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ABSTRACT 

Neutrophils are the most abundant immune cells in the blood. Besides common immune defense mechanisms, 
releasing their DNA covered with antimicrobial proteases and histones represent another strong defense mecha-
nism: neutrophil extracellular traps. In vitro the two most common inducers of these, so called, NETs are calcium 
ionophores (CI) and PMA (Phorbol 12-myristate 13-acetate). Following stimulation monitoring of NET release is 
necessary. For now, the methods of choice are quantification of free DNA by fluorescent dyes or analysis of 
immunofluorescence images. As a new method we tested bio-impedance monitoring of neutrophils after stimula-
tion with the two inducers PMA and CI in gold-electrode coated plates. Bio-impedance (cell index) was measured 
over time. Results were compared to the monitoring of NETs by the fluorescent DNA-binding dye Sytox Green 
and immunofluorescence analysis. Cell index peaked about 25 min faster following CI stimulation than following 
PMA stimulation. The activation in Sytox Green Assay was significantly later detectable for PMA (+ approx. 90 
min) but not for CI stimulation. The earlier and faster activation by CI was also confirmed by immunofluorescence 
staining. Our data suggest that bio-impedance measurement allows an easy online tracking of early neutrophil 
activation. This offers new opportunities to monitor early phases and stimuli-dependent dynamics of NETosis. 
 
Keywords: Bio-impedance, neutrophils, neutrophil extracellular traps, Sytox Green Assay, xCelligence, immune 
cell activation 
 
Abbreviations: CI, calcium ionophore A23187; PMA, Phorbol 12-myristate 13-acetate; PBMCs, peripheral 
blood mononuclear cells; MPO, myeloperoxidase; NE, neutrophil elastase; NETs, neutrophil extracellular traps; 
RTCA, real time cell analysis; PMN, polymorphonuclear cells; ECIS, electric cell-substrate impedance sensing 
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INTRODUCTION 

Neutrophils are one of the main players of 
the innate immune response. They are the first 
cells to be recruited to inflammation and in-
fection sites and can release large amounts of 
cytokines. They attract further immune cells 
and can phagocytose high amounts of patho-
gens (Amulic et al., 2012; Nordenfelt and 
Tapper, 2011). But pathogens can also be 
tackled by another mechanism: formation of 
neutrophil extracellular traps (NETs) 
(Brinkmann et al., 2004). NETs are large 
structures composed of decondensed DNA 
with proteins coupled to it. The sticky DNA 
and the coupled defense proteins like myelo-
peroxidase (MPO), neutrophil elastase (NE), 
cathepsins, and other proteases allow trapping 
of pathogens and the destruction of those. 
They are especially effective against large 
pathogens and those who can evade phagocy-
tosis (Rohm et al., 2014; von Köckritz-
Blickwede et al., 2016). The composition of 
the associated proteins can vary but some 
basic proteins (myeloperoxidase, cathepsin 
G, histones, granzyme G, cathelicidin, cata-
lase) are proposed to build the basis of the re-
leased proteins (Bruschi et al., 2019; Petretto 
et al., 2019). 

Like with many other potent immune de-
fense mechanisms, NETs can harm tissue 
when overactivated, and have been associated 
with many diseases in the last years such as 
cancer and metastasis (Cools-Lartigue et al., 
2013; Tohme et al., 2016), thrombosis 
(Martinod et al., 2013; Perdomo et al., 2019), 
and atherosclerosis (Liu et al., 2018; 
Warnatsch et al., 2016). Very recently a role 
of neutrophils and their released NETs has 
been found in severe courses of COVID-19 
(Leppkes et al., 2020; Middleton et al., 2020; 
Wang et al., 2020) suggested to be one of the 
causal factors of thrombotic events. Briefly, 
NETs seem to be significantly involved in 
many inflammatory processes where neutro-
phils are participating. 

In order to investigate NETs in various 
pathologies, it is urgently needed to have easy 
applicable tools to measure the fast dynamics 
of NET formation, as well as to do detailed 

analysis and quantification. The most detailed 
analysis is possibly by imaging neutrophils 
and their released NETs by either electron mi-
croscopy or immunofluorescence analysis 
(Giaglis et al., 2016; Remijsen et al., 2011; 
Wu et al., 2019) but these methods do not al-
low screening of stimuli or fast multiple-time 
point measurements.  

Therefore, “Sytox Green Assay” was de-
veloped as a fast and easy method to monitor 
DNA release from neutrophils (Langsrud and 
Sundheim, 1996). Sytox Green shows up to 
500-fold increase in fluorescence upon bind-
ing to DNA (Roth et al., 1997) and allows 
screening of many different stimuli but with-
out strong specificity. 

Another simple method for NET quantifi-
cation is to measure the DNA release into cul-
ture supernatants by staining DNA with a 
DNA-binding fluorescent dye (Munoz-Caro 
et al., 2015). Such a method is also used to 
analyze cell-free DNA in patient samples like 
sera or tissues (Arai et al., 2013; Lee et al., 
2018). Similarly, the number of protein-DNA 
complexes in fluids can be determined (MPO-
DNA, NE-DNA) by ELISA which seems to 
be more specific than just the determination 
of free DNA in supernatants (Kano et al., 
2017).  

Bio-impedance is commonly used to 
measure body composition in all-day situa-
tions and also in larger health studies 
(Brantlov et al., 2019; Li et al., 2013). The 
method relies on the dielectric behavior of 
cells (Giaever and Keese, 1993) and allows 
easy and non-invasive measurements of pa-
rameters like cell-free mass or fat fraction. To 
analyze cell behavior by bio-impedance in 
vitro, the first commercially available instru-
ment was launched in 2004 (https://www.ace-
abio.com/about/, May, 07, 2020). However, 
Giaever and Keese described the first plates 
with gold electrode coating already in 1993 
(Giaever and Keese, 1993). The gold coated 
plates allowed easy measurements of cell al-
terations such as cell growth, detachment, or 
attachment (Xiao et al., 2002). Depending on 
the used frequencies different cell behaviors 
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are more or less in focus (Schröter et al., 
2015). 

Nowadays, bio-impedance is an estab-
lished method to monitor cell killing (Seidel 
et al., 2014), the activation of immune cells 
(T-cells (Guan et al., 2013), natural killer cells 
(Fasbender and Watzl, 2018)) and the interac-
tion of different cell types (Gagliardi et al., 
2015; Ludwig et al., 2011; Yang et al., 2019). 
For some applications like cell migration spe-
cial devices have been developed based on a 
modified version of classical assays like the 
Boyden chamber assay (xCelligence® real-
time cell analysis (RTCA) DP system (Preuss 
et al., 2014)). One of the biggest advantages 
is the online measurement of cell behavior.  

The xCelligence systems use a parameter 
called cell index as their readout: the device 
normalizes the measured impedance to a de-
fined value, normally the background value. 
Commonly used is also the normalized cell 
index where the measured values are normal-
ized to a certain value (e.g., value at the time 
point of the application of a drug) (Kho et al., 
2015). Very dense cellular layers result in an 
increased cell index by impairing the bio-
electrical impedance. Thus the cell index is 
influenced by cellular morphology, density, 
and cell-substrate interaction (Arndt et al., 
2004; Vistejnova et al., 2009; Yu et al., 2018).  

To measure activation of neutrophils by 
bio-impedance measurement is uncommon. 
Bio-impedance was used to measure neutro-
phil attachment or neutrophil chemotaxis 
(Cano et al., 2016; Yu et al., 2018). A biosen-
sor for the rapid testing of activation and sort-
ing of neutrophils based on an impedance cy-
tometer was recently developed (Petchakup et 
al., 2019). Mathematical modeling of the bio-
impedance of NET formation was made 
(Schröter et al., 2015), and an applicator for 
wounds was developed (Schröter et al., 2013). 
However, the use of bio-impedance measure-
ments for the systematic research of NETs in 
vitro has not yet been reported. 

This work presents the possibility of 
measuring the bioelectrical impedance with 
the xCelligence systems to measure NET for-
mation in combination with the imaging of 

living cells. We compared this assay with the 
established methods of the Sytox Green As-
say and immunofluorescence analysis. 

 

MATERIAL AND METHODS 

Neutrophil isolation 
Neutrophils were isolated freshly from 

blood taken from 15 healthy volunteers. Ve-
nous blood was taken with a butterfly needle 
into EDTA-tubes (S-Monovette 9 mL, Sar-
stedt, Germany) and directly used for density 
gradient centrifugation. 6 mL blood was care-
fully layered on 6 mL of Lympholyte poly cell 
separation medium (Cedarlane, Burlington, 
Ontario, Canada). Samples were centrifuged 
for 35 min at 500 g without break at room 
temperature. The plasma and peripheral blood 
mononuclear cell (PBMC) layers were dis-
carded and the polymorphonuclear cell 
(PMN) layer carefully taken with a pipette 
and transferred to a 15 mL tube. PMN layer 
was washed twice with PBS (12 mL, centrif-
ugation at 450 g, 10 min, room temperature 
without break) and taken up in RPMI medium 
(RPMI-1640 without phenol red, Sigma-Al-
drich, Munich, Germany). Cells were counted 
by Trypan Blue exclusion method in a 
Neubauer counting chamber, without count-
ing of residual erythrocytes. Cells were pre-
pared to a density of 1x106 cells/mL. 

 
Stimulation of neutrophils 

Neutrophils were stimulated with 100 nM 
PMA (Phorbol 12-myristate 13-acetate, 
Abcam, Cambridge, UK) or 4 µM Calcium 
ionophore A23187 (CI, Sigma-Aldrich, Mu-
nich, Germany). Sytox Green was added to 
reach a final concentration of 1 µM (Thermo 
Fisher Scientific, Karlsruhe, Germany). Stim-
ulation solutions were prepared in 1.25-fold 
of final concentration to allow measurement 
of blank (80 µL) and thereafter addition of 
concentrated cell suspension (20 µL). 

 
Sytox Green Assay 

80 µL Sytox Green containing medium 
with or without stimuli were added to a 96-
well plate (Greiner Bio-One, Frickenhausen, 
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Germany). 20 µL of neutrophil suspension 
was added to receive a final concentration of 
2x105 cells/mL. Measurements were done in 
triplicates. To improve comparability be-
tween donors, cells were also lysed with 1 % 
Triton-X-100 (Carl Roth, Karlsruhe, Ger-
many) which allows normalization to total 
DNA. Fluorescence was measured every 30 
min in an Omega Plate Reader (BMG Lab-
tech, Ortenberg, Germany) at 485 nm/520 
nm. At 3 h timepoint microscopy pictures of 
the images were taken in the GFP channel 
with an Evos FL imaging system (Thermo 
Fisher Scientific). 

 
xCelligence measurement 

The xCelligence RTCA eSsight device 
(Omni Life Sciences, OLS, Bremen, Ger-
many) was used to measure bio-impedance. It 
was placed into an incubator at 37 °C at 5 % 
CO2 in a humidified atmosphere.  

The device uses electric cell-substrate im-
pedance sensing (ECIS) to monitor current 
changes for the calculation of bio-impedance 
values. Similar to the Sytox Green Assay, 80 
µL of the prepared stimulation solutions were 
added to a 96-well xCelligence measurement 
plate (OLS) in quadruplicates. Then, the plate 
was measured in the RTCA eSight device 
(OLS) as blank. Afterwards, plates were 
transferred to a sterile bench and 20 µL of the 
isolated neutrophils were added to reach a fi-
nal concentration of 2x105 cells/mL. For a pe-
riod of 6 h cell index was measured at least 
every 15 min (run one every 15 min, run two 
every 5 min). Fluorescence pictures were 
taken every 30 min (run one, 4 images/well, 
bright field and green fluorescence) or every 
15 min (run two, 2 images/well). Data were 
exported as Excel files, manually normalized 
and, XY diagrams made with Graphpad Prism 
Version 8.0. Peak times of PMA stimulation 
were determined by partial curve fitting via a 
quadratic function (Y=B0 + B1X + B2X2) and 
determination of the peak point by the first de-
rivative. Peak times of control cells and CI 
stimulation were analyzed manually (time 
point of highest measured value apart from 
start value) from the measured data. 

Fluorescence pictures from live cell imag-
ing were exported as single tiff images and 
combined manually with ImageJ Version 2.0 
(NIH, Bethesda, Maryland, USA). For quan-
tification, images of the time course (one im-
age/well of GFP channel) were subjected to 
automatic counting by Image J. Therefore, 
auto local threshold was set (Bernsen, radius 
30) and watershed separation was done of the 
binary images. Particles acceding a size of 
1000 pixel2 were counted automatically. 

 
Immunofluorescence 

To obtain a time-course analysis of stim-
ulation with PMA and calcium ionophore 
Ibidi µ-slides (8-well, Ibidi, Martinsried, Ger-
many) were coated with a 1:5 dilution of 
Poly-L-Lysine (Sigma-Aldrich), washed once 
with sterile water and air-dried. Neutrophils 
of 4 donors were isolated and seeded onto the 
µ-slides in a concentration of 3x105 cells/mL 
in plain RPMI 1640 medium (Sigma-Al-
drich). Cells were stimulated with 100 nM 
PMA or 4 µM calcium ionophore. At each 
time point (1-6 h, every hour) cells were fixed 
with 4 % formaldehyde for 30 min, and after-
wards permeabilized with 0.5 % Triton-X-
100 for 5 min. Wells were blocked with 5 % 
BSA (AppliChem, Darmstadt, Germany) for 
1 h and stained overnight with anti-myelop-
eroxidase antibody in 1:200 dilution in PBS 
(sc-52707, Santa Cruz Biotechnology, Hei-
delberg, Germany). Slides were washed 3 
times with PBS for 10 min. Staining was com-
pleted by a 2 h incubation with Alexa Fluor 
488 coupled secondary anti-mouse antibody 
(1:1000 in PBS, Invitrogen, Thermo Fisher 
Scientific) and Hoechst 33342 nuclear coun-
terstaining (2 ng/µL in PBS, Thermo Fisher 
Scientific). After three times washing for 10 
min with PBS five images per condition were 
taken in 10-fold original magnification. 

 
Immunofluorescence analysis 

Immunofluorescent images were ana-
lyzed with ImageJ using a method adapted 
from Brinkmann et al. (2012). From Hoechst 
33342 staining (DAPI channel) all nuclei 
were automatically counted after threshold 
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setting. From GFP channel (myeloperoxidase 
staining) only cells that exceed a certain size 
and are not round were counted automatically 
after threshold setting. The threshold was 
adapted to unstimulated cells so that nearly no 
counting occurred for not activated cells. By 
building the ratio of MPO (myeloperoxidase) 
to Hoechst staining the proportion of acti-
vated cells was calculated. As a second 
readout, the nuclear size was determined from 
Hoechst 33342 staining (bigger size means 
stronger activation). 

 
Statistical analysis 

If not stated differently data are shown as 
box plots “Tuckey” with median, interquartile 
range, and 95 % confidence interval. Kruskal-
Wallis test followed by Dunn’s correction for 
multiple comparisons was done for testing of 
significance. A p-value below 0.05 was con-
sidered significant. 

 
RESULTS 

Analysis of activation by Sytox Green Assay 
The dynamics of DNA release from stim-

ulated neutrophils was assessed by Sytox 
Green Assay. Neutrophils were stained with 
1 µM Sytox Green and stimulated with PMA 
or calcium ionophore and fluorescence meas-
ured for 5 h.  

Three different readouts were used to dis-
play the release of DNA: Area under curve 
(Figure 1A), analysis of the half-maximal 
time of stimulation (Figure 1B), and hill slope 
analysis (Figure 1C). The area under curve 
analysis revealed that stimulation with cal-
cium ionophore resulted in the highest 
amount of DNA released over time. Stimula-
tion with PMA also showed a higher area un-
der curve value than the control, but not sig-
nificant. The time of half-maximal stimula-
tion (Figure 1B), representing the speed of the 
reaction, was the lowest for the stimulation 
with CI (1.32 ± 0.27 h). Cells stimulated with 
PMA took about double the time to reach 
half-maximal stimulation (2.95 ± 0.21 h). Af-
ter a certain time (4-5 h) the values for the 
control cells also increased. The hill slope 

value provides information about the dynam-
ics of the stimulation. For stimulation with 
calcium ionophore, the hill slopes were low 
because the increase in released DNA is not 
as fast as for stimulation with PMA, where the 
hill slopes were very high due to the fast re-
lease of DNA after a certain time point. Con-
trol cells had a hill slope in a similar range to 
PMA stimulated cells since cells from some 
donors were activated quite fast without stim-
ulation. In general, the values show high var-
iation between the donors. Figure 1D shows 
microscopic images after 3 h of stimulation of 
an exemplary donor. To reduce the effects of 
donor variability fluorescence values can be 
normalized to the value of total DNA (Triton-
treated cells, Supplementary Figure 1). 

 
Analysis of neutrophil activation by  
bio-impedance measurement 

The activation dynamics were determined 
based on changes in bio-impedance. As some 
donors showed a sharp drop at the beginning 
of the measurement (Supplementary Figure 2) 
the baseline was set to the 30 min value. For 
control cells, bio-impedance was reduced 
over time compared to the basal level with a 
small peak between 2-4 h (Figure 2A). PMA 
and CI stimulation both showed a stronger 
peak in the cell index (Figure 2A). For PMA 
stimulation this peak was much higher than 
for CI stimulation, where the peak came ear-
lier and was much flatter. Figure 2B gives an 
overview of the stimulation of all 15 donors 
by area under curve analysis. PMA had a sig-
nificantly higher area under the curve than CI 
or Ctrl. CI showed no significant difference to 
Ctrl which can be explained by the flat peak 
and fast stimulation by CI.  

For both kinds of stimulation (PMA and 
CI) and the Ctrl, the peak time was analyzed. 
For PMA stimulation partial curve fitting with 
a quadratic term (Figure 2C) and determina-
tion of the local maximum from the first de-
rivative was possible (Figure 2D). The quality 
of curve fit can be found in Supplementary 
Table 1. For PMA the mean peak time was 
determined with 1.68 ± 0.22 h. For calcium

https://www.excli.de/vol19/excli2020-2868_supplementary_material.pdf
https://www.excli.de/vol19/excli2020-2868_supplementary_material.pdf
https://www.excli.de/vol19/excli2020-2868_supplementary_material.pdf
https://www.excli.de/vol19/excli2020-2868_supplementary_material.pdf
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Figure 1: Sytox Green Assay of stimulated neutrophils. Neutrophils were stained with 1 µM Sytox Green 
and fluorescence measured over a period of 5 h. Different analysis methods were used to show neutro-
phil activation by different stimuli: (A) Analysis of DNA release by measurement of area under curve; 
(B) Analysis of stimulation speed by determination of the time when half-maximal DNA-release was 
reached; (C) Analysis of dynamics of stimulation by measurement of hill slope. Lower panels illustrate 
the analyses graphically, dashed lines indicate interpolated curves. (D) Microscopy pictures of neutro-
phils in green channel (Sytox Green signal). Scale bar = 400 µm. N=15, n=3. Statistical analysis was 
done by Kruskal-Wallis test followed by Dunn’s correction for multiple comparisons. *p<0.05; ** p<0.01; 
****p<0.0001. Ctrl: Control, PMA: phorbol 12-myristate 13-acetate, CI: calcium ionophore A23187, AUC: 
Area under curve, RFU: relative fluorescence unit. 
 
 
ionophore and the control, curve fitting was 
not possible, and the peak time was deter-
mined manually with a mean of 1.26 ± 0.38 h 
for CI and 2.74 ± 0.55 h for the control (Fig-
ure 2E). Figure 2E summarizes the peak times 
for Ctrl, as well as PMA and CI stimulation 
with single dots indicating the single donors. 
It shows that the Ctrl peak time is signifi-
cantly later compared to PMA or CI stimula-
tion. Compared to the half-maximal stimula-
tion of the Sytox Green Assay the times for 
calcium ionophore stimulation were compa-
rable (Sytox Green Assay 1.32 ± 0.27 h, 
p>0.99) whereas for PMA stimulation the 
half-maximal stimulation time in the Sytox 
Green Assay was much later (2.95 ± 0.21 h, 
p=0.0076). 

 

Live fluorescent imaging allows  
quantification and visualization of  
NET release in a single step 

In addition to the measurement of bio-im-
pedance analysis, the used xCelligence RTCA 
eSight device allows simultaneous live imag-
ing of the cells which were as well stained 
with Sytox Green. Over a period of 6.5 h im-
ages were taken in fluorescent and bright field 
channels every 30 – 70 min. Therefore, it is 
possible to count NETosed cells and to differ-
entiate between NETosed cells (stained 
(green and) large, pseudo-colored with “fire”, 
more orange/red) and necrotic cells (stained 
bright (green) and small, pseudo-colored with 
“fire” in white). Automatic counting of the 
fluorescent signals which exceed a certain 
size (NETosed cells, Figure 3B) revealed ear-
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Figure 2: Bio-impedance measurement for monitoring of activation of neutrophils. Neutrophils were 
seeded in eSight E-Plate VIEW 96 and bio-impedance was measured for a period of 6 h. (A) shows 
measurement of an exemplary donor for ctrl, as well as PMA and CI stimulated cells (baseline set to 30 
min). (B) Analysis of cell index by area under curve measurement, N=15. (C) Analysis of time point of 
PMA peak by partial curve fitting of peaks of 8 single donors with originally measured data (red, dashed 
line) and fitted curves (black). (D) First derivate curves calculated from the fitted curves of (C) which 
allows calculation of (E) peak time of PMA stimulation by determination of x-intercept for the different 
donors. (E) Peak times for the different donors for Ctrl and CI stimulation (Manual determination from 
highest measured value) and PMA stimulation (determination by quadratic curve fit). N = 15, n = 4. 
Statistical analysis was done by Kruskal-Wallis test followed by Dunn’s correction for multiple compari-
sons. ** p<0.01, ****p<0.0001. Ctrl: Control, PMA: phorbol 12-myristate 13-acetate, CI: calcium iono-
phore A23187, AUC: Area under curve. 
 
 
ly activation of CI-stimulated cells which 
stayed constant over time (Figure 3A). PMA 
stimulated cells showed a steep increase in 
counted cells after 1.5 h. Control cells in-
creased after 2.5 h showing that also untreated 

cells start to release NETs after a certain time. 
Figure 3C shows images of the live fluores-
cence time course (every 30 min) of one ex-
emplary donor pseudo-colored in “fire” to im-
prove the visibility of differences between 
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NETosed (orange/red) and necrotic cells 
(white). 

When analyzing a defined time point (2 h 
and 25 min / 145 min, Figure 3D) PMA stim-
ulation and CI stimulation show a very high 

count for NETosed cells. CI stimulation 
showed broader distribution than PMA stim-
ulation, but both stimulations showed a sig-
nificantly higher count of NETs than control 
cells. 

 

 
Figure 3: Analysis of live microscopy images obtained from the eSight device. Neutrophils were stained 
with 1 µM Sytox Green and images taken over a time period of more than 6 h. (A) Time course of 
counted NETs of an exemplary donor, mean ± SEM. (B) Example image of an automated counting 
process. Analysis was done by automated counting with ImageJ. ImageJ was advised only to count 
cells that exceed a certain size (1000 pixel2 or 1352 µm2). The left image shows the original image from 
the device, the right image shows the thresholded image with the counted cells marked with a red bor-
der. To reduce counting of clusters the “watershed” option in ImageJ was used to separate cells. (C) 
Time course of cells counted from microscopic images in the green channel (Sytox Green) of an exem-
plary donor over 6.5 h. Cells were pseudo-colored in “fire” with ImageJ. The bar below the images shows 
the pseudo-coloring. Scale bar = 200 µm. (D) Analysis of cells undergone NETosis at T=145 min (2 h 
25 min). 4 images/condition/timepoint were counted per donor (N=15). ****p<0.001. Ctrl: Control, PMA: 
phorbol 12-myristate 13-acetate, CI: calcium ionophore A23187.
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Immunofluorescence analysis 
To confirm the precedent results, immu-

nofluorescence analysis was done for 4 do-
nors over a period of 6 h with measurement 
intervals of every hour. DNA was stained 
with Hoechst 33342 (DAPI channel, blue) 
and myeloperoxidase (GFP channel, green) 
by immunofluorescence staining. In the DAPI 
channel, all cells were counted whereas in 
GFP channel only cells were counted that ex-
ceed a certain size and are not round anymore. 
By building the ratio of counted cells in the 

GFP channel (= NETosed cells) to all counted 
cells the proportion of activated cells can be 
calculated (Figure 4A). Additionally, the nu-
clear size was determined from the Hoechst 
33342 staining (Figure 4B).  

The immunofluorescence analysis 
showed similar results to the other methods. 
The proportion of NETosed cells (Figure 4A) 
was the highest for PMA treatment but has 
peaked at 5 h. In some imaged areas, nearly 
all cells have undergone NETosis (values of 
nearly 1). For CI treated cells the overall rate

 
 

 
Figure 4: Immunofluorescence analysis of neutrophil stimulation by PMA or CI over a period of 6 h. (A) 
Analysis of the proportion of cells undergone NETosis by dividing the number of cells stained green 
(MPO) and exceeding a certain size by total cell number (Hoechst 33342 staining, DAPI channel). (B) 
Analysis of nuclear size by measurement of Hoechst 33342 staining over a time period of 6 h. N=4. (C) 
Exemplary overlay images of one donor at 3 h. Scale bar = 400 µm. Blue = Hoechst 33342 staining, 
green = myeloperoxidase (MPO) staining. Ctrl: Control, PMA: phorbol 12-myristate 13-acetate, CI: cal-
cium ionophore A23187. *p<0.05; **p<0.01; ***p<0.005; ****p<0.001. 
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remained lower. It had a nearly stable level 
for 1-4 h and has a bit higher rate at 5 h. The 
control cells stayed constantly at a low level. 
The nuclear size of CI treated cells was al-
ready significantly higher than the control 
cells at 1 h (Figure 4B). PMA stimulated cells 
showed a peak of the nuclear size at 4 h. The 
increase in nuclear size was stronger for PMA 
treated cells compared to CI treated cells. The 
nuclear size of control cells presented almost 
no changes. Optical analysis of the micros-
copy images revealed that control cells 
showed the smallest staining area (Figure 4C, 
upper image), PMA treated cells had a large 
distribution of MPO and Hoechst staining 
(middle panel) and CI treated cells (lower 
panel) were characterized by larger spots of 
strong MPO staining but not such high distri-
bution of nuclear staining. An overview of 
images of one donor for all time points and 
single channels can be found in Supplemen-
tary Figure 3. 

 
DISCUSSION 

Analysis of neutrophil extracellular traps 
remains a challenge despite the advances that 
have been made since its discovery. All com-
monly used techniques have their limitations 
and are either suitable for one type of analysis 
(detailed) or the other (many conditions, 
screening). Here, we tested the usage of a bio-
impedance based platform for detection of the 
release of neutrophil extracellular traps in 
comparison to immunofluorescence analysis 
and analysis of released DNA by fluorescent 
straining (Sytox Green Assay).  

Sytox Green Assay analysis revealed a 
fast increase in fluorescence by stimulation 
with CI. In contrast, stimulation with PMA re-
sulted in a much later but therefore much 
steeper increase in fluorescence which is in 
agreement with previously published data 
(Khan and Palaniyar, 2017; Petchakup et al., 
2019). Also, when looking at the microscopy 
images taken during the measurements a dif-
ference between the CI and PMA stimulated 
cells became obvious. PMA stimulated cells 
showed a cloudy shape whereas some CI 

stimulated cells demonstrate strong concen-
trated staining suggesting necrosis of these 
cells or an early leakiness of the cells due to 
impaired membrane integrity (de Bont et al., 
2018; Hoppenbrouwers et al., 2017). This can 
be stated as one of the major drawbacks of the 
Sytox Green Assay: a clear distinction of dead 
cells and NETosed cells is not possible just 
from the fluorescent signal (Carmona-Rivera 
and Kaplan, 2016). A reported problem with 
basal staining of neutrophils by Sytox Green 
could not be observed here (Schröter et al., 
2013). Despite these disadvantages, Sytox 
Green Assay remains one of the easiest and 
fastest assays to detect extracellular DNA re-
leased from neutrophils. However, for verifi-
cation, other methods are required. 

Immunofluorescence analysis gives the 
most detailed analysis of the NETs released 
from the neutrophils showing the spatial dis-
tribution of the chromatin and myeloperoxi-
dase, a protein that plays an important role 
during the release of NETs (Metzler et al., 
2014). The two different stimulations show 
different distributions of nuclear and MPO 
staining. The wider distribution for PMA 
stimulation and the strong spot-related stain-
ing for CI stimulation support the proposed 
different stimulation pathways for PMA and 
CI (Khan and Palaniyar, 2017). Such a result 
cannot be drawn from non-imaging methods 
like Sytox Green Assay, but the bio-imped-
ance measurement also showed differences. 
For the quantitative analysis of immunofluo-
rescence images, a very defined set-up and 
steady quality of microscopy images are nec-
essary. For many donors or many time points 
as we did it in our work, this remains a chal-
lenge and is very time-consuming, especially 
if more conditions shall be investigated. For a 
detailed analysis of the spatial distribution of 
proteins (e.g.; nuclear translocation, extracel-
lular release, cytosolic localization) or intra-
cellular processes, immunofluorescence anal-
ysis remains the most reliable method. If a 
screening on the base of immunofluorescence 
is unavoidable, different methods for the 
quantification exist: analysis of the expansion 
of chromatin (Neubert et al., 2018), analysis 

https://www.excli.de/vol19/excli2020-2868_supplementary_material.pdf
https://www.excli.de/vol19/excli2020-2868_supplementary_material.pdf
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of two different stainings (e.g.; H3-Cit and 
DAPI) (Brinkmann et al., 2012), or compari-
son of different forms of DNA by threshold 
settings (Meher et al., 2018) - but all of them 
include analysis of DNA staining. A combi-
nation of two readouts would be recom-
mended here. We used a combination of two 
stainings (MPO and Hoechst) and addition-
ally an analysis of the nuclear size. 

The bio-impedance analysis is a method 
that allows a more detailed analysis than 
Sytox Green Assay and faster results than im-
munofluorescence analysis. Neutrophils bind 
to surfaces when getting activated (Neubert et 
al., 2018), which leads to an increase in cell 
index. In contrast, cell death leads to a reduc-
tion in cell index. Here, PMA stimulation 
leads to a strong increase in cell index, which 
shows a strong binding of neutrophils to the 
surface. CI stimulation showed a lower and 
less intense peak which argues for less strong 
binding to the surface or faster DNA release. 
A second, less marked peak expected to come 
from the binding of NETs to the surface could 
not be observed. By coating the plates with 
antibodies, Yu et al. were able to detect dif-
ferent surface binding dynamics of neutro-
phils by bio-impedance measurements (Yu et 
al., 2018). Therefore, a better binding of neu-
trophils and NETs to the used gold-electrode 
coated plates could be achieved by the coating 
(e.g.; fibrinogen (Healy et al., 2016)) of 
plates. This could facilitate an even more de-
tailed analysis including proposed NETs 
(Pires et al., 2016). Such results would allow 
a follow-up of the results from Erpenbeck et 
al., which showed neutrophils do not need 
surface binding in response to all stimuli 
(Erpenbeck et al., 2019). 

An increase in cell index and opacity after 
stimulation of neutrophils was also observed 
from Petchakup et al., who developed a plat-
form to directly analyze neutrophil activation 
from blood in a flow device. The increase in 
cell index could be observed with CI stimu-
lated cells but not with PMA stimulated cells 
(Petchakup et al., 2019). This is contrary to 
our results where a defined peak in cell index 
by stimulation with PMA was observed. An 

explanation for this could be the observation 
time which was only 2 hours in the work of 
Petchakup et al. (2019). At this time point, we 
observed a maximum cell index in PMA stim-
ulated cells, which indicated towards many 
attached but not yet fully NETosed cells. An-
other explanation could be the flow set-up 
where measurements were carried out only 
every 30 min and without a surface to bind to. 
This could lead to a passing over of activation 
peaks or non-activation due to the lacking sur-
face.  

Another possible application of the bio-
impedance measurement would be the moni-
toring of interaction of neutrophils with other 
cells as already done for a lot of other immune 
cell types, e.g.; natural killer cells and T-cells 
(Fasbender and Watzl, 2018; Seidel et al., 
2014). This could be of special interest for the 
interaction with macrophages, which is 
thought to play a major role in the develop-
ment and progress of atherosclerosis 
(Warnatsch et al., 2016). Coatings for stents 
or implants could be tested which can be ad-
vantageous in the prevention of thrombosis or 
new plaque formation (Labarrere et al., 2020).  

Detailed mathematical modeling of the 
changes in impedance after neutrophil stimu-
lation with PMA was done by Schröter et al. 
revealing that measured results are strongly 
dependent on the composition of the medium 
and the cell numbers (Schröter et al., 2015). 
Therefore, such factors have to be closely 
documented and controlled when using bio-
impedance measurements to monitor NET re-
lease. Despite these uncertainties, an applica-
tion of bio-impedance measurement for the 
analysis of released DNA into wounds is pro-
posed (Schröter et al., 2013) and further de-
velopment of platforms for analysis on the 
single-cell level is ongoing (Asphahani et al., 
2011). 

An advantage of the here tested xCelli-
gence RTCA eSight system is the possibility 
to directly combine bio-impedance measure-
ments with live-cell imaging. The increase in 
chromatin size can easily be monitored also in 
comparison to dead cells which do not show 
a higher nuclear size. The usage of Sytox 



EXCLI Journal 2020;19:1481-1495 – ISSN 1611-2156 
Received: September 04, 2020, accepted: October 29, 2020, published: November 05, 2020 

 

 

1492 

Green staining in combination with the bio-
impedance measurement enables a more se-
cure analysis of NET release and could even 
be more detailed when combined with another 
fluorescent dye (e.g. Hoechst to stain all nu-
clei, three channels are possible in total). The 
combination of those two techniques makes it 
possible to show the dynamics of early events 
(bio-impedance) as well as later events (DNA 
release by Sytox Green staining). So the bio-
impedance would allow monitoring dynamics 
before the so-called “point of no return” and 
the live imaging of Sytox Green staining the 
passive events afterwards (Neubert et al., 
2018). 

When combining the data from the four 
different assays for PMA stimulation (Figure 
5A) a more detailed time-course analysis by 
the bio-impedance analysis and the Sytox 
Green Assay is revealed. The bio-impedance 
analysis shows a peak very early compared to 
Sytox Green Assay and immunofluorescence 
analysis. If comparing the peak times of Sytox 

Green Assay (time of half-maximal stimula-
tion) and bio-impedance measurement (peak 
time) in detail (Figure 5B) for PMA stimula-
tion the peak time is much later in Sytox 
Green Assay than in the bio-impedance anal-
ysis. For CI stimulation the peak time is sim-
ilar, most likely due to the fast dynamics by 
the stimulation with calcium ionophore thus 
no comparing overview like for PMA (Figure 
5A) was done. 

In conclusion, impedance measurement 
allows for label-free analysis, detailed time-
course analysis, and additional staining im-
proves the validity of measurements but is not 
generally necessary. For a total analysis of 
NET release, a combination of different meth-
ods (screening and imaging-based methods) 
is still inevitable but bio-impedance measure-
ments could be another part in the repertoire 
of neutrophil extracellular trap analysis and 
participate in the ongoing attempt to fully un-
derstand the process.

 

 

Figure 5: Summary and 
schematic overview of cell in-
dex and fluorescence change 
during the NET release of 
neutrophils. (A) Data of all 
four made analyses (Sytox 
Green Assay, bio-impedance 
(cell index) measurement, 
count of live cell imaging, im-
munofluorescence) of one 
donor for 6 h. Lower panel 
shows assumed cellular 
events schematically from 
the side and from the top 
view (gray = nucleus/DNA, 
red = Actin, green = fluores-
cently marked DNA when re-
leased). (B) Comparison of 
peak times (bio-impedance 
analysis, white bars) and 
half-maximal stimulation time 
(Sytox Green Assay, green 
bars) of PMA and CI stimu-
lated cells, N=15. Ctrl: Con-
trol, PMA: phorbol 12-
myristate 13-acetate, CI: cal-
cium ionophore A23187, 
RFU: relative fluorescence 
unit, IF: immunofluores-
cence. 



EXCLI Journal 2020;19:1481-1495 – ISSN 1611-2156 
Received: September 04, 2020, accepted: October 29, 2020, published: November 05, 2020 

 

 

1493 

Funding 
C.L. is supported by the Studienstiftung 

des deutschen Volkes. 
 

Conflict of interest 
The authors declare that they have no con-

flict of interest. 
 

Acknowledgments 
We thank Dr. Andreas Friese from Omni 

Life Sciences for the opportunity to test the 
xCelligence device. We thank Dr. Markus 
Burkhard and Christian Leischner for the as-
sistance during measurements with the xCel-
ligence device. 

 
REFERENCES 

Amulic B, Cazalet C, Hayes GL, Metzler KD, Zych-
linsky A. Neutrophil function: from mechanisms to 
disease. Annu Rev Immunol. 2012;30:459-89. 

Arai Y, Yamashita K, Mizugishi K, Watanabe T, Sa-
kamoto S, Kitano T, et al. Serum neutrophil extracellu-
lar trap levels predict thrombotic microangiopathy af-
ter allogeneic stem cell transplantation. Biol Blood 
Marrow Transplant. 2013;19:1683-9. 

Arndt S, Seebach J, Psathaki K, Galla H-J, Wegener J. 
Bioelectrical impedance assay to monitor changes in 
cell shape during apoptosis. Biosens Bioelectron. 
2004;19:583-94. 

Asphahani F, Wang K, Thein M, Veiseh O, Yung S, 
Xu J, et al. Single-cell bioelectrical impedance plat-
form for monitoring cellular response to drug treat-
ment. Phys Biol. 2011;8:015006. 

Brantlov S, Jodal L, Frydensbjerg Andersen R, Lange 
A, Rittig S, Ward LC. Bioimpedance resistance indices 
and cell membrane capacitance used to assess disease 
status and cell membrane integrity in children with ne-
phrotic syndrome. Sci World J. 2019;2019:4274856. 

Brinkmann V, Reichard U, Goosmann C, Fauler B, 
Uhlemann Y, Weiss DS, et al. Neutrophil extracellular 
traps kill bacteria. Science. 2004;303:1532-5. 

Brinkmann V, Goosmann C, Kuhn LI, Zychlinsky A. 
Automatic quantification of in vitro NET formation. 
Front Immunol. 2012;3:413. 

Bruschi M, Petretto A, Santucci L, Vaglio A, Pratesi F, 
Migliorini P, et al. Neutrophil extracellular traps pro-
tein composition is specific for patients with Lupus ne-
phritis and includes methyl-oxidized alphaenolase 
(methionine sulfoxide 93). Sci Rep. 2019;9:7934. 

Cano PM, Vargas A, Lavoie JP. A real-time assay for 
neutrophil chemotaxis. Biotechniques. 2016;60:245-
51. 

Carmona-Rivera C, Kaplan MJ. Induction and quanti-
fication of NETosis. Curr Protoc Immunol. 2016;115: 
14.41.1-14. 

Cools-Lartigue J, Spicer J, McDonald B, Gowing S, 
Chow S, Giannias B, et al. Neutrophil extracellular 
traps sequester circulating tumor cells and promote me-
tastasis. J Clin Invest. 2013;123:3446–58. 

de Bont CM, Koopman WJH, Boelens WC, Pruijn 
GJM. Stimulus-dependent chromatin dynamics, citrul-
lination, calcium signalling and ROS production dur-
ing NET formation. Biochim Biophys Acta Mol Cell 
Res. 2018;1865:1621-9. 

Erpenbeck L, Gruhn AL, Kudryasheva G, Günay G, 
Meyer D, Busse J, et al. Effect of adhesion and sub-
strate elasticity on neutrophil extracellular trap for-
mation. Front Immunol. 2019;10:2320. 

Fasbender F, Watzl C. Impedance-based analysis of 
Natural Killer cell stimulation. Sci Rep. 2018;8:4938. 

Gagliardi PA, Puliafito A, di Blasio L, Chianale F, So-
male D, Seano G, et al. Real-time monitoring of cell 
protrusion dynamics by impedance responses. Sci Rep. 
2015;5:10206. 

Giaever I, Keese CR. A morphological biosensor for 
mammalian cells. Nature. 1993;366:591-2. 

Giaglis S, Hahn S, Hasler P. "The NET Outcome": Are 
neutrophil extracellular traps of any relevance to the 
pathophysiology of autoimmune disorders in child-
hood? Front Pediatr. 2016;4:97. 

Guan N, Deng J, Li T, Xu X, Irelan JT, Wang MW. 
Label-free monitoring of T cell activation by the im-
pedance-based xCELLigence system. Mol Biosyst. 
2013;9:1035-43. 

Healy LD, Puy C, Itakura A, Chu T, Robinson DK, By-
lund A, et al. Colocalization of neutrophils, extracellu-
lar DNA and coagulation factors during NETosis: De-
velopment and utility of an immunofluorescence-based 
microscopy platform. J Immunol Methods. 2016;435: 
77-84. 

Hoppenbrouwers T, Autar ASA, Sultan AR, Abraham 
TE, van Cappellen WA, Houtsmuller AB, et al. In vitro 
induction of NETosis: Comprehensive live imaging 
comparison and systematic review. PLoS One. 2017; 
12:e0176472. 



EXCLI Journal 2020;19:1481-1495 – ISSN 1611-2156 
Received: September 04, 2020, accepted: October 29, 2020, published: November 05, 2020 

 

 

1494 

Kano H, Aminul Huq M, Tsuda M, Noguchi H, 
Takeyama N. Sandwich ELISA for circulating myelop-
eroxidase- and neutrophil elastase-DNA complexes re-
leased from neutrophil extracellular traps. Adv Tech 
Biol Med. 2017;05:1000196. 

Khan MA, Palaniyar N. Transcriptional firing helps to 
drive NETosis. Sci Rep. 2017;7:41749. 

Kho D, MacDonald C, Johnson R, Unsworth PC, Car-
roll JS, Mez DE, et al. Application of xCELLigence 
RTCA biosensor technology for revealing the profile 
and window of drug responsiveness in real time. Bio-
sensors. 2015;5:199-222. 

Labarrere CA, Dabiri AE, Kassab GS. Thrombogenic 
and inflammatory reactions to biomaterials in medical 
devices. Front Bioeng Biotechnol. 2020;8:123. 

Langsrud S, Sundheim G. Flow cytometry for rapid as-
sessment of viability after exposure to a quaternary am-
monium compound. J Appl Bacteriol. 1996;81:411-8. 

Lee KH, Cavanaugh L, Leung H, Yan F, Ahmadi Z, 
Chong BH, et al. Quantification of NETs-associated 
markers by flow cytometry and serum assays in pa-
tients with thrombosis and sepsis. Int J Lab Hematol. 
2018;40:392-9. 

Leppkes M, Knopf J, Naschberger E, Lindemann A, 
Singh J, Herrmann I, et al. Vascular occlusion by neu-
trophil extracellular traps in COVID-19. EBioMedi-
cine. 2020;58:102925. 

Li YC, Li CI, Lin WY, Liu CS, Hsu HS, Lee CC, et al. 
Percentage of body fat assessment using bioelectrical 
impedance analysis and dual-energy X-ray absorp-
tiometry in a weight loss program for obese or over-
weight Chinese adults. PLoS One. 2013;8:e58272. 

Liu Y, Carmona-Rivera C, Moore E, Seto NL, Knight 
JS, Pryor M, et al. Myeloid-specific deletion of pepti-
dylarginine deiminase 4 mitigates atherosclerosis. 
Front Immunol. 2018;9:1680. 

Ludwig A, Sommer A, Uhlig S. Assessment of endo-
thelial permeability and leukocyte transmigration in 
human endothelial cell monolayers. Methods Mol Biol. 
2011;763:319-32.  

Martinod K, Demers M, Fuchs TA, Wong SL, Brill A, 
Gallant M, et al. Neutrophil histone modification by 
peptidylarginine deiminase 4 is critical for deep vein 
thrombosis in mice. Proc Natl Acad Sci U S A. 2013; 
110:8674-9. 

Meher AK, Spinosa M, Davis JP, Pope N, Laubach 
VE, Su G, et al. Novel role of IL (Interleukin)-1beta in 
neutrophil extracellular trap formation and abdominal 
aortic aneurysms. Arterioscler Thromb Vasc Biol. 
2018;38:843-53. 

Metzler KD, Goosmann C, Lubojemska A, Zychlinsky 
A, Papayannopoulos V. A myeloperoxidase-contain-
ing complex regulates neutrophil elastase release and 
actin dynamics during NETosis. Cell Rep. 2014;8:883-
96. 

Middleton EA, He XY, Denorme F, Campbell RA, Ng 
D, Salvatore SP, et al. Neutrophil extracellular traps 
contribute to immunothrombosis in COVID-19 acute 
respiratory distress syndrome. Blood. 2020;136:1169-
79. 

Munoz-Caro T, Lendner M, Daugschies A, Hermosilla 
C, Taubert A. NADPH oxidase, MPO, NE, ERK1/2, 
p38 MAPK and Ca2+ influx are essential for Cryptos-
poridium parvum-induced NET formation. Dev Comp 
Immunol. 2015;52:245-54. 

Neubert E, Meyer D, Rocca F, Gunay G, Kwaczala-
Tessmann A, Grandke J, et al. Chromatin swelling 
drives neutrophil extracellular trap release. Nat Com-
mun. 2018;9:3767. 

Nordenfelt P, Tapper H. Phagosome dynamics during 
phagocytosis by neutrophils. J Leukoc Biol. 2011;90: 
271-84. 

Perdomo J, Leung HHL, Ahmadi Z, Yan F, Chong JJH, 
Passam FH, et al. Neutrophil activation and NETosis 
are the major drivers of thrombosis in heparin-induced 
thrombocytopenia. Nat Commun. 2019;10:1322. 

Petchakup C, Tay HM, Li KHH, Hou HW. Integrated 
inertial-impedance cytometry for rapid label-free leu-
kocyte isolation and profiling of neutrophil extracellu-
lar traps (NETs). Lab Chip. 2019;19:1736-46. 

Petretto A, Bruschi M, Pratesi F, Croia C, Candiano G, 
Ghiggeri G, et al. Neutrophil extracellular traps (NET) 
induced by different stimuli: A comparative proteomic 
analysis. PloS One. 2019;14:e0218946-e. 

Pires RH, Felix SB, Delcea M. The architecture of neu-
trophil extracellular traps investigated by atomic force 
microscopy. Nanoscale. 2016;8:14193-202. 

Preuss I, Ludwig MG, Baumgarten B, Bassilana F, 
Gessier F, Seuwen K, et al. Transcriptional regulation 
and functional characterization of the oxysterol/EBI2 
system in primary human macrophages. Biochem Bio-
phys Res Commun. 2014;446:663-8. 

Remijsen Q, Berghe TV, Wirawan E, Asselbergh B, 
Parthoens E, De Rycke R, et al. Neutrophil extracellu-
lar trap cell death requires both autophagy and super-
oxide generation. Cell Research. 2011;21:290-304. 

Rohm M, Grimm MJ, D'Auria AC, Almyroudis NG, 
Segal BH, Urban CF. NADPH oxidase promotes neu-
trophil extracellular trap formation in pulmonary as-
pergillosis. Infect Immun. 2014;82:1766-77. 



EXCLI Journal 2020;19:1481-1495 – ISSN 1611-2156 
Received: September 04, 2020, accepted: October 29, 2020, published: November 05, 2020 

 

 

1495 

Roth BL, Poot M, Yue ST, Millard PJ. Bacterial via-
bility and antibiotic susceptibility testing with SYTOX 
green nucleic acid stain. Appl Environ Microbiol. 
1997;63:2421-31. 

Schröter A, Rösen-Wolff A, Gerlach G. Impedance-
based detection of extracellular DNA in wounds. J 
Phys Conf Ser. 2013;434:012057. 

Schröter A, Rösen-Wolff A, Gerlach G. Impedance 
model of immune reaction leading to NETosis. Proce-
dia Eng. 2015;120:564-9. 

Seidel UJE, Vogt F, Grosse-Hovest L, Jung G, Hand-
gretinger R, Lang P. γδ T cell-mediated antibody-de-
pendent cellular cytotoxicity with CD19 antibodies as-
sessed by an impedance-based label-free real-time cy-
totoxicity assay. Front Immunol. 2014;5:618. 

Tohme S, Yazdani HO, Al-Khafaji AB, Chidi AP, 
Loughran P, Mowen K, et al. Neutrophil extracellular 
traps promote the development and progression of liver 
metastases after surgical stress. Cancer Res. 2016;76: 
1367-80. 

Vistejnova L, Dvorakova J, Hasova M, Muthny T, Ve-
lebny V, Soucek K, et al. The comparison of imped-
ance-based method of cell proliferation monitoring 
with commonly used metabolic-based techniques. 
Neuro Endocrinol Lett. 2009;30(Suppl 1):121-7. 

von Köckritz-Blickwede M, Blodkamp S, Nizet V. In-
teraction of bacterial exotoxins with neutrophil extra-
cellular traps: Impact for the infected host. Front Mi-
crobiol. 2016;7:402. 

Wang J, Li Q, Yin Y, Zhang Y, Cao Y, Lin X, et al. 
Excessive neutrophils and neutrophil extracellular 
traps in COVID-19. Front Immunol. 2020;11:2063. 

Warnatsch A, Ioannou M, Wang Q, Papayannopoulos 
V. Neutrophil extracellular traps license macrophages 
for cytokine production in atherosclerosis. Science. 
2016;349:316-20. 

Wu S-Y, Weng C-L, Jheng M-J, Kan H-W, Hsieh S-T, 
Liu F-T, et al. Candida albicans triggers NADPH oxi-
dase-independent neutrophil extracellular traps 
through dectin-2. PLoS Pathog. 2019;15:e1008096. 

Xiao C, Lachance B, Sunahara G, Luong JHT. An in-
depth analysis of electric cell−substrate impedance 
sensing to study the attachment and spreading of mam-
malian cells. Anal Chem. 2002;74:1333-9. 

Yang X, Kang N, Toyofuku WM, Scott MD. Enhanc-
ing the pro-inflammatory anti-cancer T cell response 
via biomanufactured, secretome-based, immunothera-
peutics. Immunobiology. 2019;224:270-84. 

Yu X, Akbarzadeh R, Pieper M, Scholzen T, Gehrig S, 
Schultz C, et al. Neutrophil adhesion is a prerequisite 
for antibody-mediated proteolytic tissue damage in ex-
perimental models of epidermolysis bullosa acquisita. 
J Invest Dermatol. 2018;138:1990-8. 

 


