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ARTICLE INFO ABSTRACT

Keywords: Virulence is the relative capacity of a pathogenic microorganism to cause damage in susceptible host cells such
Bacteria as those found in airway passages and the gut. In this study, the effect of clinical bacterial isolates on the
Infection monolayer integrity of cultured human alveolar basal epithelial cells (A549) was evaluated using the Electric
Invasion

Cell-Substrate Impedance Sensing (ECIS) system. ECIS is a morphological biosensor which records electrical
properties of cell-covered microelectrodes in an AC circuit including impedance (ohm), resistance (ohm), and
capacitance (uFarad). In the current study, fluctuations in the electrical properties of cell-covered microelec-
trodes reflect dynamic changes in cell morphology resulting from disrupted cell monolayers following exposure
to bacteria. Using the ECIS system, real-time changes of cell morphology and disruption of monolayer integrity
of cell-cultures in vitro were revealed for A549 cells infected with either Pseudomonas aeruginosa, ESBL
Escherichia coli, Staphylococcus aureus (MRSA), or Enterococcus (VRE). We determined empirically that the op-
timal signal response was obtained for resistance (ohm) measurements at 4000 hertz. Following infection of
A549 cells, the data revealed that Pseudomonas aeruginosa resulted in little change in microelectrode resistance
(ohm @4 kHz) as compared to pathogen-free controls within the first 12 h. In contrast, E. coli, MRSA, and VRE
caused significant changes in electrode resistance (ohm @4 kHz) values in the infected cells compared to
controls over the first 5 h. Resistance (ohm @4 kHz) changes were also observed in cell monolayers infected with
different bacterial concentrations for all isolates over 24 h. The highest concentration of bacteria caused the
measured resistance (ohm @4 kHz) to drop faster than its' immediate lower concentration, suggesting a dose-
dependent effect. Compared to live bacteria, cells exposed to heat-killed bacteria did not show significant
changes in resistance (ohm @4 kHz) over 48 h post-exposure.

Functionally, cytokine responses were different between cells treated with live and heat-killed bacteria. Of
note, live bacteria induced IFNy, IL-13, and IL-1f production in A549 cells, whereas heat-killed bacteria induced
IL-8 production suggesting a differential interaction with cells that could reveal the underlying causes of re-
sistance (ohm @4 kHz) changes. Our findings indicate that ECIS provides a means to quantify, automate, and
measure bacterial virulence, which may have broader implications governing the course of treatment compared
to traditional methods alone.

Resistance
Virulence

1. Introduction Barza, 2002). The recent emergence of drug resistant organisms in both
community related and hospital-acquired infections has increased the

Bacterial infection is a significant cause of morbidity and mortality significance of bacterial infection with respect to the full spectrum of

in the healthcare setting (Cornejo-Juarez et al., 2015; Travers and healthcare (Barrasa-Villar et al., 2017). In addition, bacterial infections
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increase the overall cost of health care by complicating mechanical
trauma and lengthening hospital stays (Cosgrove, 2006; Cosgrove and
Carmeli, 2003; Roberts et al., 2010). Quantifying the disruption of cell
monolayers by bacterial pathogens is a surrogate measure of virulence.
This is due to the fact that virulent pathogens tend to degrade tissue
barriers and disperse throughout the body. It has been shown that the
ability of pathogens to invade host tissues is responsible for the spread
and dissemination of these pathogens within the host (Sansonetti,
1991). At present, the clinical laboratory does not have the ability to
monitor the disruptive phenotype of bacterial pathogens, to determine
whether antimicrobial therapy is capable of blocking cell monolayer
disruption, or to detect changes in the invasive phenotype of bacterial
populations over time.

Furthermore, the world is currently on the verge of the post-anti-
biotic era, an era which some have termed “Antibiotic Armageddon”
(Kunin, 1997). In order to dissipate the effects of widespread resistance,
the rational and efficient use of the current antibiotic armamentarium is
essential. The Clinical Microbiology Laboratory provides resistance
data to physicians and generates the antibiograms which are utilized to
determine treatment options and modify the formulary. The most
common methods including, disk diffusion testing, minimum inhibitory
concentration testing, the E-test (epsilometer method), VITEK 2 (bio-
Mérieux Inc., Durham, NC) and MicroScan WalkAway (Dade MicroScan
Inc., Sacramento, CA) automated systems are used for identifying mi-
croorganisms and their susceptibility to antibiotics (Jorgensen and
Ferraro, 2009).

While these methods are sufficient for determining in vitro minimum
inhibitory concentrations of the various antibiotics they do not evaluate
the ability of clinical isolates to disrupt cell monolayers and therefore
do not provide insights regarding their level of virulence. Determining
the level of virulence may help guide clinical decision making. For
example, knowing that the cause of a wound infection is a highly
virulent pathogen capable of disrupting cell monolayers, the physician
may elect a more rigorous course of treatment than if the pathogen was
not capable of invading cell monolayers. Furthermore, the ability to
determine whether an antibiotic is capable of blocking cell monolayer
disruption even if it is not capable of blocking in vitro growth of a
bacterial pathogen will allow physicians to develop novel antibiotic
therapies and to better determine whether a given agent is clinically
relevant (Rubens et al., 1992). This ability may allow a broader spec-
trum of antibiotics to remain in the formulary. Additionally, a real-time
method for measuring cell monolayer integrity in vitro may prove
beneficial for evaluation of older antibiotics and to determine the
therapeutic potential of off-label uses and repurposing current members
of the hospital formulary.

Although, various in vivo and in vitro assays are available to de-
termine virulence capacity, the Electric Cell-Substrate Impedance
Sensing (ECIS) system is an ideal tool for evaluating dynamic changes at
the cellular level in the clinical microbiology laboratory. The ECIS
biosensor platform is capable of measuring impedance changes of cell-
covered microelectrodes over a broad range of AC frequencies and was
developed by Gieaver and Keese in 1991 (Giaever and Keese, 1991).
The method is based on the fact that cells grown on the surface of gold
microelectrodes (250 um diameter) act as insulators resulting in mea-
surable changes in impedance across the microelectrodes as shown
diagrammatically in Fig. 1A (Xiao and Luong, 2003; Heijink et al.,
2010). Subtle changes in cell morphology observed microscopically
have been shown to result in significant changes in the electrical
properties of cell-covered microelectrodes measured with ECIS as
shown in Fig. 1B (Ko et al., 1998). Previously, cytopathic effects of
virulence factors of microorganisms including viruses have been shown
to alter impedance (ohm), resistance (ohm), and capacitance (uF) of
cell-covered microelectrodes measured in real-time (Washington and
Campbell, 2016; Campbell et al., 2007). The ECIS measurement is
passive and independent of media resistance. Furthermore, the con-
tribution of cell membrane potential to the measurement is negligible.
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The optimal measurement conditions for impedance (ohm), capacitance
(uF), and resistance (ohm) can be determined empirically when mea-
sured across a range of frequencies.

We postulate that measured changes of electrical properties of cell-
covered microelectrodes exposed to clinical bacterial isolates will have
distinct values which will vary between bacterial strains and con-
centrations for infected cell cultures compared to pathogen-free con-
trols. We also propose that the results from the current study may lay
the foundation to screen for anti-bacterial agents for a broad spectrum
of bacterial strains. Thus, to determine if ECIS can reveal a difference in
the virulence capacity of bacterial strains and isolates in vitro, the aim of
this study is to correlate measured ECIS values of cell-covered micro-
electrodes exposed to live bacteria from clinical isolates compared to
bacteria free and heat-killed controls. Furthermore, the microelectrodes
were imaged microscopically to assess the monolayer integrity and
compared to the ECIS data.

2. Materials and methods
2.1. Cell culture preparation

Human alveolar basal epithelial cells (A549 cells) were obtained
from the American Type Culture Collection (Manassas, VA., USA). Cells
were maintained by twice weekly passage in DMEM medium supple-
mented with 10% FBS (VWR, PA, USA) and 100 U/ml penicillin-
streptomycin (Mediatech Inc., Manassas, VA) at 37 °C with 5% COs,.

2.2. Electric Cell-Substrate Impedance Sensing (ECIS) measurements

The ECIS model was first presented and demonstrated in
1991 (Giaever and Keese, 1991) and since has been tested and peer
reviewed by many scientists around the globe (Ramasamy et al., 2014;
Tran et al., 2013; Voiculescu et al., 2018). ECIS provides a novel means
to explore cell morphology and barrier function. The multi-frequency
scan mode allows one to use the measured impedance data to calculate
parameters that can be directly related to cell morphological changes
and correlated to specific culture conditions such as the introduction of
a pathogen. Measuring complex impedance and using the data to model
cell morphological changes is one of the unique features of ECIS and not
a part of normal Transepithelial/transendothelial electrical resistance
(TEER) measurements or simple impedance measurements conducted
at a single frequency. In the current study, the established ECIS method
and microelectrode arrays consisting of 8 wells with 10 gold micro-
electrodes (250 pm in diameter) per well were used for all assays
(Applied Biophysics, NY, USA).

It is noted that the small size of the working microelectrode is cri-
tical for the sensitivity of the measurement where the current flow is
constricted to the area of the microelectrode (250 um diameter). Using
the 8WI1O0E arrays allows for more cells across the monolayer to be
monitored simultaneously as compared to the 8W1E arrays which are
more sensitive to the impedance fluctuations of just a few cells on a
single microelectrode. The 8W10E arrays have 10X the surface area
available to measure. All ECIS array wells were coated with 0.01% poly-
1-lysine (Sigma-Aldrich, St. Louis, MO, USA), seeded with 2.5 x 10°
A549 cells in complete media, and continuously monitored with ECIS.

Impedance fluctuations of cell-covered gold microelectrodes are
easily recorded using ECIS. The fluctuations in the measured impedance
values reflect cell morphological changes resulting from bacteria in-
duced cell death. A well-established cell monolayer is vital before in-
fecting the cells with bacteria; however, timing for monolayer forma-
tion can vary between 20 and 24 h. Thus, when measured parameter
values of the cell-covered microelectrodes plateaued at approximately
20-24 h post incubation, the ECIS measurement was paused, cell cul-
ture medium was exchanged for fresh antibiotic-free medium, allowing
cell debris to be washed away. Bacteria suspensions in antibiotic-free
medium were immediately added to cell monolayers and ECIS
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Fig. 1. Diagram illustrating the concept of measured impedance changes over time.
across the microelectrode (A) and cytopathic effect resulting from the introduction

(ohm).

measurements were continued for up to 120 h.

Impedance (ohm), resistance (ohm), and capacitance (uF) values
were recorded in series across the microelectrode arrays at 11 fre-
quencies per well. All microelectrodes including pathogen-free and cell-
free controls were monitored prior to and post pathogen introduction at
frequencies ranging from 62.5 to 64 kHz (62.5, 125, 250, 500, 1000,
2000, 4000, 8000, 16000, 32000, 64000 Hz) using the multiple fre-
quency time (MFT) mode. Recording the impedance, resistance, and
capacitance values using the MFT mode also reveals the frequency
where cells have the largest effect upon the measured parameters. This
is determined by directly comparing the ratio of cell-covered micro-
electrode to the cell-free microelectrode measurements across all fre-
quencies. Using the MFT course settings, it is also possible to determine
the frequency where cells show the maximum response to a treatment
condition. The maximum response for Impedance (Z), Resistance (R)
and Capacitance (C) likely occurs at different frequencies. By default,
the optimal frequencies are: Resistance (R (ohm)) @4 kHz; Impedance
(Z (ohm)) @16 kHz; and Capacitance (C (uFarad)) @64 kHz. The op-
timal frequencies may also be obtained empirically by examining the
data at each frequency. In the current study, we chose to present the
resistance (ohm) values at 4 kHz since this was the optimal parameter
and frequency determined empirically for evaluating cell response to
bacterial challenge.

The data were analyzed using the Applied Biophysics Z-theta
Analysis Software v1.2.92.0 (Taylor et al., 2013). Briefly, resistance
(ohm) values obtained at 4 kHz were normalized using the analysis
software by dividing each measured value (n) by the initial value (ny),
n/n, thus all values become one at time zero. Cell-covered, pathogen
exposed microelectrodes were then compared to media only control
microelectrodes and pathogen-free, cell-covered control microelec-
trodes. ECIS Z-theta analysis software was used to determine the re-
sistance (ohm @4 kHz) values reflecting cell monolayer integrity and
overall response to pathogenic bacteria.

In this study, A549 cell cultures were infected with four bacterial
species, ESBL Escherichia coli (n = 16), Methicillin-resistant
Staphylococcus aureus (MRSA, n = 14), Vancomycin-resistant
Enterococcus faecalis (VRE, n = 17), and Pseudomonas aeruginosa (PSAE,
n = 18). All isolates were derived from infected patients at the Tripler
Army Medical Center. For baseline control condition, controls were
included as growth media only (n = 20) or pathogen-free A549 cell
monolayers (n = 20). Similarly, a series of diluted bacterial suspension
starting ODggp at 1.0 (3.0 X 108 /ml) to 0.00001 was used to infect the
cell monolayer. In addition to live bacterial infection, heat-killed bac-
teria were used to treat the cell monolayer following the same condi-
tion. Heat-killed (at 95 °C for 30 min) or live bacteria were used to treat
A549 cell monolayers in parallel to live bacteria under the same

In ECIS, impedance (ohm) increases are induced by cell adhesion and spreading
of pathogens (arrow) shown in (B) induces a measurable decrease in impedance

experimental condition.

2.3. Multiplex analysis of bacteria induced cytokines

Twelve-well plates were seeded with A549 cells at 2.5 x 10° cells
per well in complete DMEM with 10% bovine serum. Culture media was
removed the following day, washed and replenished with or without
bacterial suspensions. To each well 0.1 ml of an ODgyp = 1.0
(3.0 x 10% /ml) bacterial suspension (live or heat-killed at 95 °C for
2 h) was added for a final volume of 2 ml culture medium and grown for
20 h. Culture medium was removed and centrifuged at 10,000 rpm for
10 min at 4 °C. Supernatants were carefully removed and filter-ster-
ilized through a 0.2-um syringe filtration disc. Aliquots of the super-
natants (100 pL) were plated on blood agar plates to ensure negative
growth. Filtered samples were stored at —80 °C until assay. Samples
were thawed on ice just prior to conducting an immunology multiplex
assay using the MILLIPLEX MAP human cytokine/chemokine magnetic
bead panel (Millipore Sigma, Burlington, MA). For each sample, 1:2 and
1:3 dilutions (along with undiluted samples) were assayed in duplicate
along with standards, quality controls and conditioned and uncondi-
tioned culture media according to the manufacturer's protocol. Assay
plates were read and analyzed using the Luminex MAGPIX xMAP
platform using XPONENT 4.2 and MILLIPLEX Analyst 5.1 software
(Millipore Sigma).

2.4. Statistical analysis

Data are presented in the figures as mean + SE. For multiple-group
comparisons, a one-way analysis of variance (ANOVA/Tukey's test) was
performed, followed by the two-sided, unpaired Student's t-test. The
unpaired, two-tailed Student's t-test was used to compare two in-
dependent groups. For all statistical analyses, Prism for Windows,
version 6.0 (GraphPad Software, San Diego, CA), was used, and a p
value of 0.05 was considered statistically significant.

3. Results
3.1. Evaluation of A549 cell monolayer response to live bacteria

The ability of bacteria to disrupt and invade intercellular barriers
can be determined by various approaches both in vitro and in vivo.
However, most current approaches are time consuming, subjective, and
do not necessarily provide real-time dynamic information reflecting cell
behavior in presence of pathogens. Furthermore, alternative ap-
proaches to evaluate and quantify the virulence capacity of pathogens
dynamically may in the future augment the ability to develop
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Fig. 2. Normalized electrode resistance of A549 cell monolayers with and without pathogen. (A) Confluent A549 cell monolayers washed with antibiotic-free
medium were infected with MRSA in antibiotic-free medium and compared to pathogen-free controls. Normalized resistance (ohm @4 kHz) versus time curves of cell-
free controls, pathogen-free controls, and pathogen exposed cell monolayers are shown. Microelectrode images were taken under a phase contrast inverted mi-
croscope at 200 X magnification for each condition (inserts). (B) Normalized resistance (ohm @4 kHz) averaged over a 12 h window (p.i.) for the electrodes
containing confluent A549 cell monolayers treated with bacteria (1.5 x 10® /ml) such as P. aeruginosa (PSAE, n = 18), Methicillin-resistant S. aureus (MRSA,
n = 14), Vancomycin-resistant Enterococcus (VRE, n = 17), ESBL E. coli (n = 16) or left untreated (control, n = 20) in antibiotic-free medium are shown. Each
isolate was run in triplicate. NS indicates non-significant. (***) indicates statistically significant difference (ANOVA/Tukey's test) between groups with p < .001.
Dotted line (....) indicates the time at which the confluent cell monolayers were infected with bacteria.

therapeutic agents. The ECIS system was employed to determine whe-
ther the virulent nature of pathogens may be dynamically quantified by
observing in vitro the ability of bacteria to disrupt established epithelial
cell monolayers cultivated on the ECIS microelectrodes.

After recording the resistance (ohm @4 kHz) of the ECIS micro-
electrodes immersed only in cell culture medium, cells were seeded at
2.5 x 10° cells per well and incubated for approximately 24 h. Bacteria
were introduced when the formation of a confluent monolayer was
observed optically and reflected in the ECIS data as the resistance va-
lues plateaued over the time course of the experiment. In order to
evaluate A549 cell monolayer response to MRSA exposure, MRSA was
introduced at ~24-h after the wells were seeded with cells as shown in
Fig. 2A. In most cases, resistance changes began within the first three
hours post pathogen introduction and dropped to the level of the
media-immersed cell-free microelectrodes (negative control) within
6 h. In contrast, under the same condition there was little change in
measured resistance (ohm @4 kHz) of the uninfected A549 cell
monolayer over the same time course. Using the same test conditions,
isolates of four different bacterial species, P. aeruginosa (PSAE), MRSA,
Vancomycin-resistant Enterococcus (VRE) and extended spectrum f-
lactamase (ESBL) E. coli were evaluated. In Fig. 2B, a total of 18 PSAE
isolates were used to infect the cell monolayers. However, about 66%
(12/18) of the tested strains did not produce noticeable resistance (ohm
@4 kHz) changes over 12 h (data not shown). This difference might be
attributable to the species variation and their associated hemolytic
capacity and other virulence factors. Thus, the normalized resistance
(ohm @4 kHz) values for microelectrodes containing PSAE infected
A549 cells showed insignificant differences compared to the micro-
electrodes containing uninfected cell monolayers (negative control,
n = 20) over the initial 12 h window analyzed. In contrast, established
monolayers exposed to the MRSA isolates revealed that 92% (13/14) of
the tested strains produced a noticeable decrease in measured micro-
electrode resistance (ohm @4 kHz) over 12 h (raw data not shown).
These values were significantly different (p < .0001) compared to
either uninfected control or PSAE infected cells. Similar to MRSA, 95%
of the tested VRE (16/17) infected cells exhibited a noticeable drop in
measured resistance (ohm @4 kHz) (raw data not shown), resulting in a

significant difference (p < .0001) compared to both control and PSAE
treated cells. Similarly, 100% of the tested ESBL E. coli (16/16) strains
showed a noticeable decrease in measured resistance (ohm @4 kHz) in
the infected cells (raw data not shown), resulting in a significant dif-
ference (p < .0001) compared to either control or PSAE infected cells.
Of note, Fig. 2B illustrates a significant decrease in resistance (ohm @
4 kHz) values averaged over a 12-h window post infection for all strains
except for P. aeruginosa. This is likely due to the large initial increase in
resistance observed post-inoculation. This initial increase in the mea-
sured resistance has been observed in previous ECIS experiments and is
not well understood (Cavallini and Tarantola, 2018). The large increase
in resistance over the first 5-6 h post-PSAE introduction brings the
average resistance for these samples to a higher average value across
the 12-h window even though the over-all resistance dropped sharply to
cell-free control values within approximately 10 h. Data from our ex-
periments provides empirical evidence that the ECIS system may be
used to evaluate and quantify clinical bacterial isolates. Additionally, it
may also be possible to detect virulence potential as reflected in barrier
function changes revealed by using the ECIS modeling parameters.

3.2. Dose dependent effect on epithelial cell barrier function exposed to a
range of bacterial concentrations

In nature, hosts are always exposed to low levels of microorganisms,
which are usually cleared by innate immunity; however, a number of
infectious microorganisms manage to survive through their virulence
mechanisms (Thakur et al., 2019). Thus, the ability of bacteria to evade
host defense mechanism results in bacterial overgrowth to infectious
doses and impairs the host immune system. It is always pertinent to
detect bacteria before overgrowth occurs, eliminating the overuse of
antibiotics. To establish the optimal test conditions for assessing bac-
terial virulence using the ECIS system, we selected the most pathogenic
and clinically relevant strains. Based on our findings which revealed
that significant resistance (ohm @4 kHz) changes may be induced by a
single dose of bacteria, a range of doses was evaluated to determine a
dose response curve while monitoring the cell monolayer integrity.

In Fig. 3, epithelial cell monolayers were treated with different
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Fig. 3. Dose-dependent effect of bacterial disruption of A549 cell monolayer. Confluent monolayers in ECIS array wells were washed with antibiotic-free medium
followed by infection with different doses of ESBL E. coli (A), MRSA (B), PSAE (C), and VRE (D) or left uninfected (negative control) for over 24 h. Each isolate was
run in three independent experiments. Resistance (ohm @4 kHz) changes were shown for one of the representative experiments. At 600 nm, a = OD 1.0 (3.0 x 108/
ml),b = 0DO0.1,c = OD 0.01,d = OD 0.001, e = OD 0.0001, and f = OD 0.00001. Dotted line (....) indicates the time at which the confluent cell monolayers were

infected with bacteria.

dilutions of the most disruptive ESBL E. coli, MRSA, PSAE, and VRE
ranging from OD1.0 (3.0 x 10% bacteria /ml) to 0.00001 at ODggo OVer
24 h. Following infection, the disruption of the barrier function was
reflected by a decrease in the microelectrode impedance and resistance
using the ECIS system. Fig. 3A illustrates the response with the addition
of a representative E. coli isolate to cell monolayers over a 24-h time
point. Following infection, resistance (ohm @4 kHz) values began to
drop within a couple of hours but declined dramatically at ~5 h after a
brief increase in measured resistance (ohm @4 kHz). This pattern was
the same for subsequent dilutions with noticeable changes observed at
~5 h for bacteria ODggo 1.0 (3.0 x 10% /ml), at 8 h for bacteria ODgqo
0.1, at ~10 h for bacteria ODgog 0.01, at ~12 h for bacteria ODggq
0.001, and at ~14 h for bacteria ODggo 0.0001. Resistance (ohm @
4 kHz) values approached baseline (similar to only media well read out)
and stabilized over the course of 24 h post-infection. It is noted that
there was little or no such change for bacteria ODgpo 0.00001, which
was similar to the uninfected control cells over the course of infection.
In Fig. 3B, with the addition of a representative MRSA in cell monolayer
at ~21 h, changes in microelectrode resistance (ohm) was noticed
starting at ~6 h for bacteria ODggg 1.0 (3.0 X 108 /ml), followed by
~16 h and ~23 h for bacteria ODggo 0.1 and bacteria ODggq 0.01, re-
spectively. However, there was little or no such change for bacteria
ODgoo 0.001 and at higher dilutions over 0.001, similar to uninfected
cells over the course of ~30 h post-infection. In Fig. 3C, starting at 22 h
post-infection of the cell monolayer with a representative PSAE, suc-
cessive changes in microelectrode resistance (ohm @4 kHz) were no-
ticed starting at ~6 h for bacteria ODggo 1.0 (3.0 x 108 /ml), at ~8 h
for bacteria ODggg 0.1, at ~12 h for bacteria ODgog 0.01, at ~14 h for
bacteria ODggo 0.001, at ~15 h for bacteria ODgg 0.0001, and at ~17 h
for bacteria ODggo 0.00001. In Fig. 3D, with the addition of a re-
presentative VRE in cell monolayer, there was a successive change in
measured resistance (ohm @4 kHz) values starting at ~3 h for bacteria
ODggo 1.0 (3.0 x 10% /ml), at ~14 h for bacteria ODgg 0.1, at ~15 h
for bacteria ODggo 0.01, at ~19 h for bacteria ODggo 0.001, and at
~25 h for bacteria ODgoo 0.0001. However, no such changes were

observed for bacteria ODgoo 0.00001 over the course of 45 h post-in-
fection, similar to the uninfected cell monolayer. Thus, these data in-
dicate that virulence (or invasion) capacity was dependent on the
number of infecting bacteria, which could be distinguished using the
ECIS system.

3.3. Evaluation of heat-killed bacterial invasion capacity on A549 cell
monolayer

The disruption of the monolayer can be due to the multifaceted
functional effects of virulence factors on the cell. Most virulence factors
are destroyed or altered by physical mechanisms such as heat, resulting
in diminished virulence capacity to a certain extent. In order to support
this idea, complete heat-killed (HK) bacteria with ODgo at 1.0
(3.0 x 108 /ml) were prepared (as described in Materials and Methods)
and used to evaluate their cell disruption capacity in comparison with
their respective live counterpart (3.0 X 10% /ml) by the ECIS system. In
Fig. 4, HK PSAE, HK VRE, HK MRSA, and HK ESBL E. coli were used to
treat confluent A549 cell monolayers in parallel to the respective live
bacteria over 48 h. In Fig. 4A, live MRSA showed rapid changes in
measured resistance (ohm) starting at 4 h and dropping down to the
control (media well) level within 15 h of post-infection. In contrast,
measured resistance (ohm @4 kHz) for the HK MRSA treated cells
spiked upon addition, but leveled over the course of 60 h infection,
which was similar to the uninfected cell monolayer. In Fig. 4B, live E.
coli showed a measurable change in resistance (ohm @4 kHz) within
the first 3 h and dropped almost to the level of negative controls (media
well) within 24 h of post-infection. Interestingly, HK E. coli infected
cells started showing measured resistance (ohm @4 kHz) changes at the
same time of those infected with live bacteria, but dropped to about half
of the live infected cells as the recorded microelectrode resistance (ohm
@4 kHz) was 1200 Q vs. 700 Q, which remained the same level over
48 h of post-infection. In Fig. 4C, live VRE infected cells showed
changes at 4 h and dropped to the level of negative controls (media
well) within 20 h of post-infection. In contrast, HK VRE did not show
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Fig. 4. Heat-killed bacterial invasion of cell monolayer. Resistance ((ohm) @4 kHz) values measured for up to 5 days are shown for confluent cell monolayers in ECIS
array wells washed with antibiotic-free medium followed by treating with heat-killed (HK) MRSA or live MRSA (A), HK E. coli or live E. coli (B), HK VRE or live VRE
(C), HK PSAE or live PSAE (D). Each isolate was run in triplicate wells. Calculated normalized peak resistance (ohm @4 kHz) for HK or live bacteria treated cells
compared to cell-free media (E). Using a phase contrast inverted microscope, images were taken at 200 X magnification for untreated or post-infected cell monolayer
in the ECIS array wells (F). Results are expressed as + SD from three independent experiments. *p < .05, **p < .01 compared between HK bacteria treatment vs.
live bacterial infection. Dotted line (....) indicates the time at which the confluent cell monolayers were treated with live or HK bacteria.

any such change over the course of 48 h of post-infection, which was
similar to the HK MRSA treated cell or uninfected cell control. In
Fig. 4D, live PSAE infected cell showed changes starting at 3 h of post-
infection and dropped to the control (medium well) level within 12 h.
Although, changes in measured resistance (ohm @4 kHz) values started
at 3 h for HK PSAE treated cells, it did not drop down to the level of
cells infected with live bacteria until 60 h of post-infection. In Fig. 4E,
the normalized resistance (ohm @4 kHz) values showed a higher value
for HK PSAE, which was found to be significantly different compared to
live PSAE (p < .01). Similarly, significant differences of normalized
resistance (ohm @4 kHz) (p < .01) were also observed for HK VRE,
MRSA, and E. coli compared to their respective live counterpart under
the same conditions. In order to reveal the effect of live bacterial in-
fection or HK bacteria treatment on the cell viability, images were taken

under a phase contrast inverted microscope at 200 X magnification
(Fig. 4F). Of note, HK bacteria treated A549 cells remained viable
(> 80%), almost similar to the uninfected cells. In contrast, as expected
live bacteria infected cells were found to be dead, which was also
checked by trypan blue exclusion assay (data not shown). Results from
our experiments suggest that ECIS is a useful tool to distinguish the
capacity for live versus heat-killed bacteria to disrupt a cell monolayer.
Furthermore, our results confirmed that monolayer disruption is wea-
kened or eliminated upon heat treatment.

3.4. Inflammatory response of A549 cell monolayers stimulated by live or
dead bacteria

Bacteria or cellular components are potent stimulators of
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monocytes, macrophages, and epithelial cells (Nahid et al., 2009; Nahid
et al., 2011a). Bacteria and their components have been shown to in-
duce the expression of a diverse array of inflammatory mediators in
vitro as well as under in vivo or ex vivo conditions (Nahid et al., 2011b;
Ghosh et al., 2006). These infections lead to tissue injury and sustain-
able infection. Thus, the capacity for HK vs. live E. coli, S. aureus, and P.
aeruginosa to induce A549 cell monolayers to express and secrete pro-
inflammatory cytokines was evaluated (Fig. 5). With the exception of
interleukin-8 (IL-8), there was no observed difference for other tested
cytokine responses between the live and HK E. coli stimulated A549
cells (Fig. 5A-B). The amount of IL-8 was two-times greater in HK E. coli
treated cells than that of infected with live E. coli (1638 pg/ml vs.
759 pg/ml) (Fig. 5B). Compared to HK MRSA, live MRSA treated cells
resulted in a greater production of IFNy (70 pg/ml), IL-1B (17 pg/ml)
and IL-2 (15 pg/ml) (Fig. 5A). However, there was little, or no differ-
ence observed for other tested cytokines. Compared to HK PSAE, live
PSAE treated cells showed more production of IFNy (21 pg/ml), IL-13
(17 pg/ml), IL-2 (9 pg/ml), and TNF-a (3.7 pg/ml). HK PSAE was a
potent inducer for IL-8 (1027 pg/ml vs. 10 pg/ml) in epithelial cell,
which is similar to a previous report (Shanks et al., 2010). Thus, live
and HK bacteria did not show similar cytokine responses because of
differential interaction with epithelial cells that might lead to variable
capacity to disrupt the cell monolayer integrity.

4. Discussion

Since the invention of ECIS (Giaever and Keese, 1991; Keese et al.,
2004), it has been applied to biophysical and biomedical problems re-
lating to barrier function, cell motility, cell-cell and cell-substrate ad-
hesion and has been extensively reviewed (Heileman et al., 2013). Over
the past two decades, ECIS has been applied to detect the attachment
and spreading of cells to functionalized surfaces or cell-cell adhesion
upon differentiation (Schafer et al., 2013; Rosman et al., 2014), di-
rected migration, electroporation and wound healing (Keese et al.,
2004; Yang et al., 2016; Schafer et al., 2011), as well as micromotion
and barrier formation of metastatic cancer cells or cell cultures exposed
to nanotoxic environments (Tramontini Gomes de Sousa et al., 2017;
Schneider et al., 2011; Lovelady et al., 2007).

A biosensor for mammalian cell applications, called microelec-
tromechanical systems (MEMS), detects microphysiological changes
such as heat generated by a single mammalian cell or very small
number of cells (Voiculescu et al., 2018). In contrast, ECIS is a passive
measurement which records impedance, resistance, and capacitance
over a range of frequencies in an alternating current (AC) circuit of cell-
covered electrodes reflecting cell behavior and the different applica-
tions have been reviewed by Voiculescu et al. (Voiculescu et al., 2018).
Another technology called xCELLigence, is similar to ECIS but does not
take measurements in as many ways as the ECIS system does (Bischoff
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et al., 2016; Wei et al., 2012). Based on the biological applications of
these technologies, ECIS is the most preferred method to investigate our
experimental design. Although ECIS technology has been used to probe
many fundamental questions of cell behavior in various conditions, it
has not been investigated from bench side to clinical practice for eva-
luation of bacterial virulence or considered as a tool for optimization of
antimicrobials to treat infection. In the present study, the ECIS system
was primarily used to investigate the dynamic changes associated with
the disruption of lung epithelial cell monolayer integrity upon exposure
to clinically important isolates, which may provide insights for its po-
tential benefit in the clinical setting.

Fibroblasts have been used for many types of assays using ECIS
methodology (Cavallini and Tarantola, 2018). Cell monolayer forma-
tion plays a critical role for ECIS based assays and thereby cells were
grown on the ECIS array well until stabilization of measured resistance
(ohm @4 kHz) prior to introduction of bacterial isolates. In the current
study, frequently encountered pathogenic bacteria in hospital en-
vironments were selected for the ECIS assays. The data revealed a sig-
nificant difference in measured microelectrode resistance (ohm @
4 kHz) values between uninfected cells and cells exposed to pathogens.
Each bacterial strain showed unique changes in measured resistance
(ohm @4 kHz) for cell-covered microelectrodes which provides a basis
for understanding the degree of virulence. This response also reflected
differences between pathogenic strains invading A549 cell monolayer.
Initially in wells exposed to P. aeruginosa, the microelectrode resistance
(ohm @4 kHz) increased significantly before subsequently decreasing.
A number of P. aeruginosa isolates took > 12 h to disrupt the cell
monolayer as reflected by the drop toward baseline in the measured
microelectrode resistance (ohm @4 kHz) shown in Fig. 4D, suggesting
strain differences, such as the differential nature of hemolysin, invasion
capacity, and cytotoxicity (Fleiszig et al., 1995; Fleiszig et al., 1994).
This could also differ in other cell lines as well as bacterial species and
strains; however, more studies are needed to understand this behavior.
In contrast to the PSAE response, E. coli, S. aureus, and Enterococcus spp.
induced an immediate decrease in the measured microelectrode re-
sistance (ohm) values while a brief or no initial increase was noted. The
gradual decrease of measured resistance reflects morphological changes
resulting from cell death as demonstrated by microscopic observation.
In fact, observations of the ECIS microelectrodes were performed at pre-
and post-infection during the experiments. Bright field images were
taken one hour before and 24 h after infection of the culture monolayer.
Consistently, microscopic observation of the P. aeruginosa infected
A549 cell showed little or no death until resistance (ohm @4 kHz)
values dropped down to the level of culture media without bacteria
(data not shown).

Virulence of pathogenic organisms can be attributed to many cate-
gories such as the ability to enter a host, to evade host defenses, to grow
in a host environment, to counteract host immune responses, to acquire
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iron and nutrients from the environment and to sense environmental
changes (Casadevall and Pirofski, 2009). There are many studies de-
monstrating that bacterial virulence depends on the infectious dose
(Ong and Yim, 2017). Taking into account our above findings that
changes in electrical properties of cell-covered microelectrodes were
caused by a single dose of bacteria, a range of the bacterial con-
centrations were also used to investigate how these changes correlate to
bacterial load. Our results confirmed that disruption of cell monolayers
is dependent upon the bacterial load in the inoculum as well as the type
of bacteria the cells are exposed to in vitro. Our observation supports the
fact that measured changes of resistance (ohm) across the microelec-
trodes are due to the functional effect of live bacteria load on cell
monolayer. Of note, the highest dilutions (0.00001 or higher) did not
show any impedance changes over 48 h post-infection. It is noted that
in Figs. 3 and 4D, cell-covered microelectrodes exposed to P. aeruginosa
exhibited a significant initial increase in resistance (ohm) at 4 kHz over
the first 10 h of the experiment at which point the measured resistance
rapidly declined. Furthermore, the resistance for all samples was
averaged over the first 12 h post inoculation as shown in (Fig. 2B). For
the P. aeruginosa samples especially, this included the initial increase in
resistance which was also noted for the other samples although the
shape of the curves varied according to the taxa. The results from our
experiments suggest that the initial resistance (ohm) magnitude and
duration varies across taxa, is dose dependent, and necessitates further
investigation. The microbial determinants that mediate damage in the
context of microbial pathogenicity and virulence are the virulence
factors which may have slight variations across isolates. The virulence
capacity depends on one or a combination of several virulence factors
including, capsular polysaccharide, capsule, DNAse, coagulase, fi-
brinolysin, proteolytic enzymes, hemolysin, bacteriocin production,
hemagglutination, serum sensitivity, epithelial cell attachment, hydro-
phobicity, lipase, antiphagocytic factor, biofilm, extracellular enzymes
production, presence of surface layer, lysine decarboxylase production
and pili (Casadevall and Pirofski, 2009; Ong and Yim, 2017). Patho-
genic bacteria possess one or more of those factors enabling them to
cause disease in a susceptible host. Virulence factors are often targets of
the immune response and the response to virulence factors can neu-
tralize their action and provide host immunity. These virulence factors
including the cytoplasmic membrane, proteins, ribosomes, and/or DNA
are known to be denatured or altered by various physical mechanisms,
including heat (Cangelosi and Meschke, 2014). Consistently, in this
study, heat-killed bacteria caused little or no change in measured re-
sistance (ohm) values of cell-covered microelectrodes even at 48 h post-
exposure. However, the response was not as dramatic in the heat-killed
E. coli and P. aeruginosa samples as the resistance (ohm) signal con-
tinued to drop slowly suggesting that further investigation is warranted.
Since viable cells or intact virulence components may play an important
role in cell monolayer disruption as reflected by measured resistance
(ohm) changes of cell-covered microelectrodes, further investigation at
the molecular level should be pursued in a future study.

Cytokines are known to contribute to changes in cell barrier func-
tion and impair host immunity. For example, IFNy causes changes in
epithelial barrier function (or cell integrity) that facilitates bacterial
invasion and their subsequent adverse effect on host cells (Ahn et al.,
2018). On the contrary, few cytokines including, IL-22 are known to
protect cell integrity (Ahn et al., 2018). Previously, cytokine responses
were observed for various types of heat-killed and live bacterial sti-
mulation in monocytes or fibroblasts (Nahid et al., 2011b; Nahid et al.,
2015). In our study, cytokine expression was found to be different be-
tween live and dead bacterial stimulation in the epithelial cells. Among
the tested cytokines, IFNy, IL-13, and IL-1(3 production was upregulated
in cells exposed to live bacteria, while IL-8 production was upregulated
in cells exposed to heat-killed bacteria. IL-8 is expressed by several cell
types in response to inflammation (Nahid et al., 2015). It is noted that
A549 cells have been shown to possess TLR5 receptor, which is specific
for flagellin. P. aeruginosa flagellin has been shown to be important for
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binding to TLR5 and downstream NF-kB activation and proin-
flammatory cytokine or chemokine production, including IL-8 (Gewirtz
et al., 2001; Takeuchi et al., 2003). Another study has shown that
glycosylated flagellins are more effective than non-glycosylated fla-
gellins for IL-8 production while exposed to A549 cells (Verma et al.,
2005).

In our study, live P. aeruginosa (PSAE) infected A549 cells produced
less IL-8 compared to heat-killed PSAE stimulated A549 cells, sug-
gesting a significant impact of bacterial integrity to interact with TLR5.
Compared to live mucoid bacteria, heat-killed PSAE might have more
exposed flagellins, which are readily available to interact with TLR5.
This could be the basis for the difference in IL-8 release between heat-
killed and live bacteria observed in this study. However, the ability of
flagellins to stimulate IL-8 production can vary depending on clinical
isolates as well as the interacting cell types (Shanks et al., 2010), sug-
gesting further investigation. IL-8 attracts neutrophils, basophils, and T-
cells, but not monocytes. IL-8 is also involved in neutrophil activation.
However, a direct role of IL-8 in regulating epithelial cell integrity is
unknown. Compared to in vitro, in vivo or ex vivo cell destruction ca-
pacity by heat-killed and live bacteria treatment can be different. Thus,
the production and nature of the cytokines and other unknown factors
could play a role in disruption of cell monolayer barrier function. Ad-
ditionally, many factors could lead to the difference of the cell mono-
layer disruption capacity between live and dead bacteria as reflected by
the ECIS measurements. Discrimination between invasive and non-in-
vasive or pathogenic versus non-pathogenic bacteria following anti-
biotic treatment is a logical application of this technology and has great
potential for translation into clinical practice. For example, a given
antibiotic may not block the growth of an organism on an agar plate,
but if it stops the invasion of the organism into the host tissues this
would prevent escape from immune surveillance and may result in
elimination via the adaptive immune response.

In summary, our study demonstrates that the ECIS system can be
used for monitoring and quantifying the virulence capacity of bacteria
reflected in microelectrode resistance (ohm @4 kHz) changes in bac-
teria exposed cell monolayers in vitro. Each bacterial strain revealed a
unique resistance (ohm @4 kHz) change pattern which provides a basis
for future research in tracking pathogen associated diseases. It is in-
teresting to speculate that the ECIS system can be used as a future rapid
diagnostic tool for assessing the degree of virulence while preventing
mortality or morbidity from infectious diseases.
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