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Abstract. Background/Aim: The structural integrity of the
eukaryotic cytoplasmic membrane is of crucial importance for
its cell biological function and thus for the survival of the cell.
Physical and chemical noxae can interact in various ways with
components of the cytoplasmic membrane, influence its
permeability and thus mediate toxic effects. In the study
presented, changes in membrane permeability were quantified
by intracellular accumulation of a fluorescent dye and by the
release of the fluorescent dye from dye-loaded cells. Materials
and Methods: Non-malignant (RC-124) and malignant (786-
O, Caki-1) renal cells were permeabilized with different
concentrations of Triton X-100. The permeability of the
membrane was determined at the single-cell level by the uptake
of the dye into the cell inner by flow cytometry. In addition, a
fluorescence plate reader was used to detect and quantify the
release of the dye into the cell culture supernatant. Results:
Both malignant and non-malignant cells showed a dose-
dependent alteration of membrane permeability after treatment
with Triton X-100. In the presence of the fluorescent dye,
significantly more dye was introduced into the permeabilized
cells compared to control incubations. Vice versa, Triton X-
100-treated and dye-loaded cells released significantly more
dye into the cell culture supernatant. Conclusion: The
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combination of measurement of intracellular accumulated and
extracellular released dye can quantifiably detect changes in
membrane permeability due to cell-membrane damage. The
combination of two different measurement methods offers
additional value in reliable detection of membrane-damaging,
potentially toxic influences.

Eukaryotic cells are bound by the cytoplasmic membrane
that separates intracellular space from extracellular space. In
addition, the cytoplasmic membrane plays an important role
in the exchange of compounds between cells and their
environment. As a semipermeable barrier, the cytoplasmic
membrane is responsible for the maintenance of
electrochemical and osmotic gradients and thus essential for
the physiological functions of the cell (1). The cytoplasmic
membrane consists of a double layer of lipids, which enables
the passage of lipophilic molecules. In addition, there are a
number of highly specific transport systems that mediate and
regulate the entry and release of hydrophilic substances (2).

Fluorescein is a hydrophilic fluorescent dye with a broad
range of applications in cell biology (3). The derivate
fluorescein diacetate (FDA), esterified with two acetate
groups, has lipophilic properties and is therefore permeable
to membranes. The acetate groups are cleaved within the cell
by cellular esterases. As a result, FDA loses its membrane
permeability after penetration into the cell, can no longer
diffuse out of the cell, and is therefore ideal for fluorescent
labelling of living cells (4-6).

In the assays described below, changes in membrane
permeability were determined using two different approaches
and two different measurement methods. The intracellular
enrichment of FDA was determined by flow cytometry. The
release of FDA was analyzed in the cell-free supernatant of
FDA-loaded cells with a fluorescence plate reader.
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Materials and Methods

Cell culture. Human renal cell cancer (RCC) cell lines 786-O and
Caki-1, as well as the non-malignant renal cell line RC-124 (all Cell
Lines Service, Eppelheim, Germany) were propagated in RPMI 1640
medium with 2 mM L-glutamine, 1% penicillin/streptomycin (P/S)
and 10% fetal bovine serum (786-0), Minimal Essential Medium
(MEM) with 79.6 mg/l non-essential amino acids, 2 mM L-glutamine,
1 mM sodium pyruvate, 1% P/S and 10% fetal bovine serum, and
McCoys 5a medium with 2 mM L-glutamine, 1% P/S and 10% fetal
bovine serum, respectively (all reagents from PAN Biotech,
Aidenbach, Germany). All cells were incubated at 37°C and 5% CO,.

For experiments, nearly confluent cells were suspended by
trypsin/ethylendiamine tetra-acetic acid (PAN Biotech) treatment and
adjusted to 106 cells/ml with stop solution [phosphate-buffered saline
(PBS) with 10% fetal bovine serum; PAN Biotech] and stored on ice.

FDA-uptake assay. FDA uptake (Figure 1) was determined by flow
cytometry, therefore cells were stained with both FDA and ethidium
bromide (EtBr) (7). Cell suspension (400 ul) was mixed with 200 pl
PBS with Triton X-100 in concentrations from 10-5% to 10-2% and
200 pl staining solution (120 pg/ml EtBr and 20 pug/ml FDA in PBS)
and incubated on ice for 5 min in the dark. After addition of 2 ml
PBS, cells were sedimented (5 min, 300 x g, 4°C), resuspended in
300 wl PBS and analyzed in a BD FACSCanto™ flow cytometer
with BD FACSDivaTM 6.0 software (BD Biosciences, Heidelberg,
Germany). For analysis of cell debris, doublets and dead cells were
excluded by standard gating strategies based on forward- and side-
scatter parameters (Figure 2). The mean fluorescence intensity (MFI)
was calculated with FlowJo Software Version 10 (Tree Star Inc,
Ashland, OR, USA).

FDA-release assay. To determine the FDA release of permeabilized
cells, cells were incubated for 30 min in the dark on ice with
staining solution (5 pg/ml FDA in PBS). Subsequently, cells were
washed three times (3 min, 150 x g, 4°C with subsequent
resuspension in 500 ul PBS) and 200 ul of the cell suspension was
treated with 10-3% Triton X-100. Permeabilized cells were then
sedimented (3 min, 27 x g, 4°C). After an incubation of 20 min, 100
pl of the cell-free supernatant was analyzed in an Infinite m200 Pro
plate reader (Tecan, Méannedorf, Switzerland) at an excitation
wavelength of 300 nm and with an emission wavelength of 520 nm.
Data were expressed as relative fluorescence units (RFU).

Data analysis. Microsoft Excel Version 1903 (Microsoft Corp.,
Redmond, WA, USA) and GraphPad Prism Version 7.04 (GraphPad
Software Inc., La Jolla, CA, USA) were used for data analysis and
visualization. The statistical analysis of the FDA release assay data
was performed by paired t-test, the FDA-uptake assay data by
ANOVA with Tukey post-hoc test. Results of p<0.05 of at least
three replicates were considered significant and data are given as
the mean+SD.

Results
In order to investigate altered FDA flow rate through the
cytoplasmic membrane, the uptake of the dye was determined

by flow cytometry. After incubation with FDA and different
concentrations of Triton X-100, cells were analyzed by flow
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cytometry. With increasing concentrations of the surfactant,
a dose-dependent decrease of the intracellular FDA signal
was observed. This was seen in 786-O cells (p<0.001) and
Caki-1 cells (p=0.004) relatively strongly. RC-124 cells on
the other hand showed a less pronounced response to the
higher Triton X-100 concentrations (p=0.148) (Figure 3A).

To evaluate the Triton X-100-dependent alterations in
membrane permeability, the release of FDA from the cells
into the extracellular space was investigated. Cells were
incubated with FDA, washed, and then the cell culture
supernatant was analyzed in a fluorescence plate reader.
Incubation with 10-3% Triton X-100 resulted in a
significantly increased and statistically significant release of
FDA from 786-0 cells (2.5-fold, p<0.001) and RC-124 cells
(7.6-fold, p=0.005) compared to controls. With Caki-1 cells,
however, the effect was distinctly more moderate but still
significant (1.1-fold, p=0.030) (Figure 3B).

Discussion

Determination of FDA uptake is a fast and cost-effective
method for the detection of changes in membrane
permeability (5). The fluorescent dye fluorescein is
membrane-permeable due to derivatization to FDA and can
enter cells without specific uptake mechanisms. In the
intracellular space, the hydrolysis of the dye molecule takes
place through cellular esterases, whereby the two acetate
residues are cleaved off. As a result, (i) the fluorescein
molecule loses its membrane permeability and remains
localized in the cell, and (ii) the dye becomes excitable and
measurable. In the acetate form, the fluorescent dye is
inactive and cannot be detected at 550 nm. Free, extracellular
FDA therefore does not produce any background signal.
However, these properties are also the reason for the
limitation of the use of FDA for the determination of
membrane permeability. If noxae which lead to activation
and membrane impermeability of FDA through (photo-
)chemical or nonspecific enzymatic activities are investigated
in the FDA-uptake assay, the measurements may be
corrupted (8-11). Furthermore, experimental parameters that
lead to changes in cell physiology, e.g. the modulation of
protein or microRNA expression, might also influence the
metabolic activity of the cell. If FDA-transforming esterases
are also affected, altered enzymatic activation of the dye
molecules would simulate changes in membrane
permeability (12, 13). These limitations can be partially
compensated for by the FDA-release assay. Cells are loaded
with FDA and only then treated. A direct influence of the
treatment on the dye itself can therefore be excluded.
However, this only applies to the direct interaction between
the physical/chemical treatment and the FDA molecules. If
the treatment triggers changes in the cellular metabolism, or
if genetic manipulations are carried out directly in the cell,
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Figure 1. Measurement and mode of action of fluorescein diacetate (FDA) uptake and release assay. A: FDA itself does not fluoresce ©. Due to its
membrane permeability, FDA can diffuse into the cell interior @ where it is metabolized by cellular esterases @ and transformed into the fluorescent
dye fluorescein @ . B: When membrane permeability is altered, FDA molecules, as well as activated fluorescein molecules, can increasingly pass
through the membrane ®. This enables the measurement of altered extracellular (FDA-release assay) as well as intracellular (FDA-uptake assay)

fluorescence signals.
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Figure 2. Fluorescein diacetate (FDA) content per cell was analyzed by flow cytometry. Debris (A) and doublets (B, C) were excluded by forward
and side-scatter characteristics. Living cells were defined as ethidium bromide (EtBr)-negative and FDA-positive events (D). For analysis of data,
the mean fluorescence intensity (MFI) of FDA was compared (E). SSC-A: side-scatter area, SSC-H: side-scatter height, FSC-W: forward-scatter

width, FSC-H: forward-scatter height.
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Figure 3. Determination of membrane permeability alterations by fluorescein diacetate (FDA) uptake (A) and release (B) assays. In the FDA-uptake
assay, FDA- and ethidium bromide (EtBr)-stained malignant 786-0 and Caki-1 cells, and non-malignant RC-124 cells were incubated with Triton
X-100 at the indicated concentrations. Afterwards, the flow cytometric analysis of living single cells was performed. For the FDA-release assay,
786-0, Caki-1, and RC-124 cells were incubated with FDA, washed, and incubated in FDA-free phosphate-buffered saline (PBS). After an incubation
time of 20 min the cell-free cell culture supernatant was analyzed in a fluorescence plate reader (excitation: 300 nm; emission 520 nm). Data are
the mean=SD. Significantly different at *p<0.05, **p=<0.01 and ***p=<0.001 according to ANOVA (A) and t-test (B). MFI: Mean fluorescence intensity,

RFU: relative fluorescence units.

this can nevertheless lead to altered metabolism of
intracellular FDA molecules.

A further misrepresentation of the measurements can
occur if cells are mechanically destroyed and lysed (14).
FDA liberation in the FDA-release assay in such a case
would erroneously imply an increased permeability of the
cytoplasmic membrane. This in turn can be ruled out by
analysis with the FDA-uptake assay. In the flow cytometric
evaluation of the cells, only living intact cells are included
in the measurements.

In this study, RCC cells (786-O, Caki-1) and non-
malignant renal cells (RC-124) were investigated. All three
cell lines showed slightly different effects after treatment
with Triton X-100 in the FDA-uptake assay as well as the
FDA-release assay. As already determined in other studies
(15, 16), the membrane-permeabilizing effect of Triton
X-100 was not different between malignant and non-
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malignant renal cells. It can therefore be assumed that both
the FDA-uptake test and the FDA-release test can be
performed with cancer cells as well as with normal cells. It
is therefore highly probable that the technique can also be
applied to cells of other origins.

In summary, the combination of FDA-uptake assay and
FDA-release assay can overcome many limitations of single-
use FDA technology. This allows a more accurate and robust
determination of the membrane permeability of cells,
including a relative quantification of these processes. The two
assays are cost-effective in (routine) applications, but require
access to a fluorescent flow cytometer and plate reader.
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