repeatedly every 4 min. The data
were analyzed using the Applied Biophysics Z-theta
Analysis Software v 1.2.92.0. To analyze ECIS results,
impedance values were normalized using the analysis
software by subtracting each measured value (n) by the
initial value (ng), n-ngy thus all values become zero at the
time point when samples were added. Sample exposed
cells where then compared to media only control cells.
The Graph Pad Prism Software was used to graphically
represent the impedance values reflecting cell monolayer
integrity and overall response to the samples over the
period of measurement of 48 h at 6 h intervals and dif-
ferences between the supernatant exposed data and con-
trol data are shown.

Viability assay

Viability of NuLi-1 cells was determined by the
resazurin-based  PrestoBlue™  assay  (Invitrogen;
A13262; Carlsbad, USA). Non-fluorescent resazurin is
reduced to highly fluorescent resofurin in metabolic
active cells. For the experiments, 1 x 10* cells/well on
a 96-well microtiter plate (Cellbind clear flat bottom,
black, Corning) were seeded and incubated for 48 h at
37°C/ 5% CO, until a confluent monolayer was
reached. At the beginning of the exposure, 200 ul of
medium were removed. In addition to the remaining
100 pl medium, 100 pl of fresh medium and 100 pl
sample were added (total volume per well 300 ul) in
triplicates incubated for further 24 and 48 h respect-
ively. After exposure time, supernatants were removed
and 10% Prestoblue™ solution in AECBM was added
to each approach and incubated for additional 2 h.
Changes in cell viability was measured by fluores-
cence spectroscopy (excitation:570 nm/ emission:610
nm). Viability was expressed as a percentage relative
to the negative control.
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Statistical analysis

Mean values and standard deviation of three independ-
ent experiments are reported. Statistical analysis was
performed using t-tests in Graph Pad Prism (Version 8).
Values of p<0.05 were considered statistically signifi-
cant. ECg, values (concentration of which the half of the
maximum adverse effect was detected) at a defined time
point was calculated by the Graph Pad Prism Software
from viability values using the sigmoidal, 4PL, x is log
(concentration) mathematical model.

Results

Dose dependent effect on epithelial cells exposed to
bacterial toxins

Three bacterial toxins Streptolysin O, Hygromycin B
and Nigericin, which all have different attack points in
the cell, were separately applied to a confluent cell layer
of NuLi-1 cells and viability changes were determined
after 24 and 48 h using the Prestoblue™ assay. In parallel,
impedance was measured over a period of 48 h.

All three toxins induced a dose-dependent cytotoxic
effect to NuLi-1 cells, but at different concentrations
(Fig. 1) as confirmed using the viability assay. Streptoly-
sin O worked in a low nanomolar range (0.21-6.9 nM),
Nigericin in a low micromolar range (0.16-5pM) and
Hygromycin B was toxic at higher p-molar concentra-
tions (8—252 uM). Half maximal effective concentration
(EC50) of bacterial toxins were calculated for 24 or 48 h.
The exposure data were used to plot a dose-response
curve and calculate the EC50 values for each toxin
(Table 2). The EC50 values for Streptolysin O of
0.002 uM for 24 h and 0.002 uM for 48 h are equal. In
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contrast, the EC50 values for Nigericin increased from
09uM (24 h) to 1.1 uM after 48 h. The EC50 value of
hygromycin B dropped from 40.3 uM (24 h) to 24.5 uM
after 48 h. In summary, the EC50 calculation for the
toxins showed that Hygromycin B is the toxin with the
lowest toxicity, followed by Nigericin and Streptolysin O
with the strongest toxicity.

The impedance measurements showed that a decrease
of the impedance values, i.e., loss in cell-cell contacts,
i.e., loss in cell-adhesion-integrity was induced by all
three toxins, but at different time-points, concentrations
and in a different way (Fig. 2 a-c). Streptolysin O led to
an impedance reduction in lung epithelial cells quite
early after addition of the compound and impedance
values dropped continuously until the end of measure-
ment even at the lowest concentration. The time course
showed that all concentrations induced to a decrease in
impedance. The higher the concentration, the earlier the
effect of streptolysin O began and the stronger the effect
was. The impedance changes caused by Nigericin were
induced immediately after addition of a concentration of
1.25 uM and higher. However, Nigericin led first to an
increase in impedance, which then slowly decreased de-
pending on the used concentration over time. The
course of time of Hygromycin B, on the other hand,
showed that all concentrations led to a decrease in im-
pedance similar to that of Streptolysin O. But in com-
parison the effects appear much later and in addition the
effect of Hygromycin B is much weaker than that of
Streptolysin O. When looking at the impedance profiles,
it is noticeable that the course of Streptolysin O and
Hygromycin B is monophasic. The impedance profile of

assay. Results are shown as a percentage of viable cells
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Fig. 1 Viability of NuLi-1 cells exposed to bacterial toxins. Streptolysin O (circles), Nigericin (rectangles) and Hygromycin (squares) were applied in
different concentrations to NuLi-1 cells and the viability was measured at 24 (filled symbols) and 48 h (empty symbols) using the PrestoBlue™
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Table 2 Calculated EC50 values (uM) of bacterial toxins after 24 and 48 h of exposure using viability data

EC50 (uM)
Toxin 24h 48h
Streptolysin O 0.002 0.002
Nigericin 09 1.1
Hygromycin B 403 24.5

Nigericin showed a biphasic reaction characteristic with
a higher impedance after 12 h, an equal impedance after
24 h and a lower impedance after 48 h.

Dose dependent effect on epithelial cells exposed to a
range of bacterial supernatants

After showing the dependence of pure substances bac-
terial culture supernatants were analyzed using the
established assays. Cells were exposed to four dilutions
of the supernatants from the stationary phase culture.
The optimal dilutions for the representation of a dose-
response relationship were determined in preliminary
tests (data not shown) for each bacterium based on the
early stationary phase culture.

The Prestoblue™ assay was used to determine cells via-
bility using four dilutions (expressed as percentage of
the culture supernatant in the sample) of bacterial su-
pernatants at 24 h and 48 h respectively (Fig. 3 a-e). The
results showed no decline in viability in the presence of
the culture supernatant of E. faecalis. For A. radioresis-
tens, there was a significant but low loss of viability after
48 h for the highest three concentrations of the culture
supernatants. The supernatants of the other three bac-
teria S. pmneumoniae, A. viridans and A. hydrophila
showed a significant loss of viability already after 24 h.
The EC50 values were calculated for 24 and 48 h after
adding culture supernatants (Table 3). The EC50 values
showed the lowest toxicity for S. pneumoniae (EC5044,
34%; EC504g, 19%), a strong toxicity for A. viridans
(EC50,4n, 21%; EC504gn, 11%) and the strongest toxicity
for A. hydrophila (EC50,4, 0.1%; EC504, 0.1%). The
EC50 values for E. faecalis and A. radioresistens could
not be calculated.

Additionally, the impedance measurement was used to
monitor the cell changes of the NuLi-1 cells while ex-
posed to the same dilutions of bacterial culture superna-
tants as in the viability assay over 48 h (Fig. 4 a-e). The
results showed that E. faecalis (Fig. 4a) did not cause
any change of NuLi-1 cells within 48 h in the feasible di-
lution range, since there was no change in impedance at
any dilution tested compared to the control. For A.
radioresistens the impedance in all four dilutions de-
creased slightly in the first 20 h. Afterwards the 28%-
and 55% sample increasingly lost impedance whereas the
lower concentrated supernatants constantly decreased
over time. S. pneumoniae (Fig. 4c), on the other hand,

showed first a slight increase followed by a continuous
decrease in cell resistance directly from the beginning at
the two highest concentrations. In contrast to S. pneu-
moniae, A. viridans showed a sudden drop in cell resist-
ance from the beginning of the exposure, which remains
the same for the rest of the measurement time. A. hydro-
phila showed a continuous decrease in cell resistance
from the beginning of the exposure at the two highest
concentrations, whereas the lower concentrations led
first to an increase of the cell resistance followed by a
continuous decrease over the measurement time. Thus,
the data indicate that cytotoxicity potential was
dependent on the quantity of toxic secondary metabo-
lites of the bacterial culture supernatant, which could be
distinguished using the ECIS system.

Discussion and conclusion

Our results of the chosen test strategy indicate that the
chosen toxins and culture supernatants of bacteria can
influence NuLi-1 cell-layer formation and viability in a
dose dependent manner, as indicated by the changes in
impedance and viability values of the exposed cells com-
pared to not exposed control cells.

The toxin impedance measurements showed a dose-
dependent profile typical for each tested toxin and could
therefore an appropriate method to distinguish the
mechanisms of toxins.

Streptolysin O from Streptococcus pyogenes is a se-
creted protein of the group of thiol-activated cytolysins
(TACY) [27]. The initial interaction of the TACY family
is to bind cholesterol-containing membranes and then
oligomerize to form transmembrane pores leading to
subsequent a cell collapse [28]. This effect could be de-
scribed very well by our impedance and viability mea-
surements. The Streptolysin O impedance profile
showed a rapid drop in impedance completed with a low
viability of the cells measured after 24 and 48 h expos-
ure. Hygromycin B is an antibiotic synthesized by Strep-
tomyces  hygroscopicus. It inhibits the protein
biosynthesis leading to cell death [29, 30]. The Hygro-
mycin B profile showed a delayed drop in cellular im-
pedance due to inhibited protein biosynthesis. The
cytotoxic effect of the inhibited protein synthesis takes
some time until effects are measurable as cells can rely
on their present available proteins in the cells. The third
toxin Nigericin is an ionophore, also synthesized by
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(See figure on previous page.)

Fig. 2 ECIS real-time monitoring of NuLi-1 cells in the presence of bacterial toxins. Streptolysin O (a), Nigericin (b) and Hygromycin (c) were
applied at different concentrations to Nuli-1 cells and their effects on the impedance were measured over 48 h. Averages of normalized
impedance differences between toxin exposed data and control data are shown from triplicates. Cell culture medium treated cells were used as
controls. Impedance was normalized to cell values at the time of toxin addition

Streptomyces hygroscopicus. Nigericin possess a high af- to an increased osmotic swelling and subsequent cell
finity to monovalent cations such as Na + and K+ and is  death due to bursting [32]. Furthermore, Nigericin might
known to disrupt the ionic balance, thereby affecting the  inhibit mitochondrial ATP synthesis by changing the
transmembrane potential across the plasma membrane intracellular K+ and H+ concentrations, which may
by actively transporting cations [31]. This in turn leads change the electrochemical gradient across the inner
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Fig. 3 Viability of the NuLi-1 cells in the presence of bacterial culture supernatants. The collected bacterial supernatants of E.faecalis (a),
A.radioresistens (b), S.poneumoniae (c), Aviridans (d) and A.hydrophila (e) were applied at four different concentrations (percentage of the culture
supernatant in 100 pl sample) and their effects were measured at 24 (black bars) and 48 h (grey bars). Cells treated with bacterial growth medium
THY were used as controls reflecting 100% cell viability. The results are shown as a percentage of viable cells. The asterisk indicates statistically
significant differences compared to the control (*=p < 0.05, **=p < 0.01, *** =p < 0.001)
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Table 3 Calculate EC50 values (% of culture supernatants) of
bacteria after 24 and 48 hours of exposure using viability data.

EC50 (% culture supernatant)
Bacteria 24h 48h

E. faecalis - -

A. radioresistents - -

S. pneumoniae 34 19
A. viridans 21 11
A. hydrophila 0.1 0.1

membrane of mitochondria [33]. The Nigericin imped-
ance profile showed first an increased impedance typical
to an osmotic swelling of the cells followed by a decrease
in impedance due to the bursting of the cells, what could
be also observed microscopically (data not shown).

The effect analysis was also done for culture superna-
tants of selected bacteria. Based on the literature, we ex-
pected cytotoxic effects for E. faecalis [34], S.
pneumoniae [35, 36], A. hydrophila [37, 38]; and A.
radioresistens [39]. For E. faecalis we could not specify
any effects using both methods. This could mean that
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either, the toxin cannot attack lung epithelial cells, as
NuLi-1 or the toxin is not present in sufficient amounts
or in an insoluble form in the culture supernatant under
our chosen laboratory conditions. Earlier studies by
Todd showed that hemolytic E. faecalis strains isolated
on blood agar exhibited no longer hemolytic activity
after cultivation in standard liquid medium. Now, one
assumes that the formed cytolysine is present in insol-
uble form in the medium and therefore no effect is de-
tectable [25]. Since we were not able to detect hemolysis
on blood agar of tested culture supernatants of E. faeca-
lis (data not shown), we assume that the hypothesis of a
deficient cytolysine production was the reason for the
missing effects on the NuLi-1 cells. The production of
toxins depends on the selected laboratory conditions like
media utilized for cultivation. In order to establish this
assay as a standard method, several media should be in-
cluded in the future. In addition, supporting methods
for identifying toxins such as protein identification by
mass spectrometry  could complement  the
characterization of tested bacteria. For A. radioresistens,
it has been shown, that outer membrane vesicles
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Fig. 4 ECIS real-time monitoring of NuLi-1 cells in the presence of bacterial culture supernatants. Collected supernatants of the bacteria E.faecalis
(a), A.radioresistens (b), S.pneumoniae (c), A.viridans (d) and A.hydrophila (e) were applied at four different concentrations (percentage of the
culture supernatant in 100 pl sample) to NuLi-1 cells and their effects were measured over 48 h. Averages of normalized impedance differences
between supernatant exposed data and control data are shown from 3 measured biological replicates. Cells exposed to bacterial growth medium
THY were used as controls. Impedance was normalized to values at the time of supernatant addition
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(OMVs) cause a dose-dependent cytotoxicity in HEK-
293 cells possibly by inducing apoptosis [24]. Addition-
ally, an OmpA-like protein was identified in OMV frac-
tion; OmpA is already known as a cytotoxic protein
secreted from Acinetobacter baumanii [22]. Our analysis
of A. radioresistens with both methods showed a slight
cytotoxic effect on the NuLi-1 cells. This occurs
recognizably by the ECIS measurement after approxi-
mately 36 h of exposure and also resulted in a loss of
viability of approx. 30% in the 48-h measurement of the
viability measurement. Thus, it is quite possible that A.
radioresistens produced cytotoxic outer membrane pro-
teins like the OmpA-like protein or the cytotoxic Lipid
A as already published. As expected, S. pneumoniae and
A. hydrophila showed also a strong cytotoxic effect using
the viability assay and physiological effects using the im-
pedance measurement on the NuLi-1 cells. S. pneumo-
nige has many known virulence factors like the
hyaluronidase and pneumolysin. Pneumolysin belongs
like Streptolysin O to the group of thiol-activated cytoly-
sins and can directly damage the host cell leading to lysis
[36]. Aeromonas infections present a variety of clinical
manifestations triggered by some virulence factors.
Extracellular proteins leading to host cell damage are
cytotoxic enterotoxins, hemolysins and proteases [40].
Furthermore, we showed for the first time a strong cyto-
toxic effect of A. viridans on lung epithelial cells. From
the literature, A. viridans is known as an inducer of a ro-
bust inflammatory reaction and a strong cytotoxic effect
in contact with cultured bovine mammary epithelial cells
[41]. Aerococcus is often identified as (bio) indicator or-
ganism in bioaerosol studies in poultry and pig plants
[42, 43] and is therefore an interesting pathogen in the
field of occupational safety and health.

Our data show that both methods in combination used
in this study are suitable for describing bacterial toxic-
ities on human lung epithelial cells. The viability test as
an endpoint assay describes the cytotoxic effect and al-
lows the description of a toxic bacterium based on the
EC50 value. The impedance measurement, in turn, re-
flects real-time effects in the presence of toxic bacteria
on lung epithelial cells. Difference in the mode of action
of the used toxins and bacteria on the Nuli-1 cells have
to be considered. Even of many cellular activities, such
as cell adhesion, spreading, proliferation, physiological
activity and different ways to cell death influence the im-
pedance of the cells. Dynamic monitoring of the cell re-
sponse to a microbiological trigger, measured by ECIS
has one clear advantage: compared to conventional end-
point assays that measure one endpoint, it allows a mon-
itoring of the overall cell behavior over time. In addition,
it is easy to check whether toxic effects are reversible
and/or limitations are maintained in the cell after expos-
ure. Furthermore, it is a label-free method and proves to
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be a rapid diagnostic tool for analysis of cellular behavior
in cell-based in vitro assays. Classical endpoint assays
just measure e.g., viability at an endpoint but do not
allow considerations on the toxic influence on cells
before.

To conclude, even without an extensive analysis cell-
based sensor like ECIS would be a powerful tool in com-
bination with a viability endpoint assay, when quick
statements about toxicity potentials are needed for the
risk assessment of workplaces. In addition, impedance
profiles increase the probability for more information
about the onset, mode of action and the time course of
the toxicity and the ECIS system can be used as future
rapid diagnostic tool to indicate health adverse effects to
the inhalation of bacteria at workplaces.
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