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Abstract. A method for monitoring heterogeneity in changes of plasma membrane potential (PMP) at an individual
cell resolution while in suspension, utilizing a simple and low-cost wide-field illumination arrangement, is pre-
sented. The method is modeled via HEK-293 cell line in suspension, double stained with coumarin and oxonol
(donor and acceptor), which were loaded into an array of nanoliter wells, each designed to preserve the individu-
ality of the nontethered cell it holds during vigorous biomanipulation. Depolarization of PMP was induced by high
Kþ solution, reducing the proximity between the membrane fluorophores and subsequently reducing the efficiency
(E%) of resonance energy transfer between them. Spatial plots of E% were produced from both images of fluores-
cence intensity and polarization. The spatial resolution of E% plots seem to be higher, and their contrast greater,
when calculated from the polarization, rather than from the intensity of the fluorescence. © 2013 Society of Photo-Optical
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1 Introduction
Ion channels constitute a class of integral membrane proteins
that regulate the flow of ions across the membranes of all
cells. The main role of ion channels is in the membrane of elec-
trically excitable cells, such as neurons, cardiac myocytes, and
skeletal muscle fiber. In addition, they are key components in a
wide variety of biological processes that involve rapid changes
in cells, including epithelial transport of nutrients and ions,
T-cell activation and pancreatic beta-cell insulin release. Ion
channels can be found in virtually every cell type throughout
the body and have been implicated in the pathogenesis of multi-
ple diseases.1 In recent years, ion channel targets are of growing
interest for drug discovery and development.2–6

Functional evaluation of ion channels requires a sensitive,
simple assay and instrumentation that will report ion channel
activity in living cells. Membrane potential assays are used for
screening many types of ion channels, since the change in
the membrane potential reflects the activity of the channel of
interest.2

The gold standard assay for assessing functional activity of
ion channels in mammalian cells is patch clamp electrophysiol-
ogy, introduced by Neher and Sakmann.7 Recently, major
advances have been made in the development of automated
electrophysiological platforms to increase capacity for such
cell-based methods.3,8

Optical methods introduced by Cohen9 allow investigation of
large populations (over 104 cells) on a single cell basis. Several

fluorescent dyes optimized to measure membrane potential
changes with high sensitivity are on the market,10,11 some of
which have been recently adapted to high throughput screening
(HTS) (Ref. 12).

González and Tsien13 developed a method to estimate
membrane potential based on the Forster type singlet–singlet
resonance energy transfer between appropriately selected fluo-
rescence donor and acceptor couples, where the donor is located
on the extracellular surface of the plasma membrane, and energy
is transferred to the membrane-permeable negatively charged
acceptor which translocates across the membrane due to
changes in membrane potential. Gonzales and Tsien13 moni-
tored membrane voltage via fluorescence intensity (FI) based
fluorescence resonance energy transfer (FRET) measurement.

Based on Damjanovich et al.’s approach,14 imaging of FRET
efficiency (E%) via fluorescence polarization (FP) has already
been demonstrated in 2002.15,16 However, in these studies, cal-
culation of E% was not performed on the same individual cell,
but was rather based on the comparison between the FP of a
single cell double-stained with donor–acceptor and a population
based average FP of cells stained only with the donor. Others
used FP as an indication for FRET rather than for the calcula-
tion of E%-images. This includes occurrences of FRET either
between different molecules (hetero-FRET) or between the
same type of molecule (homo-FRET).17–21 Though not among
individual cells in suspension, these studies, as many others,
have examined FRET in various biological models, utilizing
sophisticated, costly, frequency-based or time-domain-based
fluorescence lifetime (FLT) imagers.

The present study, utilizing a low-cost, wide-field illumina-
tion arrangement, focuses on monitoring changes of plasma
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membrane potential (PMP) at an individual cell resolution in
suspension, which may potentially enable exploration of nonad-
herent cell heterogeneity with regard to changes in their PMP.
This approach is realized by the use of picoliter well (picowell)
arrays,22 each of which can hold a cell without tethering.
Measurement of FI and polarization was performed on the same
individual cells, before and after the induction of membrane
electrical depolarization, yielding cellular spatial distribution
of E% in arrayed single cells.

1.1 Mechanism and Theory

Monitoring of changes in PMP by measurement of E% was
demonstrated on individual HEK-293 cells which were double
stained with coumarin (CC2-DMPE, donor) and oxonol
(DiSBAC2(3), acceptor). The former fluorophore is a mem-
brane-bound phospholipid, which binds only to the exterior
of the cell membrane. The latter is a mobile, negatively charged
hydrophobic molecule, which will bind to either side of the
plasma membrane in response to changes in the PMP.

At resting PMP, oxonol binds to the outer side of the mem-
brane, near the coumarin. However, following biological activa-
tion, membrane potential decreases, which is manifested by
electrical depolarization of the plasma membrane, and results
in elevation in negative charge concentration at the outer side of
the membrane. Finally, this induces the translocation of the neg-
atively charged acceptor (oxonol) onto the positively charged
inner layer of the plasma membrane, reducing its proximity
to the donor. In other words, the smaller the membrane potential,
the more the oxonol tends to move toward the interior layer of
the membrane, increasing its distance from the donor cou-
marin.23 On the other hand, the greater the distance, r, between
the donor and the acceptor, the lower the chance for dipole-
dipole interaction to occur between the couple. Consequently,
the efficiency (E%) of FRET is reduced following Förster:24

E ¼ R6
0

R6
0 þ r6

;

where R0 is the distance at which the average chance for an
excited donor relaxation to occur via either emission or FRET
is equal. Next, since both options (emission and FRET) of
evacuating the excited level of the donor are active, donor
FLT-τF (of the excited state in the absence of acceptor) is short-
ened, consequently increasing its FP. The transition from FI
to FP based E% calculation has been discussed elsewhere.15

Very briefly, Perrin’s equation teaches that25
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where p is the measured FP, τ is the excited state lifetime, τr ¼
ηV∕RT is the rotational correlation time of a spherical-like
molecule suspended in a homogeneous solution in which η is
the solvent viscosity, V is the Molar volume of the fluorophore,
R is the gas constant, and T is the absolute temperature and p0

is the FP at ðT∕ηÞ → 0. From Perrin’s equation one can express
the donor’s de-excitation lifetime in the absence (τD) and in the
presence (τAD) of the acceptor, as follows:

τD ¼ τR
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where pD and pA
D are the FP of the donor in the absence and in

the presence of the acceptor, respectively. Next, substituting
Eqs. (2) and (3) into the well-known relation E ¼ 1 − τAD∕τD
yields:

EðpD; pD;0Þ ¼
p0;DðpA

D − pDÞ
pA
Dðp0;D − pDÞ

; (4)

where p0;D is the donor p0. pD and pA
D are the double stained

cell pre- and postactivation values, respectively, which in the
present study is denoted by pDA and pD→A [see Eq. (7)], where
DA and D → A indicate the corresponding donor (CC2-DMPE)
to acceptor [DiSBAC2ð3Þ] proximity.

Even though Eq. (1) holds true for small (<300 Da), spheri-
cal-like fluorophores immersed in a homogeneous media,26

it firmly reflects the reciprocal “rule of thumb” between the
measured FP of a fluorophore and its FLT, and hence its use
in the consequent formulas presented above.

2 Experimental

2.1 Materials

Voltage Sensor Probe Set CC2-DMPE (coumarin),
DiSBAC2ð3Þ (oxonol), and Pluronic® F-127 were purchased
from Invitrogen Corporation (Carlsbad, California). VSP-1
medium solution contained 160 mM NaCl, 4.5 mM KCl, 2 mM
CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM 2-[4-(2-hydrox-
yethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), pH 7.4.
VSP-2 solution provided a high Kþ concentration, containing
164.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose,
10 mM HEPES, pH 7.4.

Tetramethylrhodamine methyl ester (TMRM) was obtained
from Sigma–Aldrich (St. Louis, Missouri). Fluorescein diacetate
(FDA) was purchased from Sigma-Riedel-de-Haen (Hanover,
Germany). Hoechst 33342 trihydrochloride, trihydrate, was pur-
chased from Invitrogen-Molecular Probes (Carlsbad, California).

2.2 LiveCell™ Array (LCA)

The LCA is a configured micro-fluidic based microscope-slide
device22 containing a 2.5 μl cell chamber (see Fig. 1). The upper
entrance of the cell chamber (φ2 mm cylindrical aperture) is
level with the bottom of an open micro-conduit. The bottom
of the cell chamber (0.7-mm deep) comprises about 7800 hex-
agonal glass pico-liter wells (picowells), 20 μm pitched, ∼7-μm
deep. The picowell walls have extremely sharp edges (<0.1-μm
wide) designed to gently direct the cells to settle in the pico-
wells, rather than in the space between them. Hence, cell loading
is efficient, enabling the use of extremely low sample sizes.
Within the array, nonadherent cells are individually maintained
without tethering, each in its own picowell, enabling long term
measurement during various vigorous biomanipulations, such as
medium exchange, multiple staining, washing, drug treatment,
and more.

The high optical quality of the picowells allows the perfor-
mance of high content image analysis of the cells maintained
during manipulation, at individual cell resolution. The entire
arrangement—conduit and cell chamber—is secured by a
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cover slip (170-μm thick). For loading of cells, the chamber
entrance is uncovered by dragging the cover slip leftward. Cell
suspension is then introduced into the chamber, after which its
entrance is re-covered, to allow capillary flow of relevant sol-
ution in the gap between the cover slip and the conduit.

2.3 Preparation of HEK-293 Cell Suspension

A HEK-293 cell line was grown in a humidified atmosphere
containing 5% CO2, in RPMI 1640 medium (Biological
Industries, Israel), supplemented with 10% (v/v) heat inactivated
fetal calf serum (Biological Industries, Israel), 2 mM L-gluta-
mine, 50 U∕ml penicillin, and 100 mg∕ml streptomycin. The
cells were harvested by incubation for 3 min in room tem-
perature with 0.25% Trypsin–EDTA solution B (Biological
Industries, Israel) and washed by centrifugation for 5 min at
room temperature with VSP-1.

Single HEK-293 cells in suspension, each in its own picoliter
well, were viable, as indicated by their mitochondrial membrane
potential and by their ability to hydrolyze FDA and to retain
fluorescein (Fig. 2).

2.4 Cell Staining CC2-DMPE (Coumarin), DiSBAC2

(3) (Oxonol)

For cell staining with voltage sensor probes set, ∼2.5 · 106 cells
were incubated at 25°C for 30 min within 0.5 ml VSP-1 solution
that contains 25 μM CC2-DMPE and 100 mg∕ml Pluronic
F-127. The cells were washed once by centrifugation, free of
CC2-DMPE, for 5 min at 25°C, and then washed again by

centrifugation for 5 min at 25°C with VSP-1, and the superna-
tant was removed. Cells were re-labeled by DiSBAC2ð3Þ and
the sample was maintained for 30 min at 25°C. The final con-
centration of DiSBAC2ð3Þ was 5 μM. The cells were washed
once by centrifugation, free of DiSBAC2ð3Þ, for 5 min at
25°C, and then washed again by centrifugation for 5 min at
25°C with VSP-1, and the supernatant was removed. Finally,
the membrane depolarizing solution VSP-2 was added to the
cells while in LCA.

Simultaneous measurements of mitochondrial membrane
potential and esterase activity in the same cells were accom-
plished by first staining with 200 nm TMRM (emission wave-
length 580 nm) for 15 min at 37°C, 5% CO2, followed
by washing with PBS and addition of 1.2 μM FDA (emission
wavelength 530 nm). For staining of cell nucleus, cells were
incubated with 20 μl Hoechst 33342 dye (5 μg∕ml) in PBS
for 30 min at RT in the dark.

2.5 Cell Loading and Solution Presentation into
the LCA

Following sliding of the LCA cover slip and exposure of its
cell chamber, 7.5 μl of the double-labeled HEK-293 cells
(1.5 − 2 × 106 cells∕ml, suspended in VSP-1) were poured
into it and left for 7–10 min to sediment onto the picowell-
padded-bottom of the chamber. Next, 5 μl of the (upper) super-
natant was removed, leaving a 0.15 mm gap between the cover
slip and the conduit, thus allowing closure of the cover slip
without getting it wet. To enable optical observation, this gap
was filled with 5 μl VSP-1 solution, simply by introducing
the aliquot on top of the front basin, against the space between
the open conduit and cover slip. The introduced medium travels
between the two along the chamber opening by means of
capillary forces created between the open conduit plane and
the cover slip above it.

Finally, to depolarize the cell membrane of cells in the LCA,
the solution VSP-2 was introduced following the procedure
described above. However, to ensure complete exchange of
VSP-1 by VSP-2, 3 to 5 times the chamber volume
(2.5 μl × 3 or 5) was introduced, whereby the VSP-2 reached
the cell layer on the chamber bottom, replacing the previous
VSP-1 leftovers via local turbulence created near by the

Fig. 1 The LiveCell™ array and HEK-293 cells in picowells. Upper
panel: Top view of the LCA (1 × 3 in.). The 2.5 μl cylindrical cell cham-
ber (1) is engraved into the LCA’s plastic body (2) and its bottommade of
glass picowells (small milky region inside the chamber) and they are
20 μm pitched (white scale bar). The cover slip (3) can be dragged
left and right via its handles (4) to enable loading of cells into the
cell chamber and presentation of liquids into the entrance of the
open conduit (see Fig. 2). Lower panel: An overlapping image of
the fluorescence and bright field images of individual HEK-293 cells
in their picowells, as they appear at the bottom of the cell chamber,
following double staining with Hoechst 33342 and TMRM.

Fig. 2 Viability of single HEK-293 cells within LCA. Overlapping fluo-
rescence images of HEK-293 cells double stained with TMRM and FDA.
Scale bar: 20 μm.
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chamber edges, as well as diffusion. Cells are now suspended
in VSP-2 ready for further observation.

Procedures and related performances in regard to cell loading
into and solution exchange within the LCA are demonstrated
in real time in three movie clips.27 Briefly, Parts 1 and 2 are
macro-views of liquid flow and liquid exchange within the
LCA chamber, respectively. Part 3 demonstrates cell loading
and solution exchange within the LCA.

2.6 Optical Observations

2.6.1 Measurement system

Fluorescent labeled cells were imaged using an epi-fluorescence
microscope (BX61, Olympus, Japan), with a 20 × 0.4 NA
LCPlanFl objective (Olympus, Japan) and Hg lamp
(Olympus, Japan). Images were obtained by the photometric
CoolSNAPHQ monochrome charge-coupled device (CCD)
camera with a 1392 × 1040 imaging array and 6.45 × 6.45 μm
pixels (Roper Scientific, Inc., Trenton, New Jersey). The donor
fluorescent agent CC2-DMPE was detected using coumarin
filter cube (excitation 405 nm, emission 460 nm, Chroma
Technology Corporation, Brattleboro, Vermont). The control
of the microscope, filter and polarizer wheels, data acquisition
and processing, including FP calculation, were performed using
in-house macros written for the Image-Pro Plus (IPP) software
(Media Cybernetics, Inc., Rockville, Maryland).

2.6.2 Preparation of microscope for FP measurement

The microscope was modified to enable FP measurement. An
excitation polarizer (Edmond Industrial Optics, Barrington,
New Jersey) was inserted across the excitation beam to deter-
mine its polarization. On the emission side an analyzing
polarizer couple was set perpendicularly (⊥) and in parallel (k)
with respect to the excitation polarization plane. Practically, the
analyzing polarizers were installed in a motorized filter wheel
(Olympus, Japan), which allowed totally computer-controlled
FP measurement.

The adjustment of fluorimeter for FP measurement might
be complex and of epifluorescence microscopes in particular.
In short, the procedure is a three step process. First, the excita-
tion polarizer and the emission analyzing polarizers are aligned
with respect to the microscope optical axis. The use of the
removable microscope built-in polarizers (for differential inter-
ference contrast) as references, eases the alignment. Polarization
of the excitation beam, measured at the objective front focal
plane, was found to be >0.987. Second, polarization calibration
by predetermined transmitted (Halogen) light is performed. A
testing polarizer (TP) is attached to a controlled rotating
table, which is inserted between the condenser and
the microscope objective. Via the rotating table, the light polari-
zation is exactly determined by meticulously setting the angle
(φ) between the plane of polarization of the TP and that of
the microscope emission orthogonal (S) analyzing polarizer.
Under this setting, the transmitted light polarization P equals
cos 2φ. Third, micro- versus macro-FP measurements of the
same fluorescent solutions are performed (fluorescein in differ-
ent concentration of glycerol in water). FP values of these
solutions are determined by macroscopic, L or T shape, spec-
trofluorimeter, which is considered an ultimate optical arrange-
ment for FP measurements. Regarding the last two steps, it is
recommended to use polarization values (standards) within

the relevant dynamic range, say 0.100 to 0.400. This is achieved
by setting the TP angle in the range 42 deg−34 deg and the
glycerol concentrations (V/V) in the range 60 to 80%.

The FP images obtained with standards (either of transmitted
light or of fluorescent solutions) were highly homogeneous.
The CVof FP values of either the same pixel or between pixels
in the image was <0.8%. For further details see Ref. 16.

2.6.3 Acquisition of images of FP from FP components

For each field of observation, four images of cells in the field
were acquired: FIDA

k , FIDA
⊥ , FID→A

k and FID→A
⊥ , the polarization

intensity components of the preactivated (having standard PMP)
and the postactivated cells, respectively.

Next, images were converted from 12-bit gray scale to
a floating point format, in order to perform the appropriate
calculations. For each image, the background was established
by plotting the FI along the scale line (profile line) in the
image, when at a distance from the fluorescing cells. This
constant background (i.e., the scattered light, camera dark cur-
rent, and the uniform weak fluorescence background—in all,
less than one percent of the cell fluorescence signal) was
subtracted from the acquired image. The image underwent
segmentation using the standard IPP procedure, allowing the
creation of a binary mask, i.e., assigning to all cells an FI
unit value, and to areas outside the cells (that not recognized in
the segmentation) a null value. The masks were calculated for
each of the abovementioned images and were separately applied
to those acquired via the parallel and perpendicular polarizers.

This procedure resulted in an image of cells with proper
fluorescence intensities and a uniformly zero background
between cells.

2.6.4 Formation of FP and FI images

To form an FP image (map) out of the acquired FI polarization
components, a couple of corresponding FIk and FI⊥ images were
synchronized on a pixel basis [matching between corresponding
pixels ði; jÞ of the two FI images] to allow accurate spatial FP
calculation.

The algorithm used for registration was “direct alignment
method” of Image-Pro Plus software (Media Cybernetics
Inc., Rockville, Maryland).

Eventually, a calculated filtered FP (FPf) image was obtained
by processing the filtered FIk and FI⊥ images according to the
following formula:

FPfði; jÞ ¼
FIkði; jÞ −MFI⊥ði; jÞ
FIkði; jÞ þMFI⊥ði; jÞ

: (5)

The indices (i, j) denote the location of the pixel in a row i and
a column j on the image plane. Here, M is the microscope
correction factor that compensates for the distortion of FP
measurement due to the microscope objective numerical
aperture and optical pass.15,28 For all intents and purposes,
M ¼ FINPLk ∕FINPL⊥ , where the intensities of the polarization
components are of a nonpolarized light (NPL) source (i.e.,
the microscope halogen lamp). Obviously, in an optically non-
distorted system, M ¼ 1. However, in our microscope M was
found to equal 0.87.

Finally, FP image smoothing was performed with a Median
filter (7 × 7, 1 pass). From the FP images of single-labeled cells,
the mean cellular FP was calculated, while the FP images of
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double-labeled cells served as the basis for E% imaging, as
described below.

Images of FI were obtained similarly according to the
formula:

FIfði; jÞ ¼ FIkði; jÞ þ 2MFI⊥ði; jÞ. (6)

2.6.5 Formation of E images

EðFPÞ% images: Utilizing data of FPfði; jÞ [Eq. (5)], estimation
of FP-based Eði; jÞ was performed via Eq. (4) as follows:

Eði; jÞ ¼ p0½pDAði; jÞ − pD→Aði; jÞ�
pDAði; jÞ½p0 − pD→Aði; jÞ� : (7)

The donor (coumarin) p0 value was assessed via FP meas-
urement (Aviv Biomedical 105F fluorometer) under high
viscosity (5 μM in 95% glycerol) at 2°C, and found to equal
0.420.

EðFIÞ% images: For comparison between E% values
obtained via donor FP and FI measurements, calculation of
the latter was performed utilizing data obtained via Eq. (6),
which was introduced into the commonly used FI based E%
formula29)

E ¼ 1 −
�
FIDAði; jÞ
FID→Aði; jÞ

�
: (8)

3 Results and Discussion

3.1 Pre- and postdepolarization FI and FP images

Energy transfer efficiency (E%) was examined at an individual
cell level upon transition of the cytoplasm membrane potential
from a resting to activated (electrically depolarized) state. First,
control (resting state) measurements were performed on the
stained cells incubated in-LCA with VSP-1 buffer medium. At
this stage, the negatively charged acceptor is located on the outer
side of the membrane, in proximity to the donor. Next, in-LCA
depolarization of membrane potential was induced by introduc-
ing VSP-2 buffer medium, which contains a high concentration
of potassium ions into the LCA. Consequently, the acceptor was
loosened from the outer side of the membrane and relocated on
its inner surface, decreasing the proximity between the donor
and acceptor, and consequently, E% as well.

3.2 Acquisition of Intensity Images from
the FP Components

Following the settling of cells in their picowells, images of the
intensities of donor FP components were acquired consecutively
to avoid possible bleaching and/or uneven bleaching. Thereafter,
for in-LCA induction of membrane depolarization, the VSP-1
buffer was exchanged by VSP-2 buffer and the same field of
picoliter wells was remeasured.

Representative data of three cells are shown in Fig. 3. The
image analysis was performed as described above. The scale
of FI was fixed for all images before and after activation. For
the sake of brevity and continuity, most of the additional aspects
dealt with in this study were demonstrated utilizing the same
raw data and the same profile lines.

3.3 Analysis Based on FI and Polarization

The FI and FP values of each pixel were calculated by introduc-
ing the acquired binary data of the same FIjj and FI⊥ images
(shown in Fig. 3) into Eqs. (5) and (6), out of which FI and
FP images, and profile line based curves were extracted corre-
spondingly. This procedure was applied to the investigated cells
before and after activation, and the relevant curves are depicted
in Fig. 4. Considering the data obtained along the profile line
is representative, the pre- and postelectrical depolarization FP
curve pairs are quite identical as seen in the left panel of the
figure, except in the pixel range corresponding to the membrane
region. To better demonstrate this finding, the FP dissimilarity
curve (ΔFP ≡ FPDA − FPD→A) (solid lines) was calculated from
the same data.

Regarding changes in FI following introduction of VSP-2,
postdepolarization FI indeed exceeds pre-depolarization FI.
This is expected since following depolarization the distance
between donor and acceptor increases, lowering yield of FRET
and consequently intensifying donor emission. However, unlike
with FP, the increase of FI seems to take place in the entire cell
image, even though only the membrane is supposed to fluoresce,
as said donor and acceptor are known to be membrane dyes. The
practical meaning of that is that the consequent dissimilarity
jΔFIj ¼ jFIDA − FID→Aj > 0 all over the image. Furthermore,
with the present sample, ΔFI looks quite homogeneous, thus
is less contrastive and consequently does not show the phenome-
non in the membrane region explicitly enough, as ΔFP does.
This might indicate some level of superiority of the latter over
the former in localizing FRET events between membrane donor
and acceptor when the most common mode of wide field illu-
mination is used.

Under the assumption that the chemo-physical characteristics
of a cell are unchanged immediately after membrane depolari-
zation, the physical grounds suggested for this distinction are as
follows:

1. Upon depolarization, the proximity between donor
and acceptor diminished, and accordingly, E%
decreased, consequently increasing the practical fluo-
rescence quantum yield of the donor, which results in
an increase of the emitted FI as well.

2. The intensity of the light scattered due to intracellular
heterogeneity is proportional to its source, namely the
light intensity emitted by the membrane fluorescing
donor. Therefore, if FRET indeed occurs in the mem-
brane, the scattered intensity difference, ΔFI, is
expected to satisfy the equality jΔFIj > 0 over the “in
between membrane” range as well as over the entire
image of a cell. This may lead to artificial localization
of FRET events when performing image analysis via
intensity measurements in wide field illumination.

3. In contrast to the scattered FI signal, multiscattering
homogenizes FP values within the nonmembrane
regions. The more scattering occurs, the more FP is
homogenized over the scattering region, thus yielding
ΔFP ≃ 0.

The corroboration of the dissimilar parameter was demonstrated
in 14 cells (data not shown). This remarkable characteristic of
the ΔFP parameter, namely the ability to actually increase the
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Fig. 3 Pre- and postdepolarization FI images and curves of the same stained kidney cells. Upper three panels: before and lower three panels: after
introduction of VSP-2, where the left panels show FIjj images, the middle panels show four curves of FI (blue: FIjj, red: FI⊥) versus pixel number
(distance) along profile lines (overlaid on images), and the right panels show FI⊥. Gray dashed arrows correlate between locations on curves and
their corresponding images. Color scale indicates levels of intensity. Cell numbers are marked in the upper left panel. Corresponding curves of
Cell #3 are not shown. The intensity units in the ordinate and in the color scale bar are arbitrary.

Fig. 4 Profile line based curves generated from data extracted from pixels along the profile lines shown in Fig. 3. Left panel: (a, b, and c) FP related
curves (left ordinate) of cells # 1, 2, and 3 in Fig. 3. Right panel: (d, e, and f) FI related curves (right ordinate, arbitrary units) of cells # 1, 2, and 3 in Fig. 3.
The dotted and dashed lines denote the FP and FI curves obtained before and after introduction of VSP-2, correspondingly. The solid lines denote the
dissimilarity curves (left: ΔFP, right: ΔFI). Abscissa: pixel number along the profile line normalized to the range of 50 pixels which crosses a cell.
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local resolution (contrast) of FRET event in the membrane,
seems to be not matched by that of ΔFI and is also evident
when whole-cell FP and FI based E% evaluation were consid-
ered in 14 individual cells.

3.4 E%-Images

E%-images were generated by employing Eqs. (7) and (8).
Calculations were conducted on a pixel-based resolution. The
FI and FP based E%-images obtained for the same representative
three cells appearing in Fig. 3 are shown in Fig. 5. Within the FP
based E%-image [Fig. 5(a)], the regions near the cell boundaries
are yellow-green, confining the highest values of E% within the
membrane proximity. On the other hand, within the FI based E%-
image [Fig. 3(b)], such a boundary region is indistinguishable.
Additionally, the absolute values of E% calculated via FP
were found to be higher than those calculated via FI.

Hence, limiting the discussion to spatial resolution and con-
trast of E%-images, and in the frame of said cell model and
fluorophores, it is apparent that FP based E%-images are supe-
rior to FI based images. This is further strengthened when refer-
ring to the E%-curves of the corresponding profile lines, each
attached to the relevant images in Fig. 5. Again, for the sake of
continuity, these profile lines were obtained by superimposing
the profile lines of Fig. 3 onto the FI and FP based E%-images of
Fig. 5. As clearly seen and in agreement with the dissimilarity
analysis discussed above, the FP based E% is pronounced
mainly in membrane proximity, between pixel windows 5 to
15 and 45 to 55 (see gray arrows).

Examination of E% (FI) and E% (FP) on a whole-cell aver-
aged-E% basis, further strengthens the above findings. For this
purpose, data acquired from an additional 12 cells was similarly
processed. The results are shown in Fig. 6, where the E% (FP)
and E% (FI) values of the same cells are related to each other
via a vertical line. As can be seen, averaging FI and FP over
the entire cell, which includes irrelevant regions as well, does
not dull the observed difference between E% values obtained
via the two approaches.

Despite the fact that the examined sample is small, the
heterogeneity between individual cells in regard to the induction
of PMP depolarization is apparent, whether assessed via E%
(FI) or E% (FP). Moreover, the averages of whole-cell based
E% (FP) and E% (FI) of the cells in Fig. 6 are significantly dif-
ferent (37.9� 21.1 and 20.7� 6.7 for E% (FP) and E% (FI),
respectively, p < 0.005.). The agreement between the four
types of analysis of E%, i.e., via E% (FP) and E% (FI) imaging
and via whole-cell based averaged E% (FP) and E% (FI), each
conducted on each of the individually examined cells, negates
the possibility that inequality E%ðFPÞ > E%ðFIÞ is an artifact.

The behaviors of parameters FI, FP, ΔFP and E% along the
selected profile line are representative. Other arbitrarily selected
profile lines yielded the same behavior, though with different
levels of contrast. As shown, these findings were further
strengthened, negating the possibility of arbitrariness of the
results, by the whole-cell based averaged results shown in
Fig. 6, which obviously inherently normalizes the results of
all-direction profile lines.

Under the precept that the proposed approach should be
fairly accessible, simple, and user friendly, other modes of pre-
sentation/analysis have been considered as well. For instance,
averaging said parameters within the pixels of each of the annu-
lus regions, dividing the analyzed cell image from its center

Fig. 5 Images of FRET efficiency (E%-image). Each pixel represents the
percent of energy transfer efficiency in accordance with the insert color
scale. Panel A is FP based and panel B is FI based. Dashed gray lines are
correlating arrows. The ordinate indicates E% and the colored scale bar
covers the percentage range 0% (red)–100% (deep blue).

Fig. 6 Whole-cell FP and FI based E% values. Values of E% (FP) are
denoted by white squares and of E% (FI) by black squares.
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to its circumference. However, it was particularly due to the fact
that the cell is not symmetrically circular (as might be incor-
rectly perceived from first glance) that made this approach too
cumbersome to be proposed here, to the best of our judgment.

Though requiring additional experiments out of the scope of
the present study, it is speculated that a possible cause for
E%ðFPÞ > E%ðFIÞ (in said cell model and fluorophores)
might be homo-FRET (homo-FRET) between donor molecules.
Homo-FRET may dramatically lower the measured FP, but it
changes the FI and FLT insignificantly, if at all, in respect to
their baselines values, which are obtained without homo-
FRET. Next, suppose that homo-FRET indeed takes place at
the activated phase (when the acceptor is distant from the
donor) between neighboring coumarin molecules. Then, the
consequent FP is lower than its baseline value, while those
of FI and FLT remain unchanged, i.e., equal their base line val-
ues. On the other hand, before activation, when coumarin and
oxonol are close enough for hetero-FRET to occur, the latter
overcomes homo-FRET (since the overlap between donor emis-
sion and acceptor absorption spectra is significantly larger than
that between the donor emission and absorption spectra). Hence,
in a pre-activation state, due to hetero-FRET, the donor FI is low,
its FLT is shorter, and its FP is higher, all with respect to their
corresponding postactivation values. However, the change in FP
between the two states will be greater than that measured in FI
and FLT, causing E% (FP) to exceed E% (FI) and E% (FLT).

The feasibility of homo-FRET in the current HEK-CC2-
DMPE model was assessed as follows. Throughout the staining
procedure performed in this study, ∼2.5 million HEK cells were
exposed to saturation concentrations of 25 μM CC2-DMPE in
0.5 ml, in other words to

0.5 · 10−3L · 25 · 10−66.022 · 1023
molecules

L

¼ 75.28 · 1014 molecules.

That is to say,

75.28 · 1014 molecules

2.5 · 106 cells
≈ 30 · 108 molecules∕cell.

Next, assuming the average radius of a HEK cell is
∼6 μm ¼ 6000 Å, the cell surface area is about 4πr2 ¼
4πð6000 ÅÞ2 ≈ Å4.5 · 108 Å2. Hence, the average surface den-
sity of the donor CC2-DMPE on the HEK cell surface is about

30 · 108 molecules

4.5 · 108 Å2
≈ 6.7 molecules∕Å2;

when all molecules in the suspension are attached to the sus-
pended cells. More realistically, let us assume that only between
one permil 10−3 and 10−4 of donor CC2-DMPE molecules are
attached to the HEK surface, say 6.7 molecules∕5 · 103 Å2.
This yields a density of ∼1 molecules∕746 Å2, or an average

proximity of about r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
746 Å2 ≈

p
27 Å between two neighbor-

ing donor CC2-DMPE molecules.
Next, calculating the Förster radius R0 for homo-FRET

between two CC2-DMPE molecules the following equation
was used:26

R0 ¼ 0.2108

"
κ2ΦDn−4

Z∞
0

IDðλÞϵDðλÞλ4dλ
#1∕6

;

where k2 is the orientation factor, ΦD is the fluorescence quan-
tum yield of the donor (coumarin), and n is the average refrac-
tive index of the hosting medium in the wavelength range where
spectral overlap is significant, IDðλÞ is the normalized fluores-
cence spectrum of the donor, and ϵD is the molar absorption
coefficient of the donor ðM−1 cm−1Þ. Substituting k2 ¼ 2

3
;

n ¼ 1.4, and QDonor ¼ 0.7, yields R0 ¼ 24 Å together with r ≈
27Å harvests

Ehomo ¼
1

1þ ðr∕R0Þ6
¼ 1

1þ ð27∕24Þ6 ≈ 28%.

It should be noted that the high similarity of donor CC2-
DMPE molecules arrangement on HEK membrane justifies
the introduction of a higher value of the orientational factor,
namely κ2 → 1, in calculating R0 and hence obviously, will
result in Ehomo > 28%.

Hence, this calculation indicates that homo-FRET, between
a couple of CC2-DMPE neighbors, is indeed feasible and
might compete with hetero-FRET between donor CC2-DMPE
and acceptor DiSBAC2(3) in general, and after translocation
of DiSBAC2(3) in particular.

Finally, regarding the acceptor oxonol [DiSBAC2(3)]—those
interested in relating to its pre- versus postactivation FP should
be aware of the possibility that the micro-viscosity in the accept-
or’s postactivation location (the positively charged inner layer of
the plasma membrane), might be different from that of its pre-
activation location and hence, in addition to FRET, this change
might influence the acceptor’s FP as well.

3.5 Direct Membrane Potential Measurements

Both FP and E% subtraction images strongly indicate that
indeed the FRET occurs in cell edges. In order to independently
and quantitatively confirm this result, direct membrane potential
measurements were preformed via a patch clamp.

For that purpose, HEK-293 cells (5 × 105 cells∕ml) were
seeded and grown as described above on a microscope glass
which was placed in a Petri dish and incubated for 24 h in
a humidified atmosphere containing 5% CO2. Next, the cell
medium was replaced by VSP-1 and the supporting glass
with the cells was transferred to the patch clamp apparatus
(Axopatch-200B amplifier, Axon Instruments, Union City,
California), where a measuring patch pipette was attached to
a cell membrane (Fig. 7 upper panel). Samplings of MP were
taken at a frequency of 500 Hz. After a few seconds of meas-
urement, VPS-1 was replaced by VPS-2, a step which caused an
immediate elevation of the MP from ∼ − 70 towards 0 mV. The
repeatability of this phenomenon was then proven by reex-
changing the VSP-2 with VSP-1, after which similarly, an
immediate voltage drop occurred. As long as the suspending
media was not changed (either VSP-1 or VSP-2) the MP
remained constant—equal to the value of one of the edges—
resting (electrically polarized) or activated (electrically depolar-
ized) correspondingly (Fig. 7 lower panel).

4 Summary
Detection and quantification of changes in PMP, in image
and nonimage presentation at an individual based resolution
is discussed without focusing on specific biological mecha-
nisms. These changes, induced by high potassium solution,
examined via the efficiency of FRET from coumarin (CC2-
DMPE) and oxonol [DiSBAC2(3)], using both FI and FP
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measurements. Measurements were performed, before and after
the induction of membrane depolarization on the same treated
cells, while being arrested in their picowells. This approach
ensured the attribution of the measured data individually to
each investigated cell in suspension and hence enabled the
examination of cell heterogeneity in regard to changes in PMP.

Cellular heterogeneity affects the performance of biopro-
cesses and plays an important role in organism-level outcomes.
In many cases, cell–cell variability becomes evident through
the ability of the cell to change its function over time. Current
methodologies facilitate detection of changes in PMP in individ-
ual cells upon treatment, and correlation with other cellular
functions such as cytoplasmic free Cað2þÞ and mitochondrial
membrane potential, by multiparametric measurements.

Additionally, in the frame of the present work, i.e., cell mod-
els and fluorophores, it has been demonstrated that FP is indeed
sensitive to changes in distance between membrane CC2-DMPE
(coumarin) and DiSBAC2(3) (oxonol) dyes, and that FP based
E%-images might be more spatially contrastive than FI based
E%-images and hence complement the latter.

The fact that intracellular content is inhomogeneous, and
thus highly scattering, seems to play in favor of FP based
E% measurement when the assessment of E% in labeled
cells is considered, particularly when inspected via wide field
illumination. Minimizing artifacts due to photobleaching (which

frequently occurs in fluorescence microscopy) might play in
favor of the assessment of E% via FP as well, since FP is gen-
erally indifferent to the number of fluorescing molecules, while
FI is not.

Last but not least, the recruitment of FLIM for FRET meas-
urement in HTS and drug discovery is still under intense debate.
Some, unequivocally reject this possibility mainly because of
the very long acquisition time needed, and equally, because
of the complexity of system preparation and calibration, as
well as interpretation of results. Those more optimistic believe
that technological advances in excitation sources, detectors, data
processing, and analysis, may increase the chances for FRET-
FLIM to become more accessible.

On the other hand, the system described here is believed to
be fairly accessible due to its simplicity, its being user friendly
and its relatively low cost, whether whole cell or image analysis
is used. In this regard, the possibility of assaying PMP hetero-
geneity in individual cells in suspension, as a complement
(to other Vm imaging approaches) measure in HCS applica-
tions, is under examination at present.
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