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Abstract In the present study we introduce a Whole-Object
Fluorescence Life Time (wo-FLT) measurement approach
for ease and a relatively inexpensive method of tracing
alterations in intracellular fluorophore distribution and in
the physical-chemical features of the microenvironments
hosting the fluorophore. Two common fluorophores, Rho-
damine 123 and Acridine Orange, were used to stain U937
cells which were incubated, with and without either Carbon-
yl cyanide 3-chlorphenylhydrazon or the apoptosis inducer
H2O2. The wo-FLT, which is a non-imaging quantitative
measurement, was able to detect several fluorescence decay
components and corresponding weights in a single cell
resolution. Following cell treatment, both decay time and
weight were altered. Results suggest that the prominent
factor responsible for these alterations and in some cases
to a shift in emission spectrum as well, is the intracellular
fluorophore local concentration. In this study it was demon-
strated that the proposed wo-FLT method is superior to color
fluorescence based imaging in cases where the emission
spectrum of a fluorophore remains unchanged during the
investigated process. The proposed wo-FLT approach may
be of particular importance when direct imaging is
impossible.

Keywords Fluorescence life time . Fluorescence dye
concentration .Membrane potential .Whole-object
fluorescence life time measurements

Abbreviations
FLT fluorescence lifetime
wo-FLT Whole-Object Fluorescence Life Time
FI Fluorescence intensity
FLIM Fluorescence life-time imaging
PMP plasma membrane potential
AO Acridine Orange
Rh123 Rhodamine 123
CCCP Carbonyl cyanide 3-chlorophenylhydrazone

Introduction

One of the most powerful tools in cell research is fluores-
cence based cytometry [1]. Fluorescence is an attractive
method of detecting physiological processes in biomedical
applications. Fluorescent markers are widely applied to la-
bel molecules, cells and tissues [2]. Upon excitation of a
fluorescent molecule from its ground electronic state to a
higher electronic state, the molecule will reside transiently
in its primarily excited electronic state, usually in the range
of picoseconds to tens of nanoseconds. The average time the
molecule spends in the excited electronic state is referred to
as the fluorescence lifetime (FLT). There is an extensive
history of FLT measurement experiments (macroscopic
samples in cuvettes) [3–5]. However, as fluorescing mole-
cules have different FLTs, time resolved measurements of
fluorescence have provided a wealth of invaluable informa-
tion in general and of biological systems in particular. In the
current research we propose to use whole-object FLT (wo-
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FLT) as a cellular physical indicator for intracellular biolog-
ical changes.

Fluorescence intensity (FI) measurement is commonly
used in analytical chemistry [6]. This is mainly based on
the fact that fluorophore spectroscopic features are extremely
sensitive to the chemical-physical nature of their hosting media
(e.g. presence of quenchers, of oxygen, pH level, viscosity,
polarity, polarizability, etc.) and may be used for estimation of
fluorophore concentration as well. In many instances intracel-
lular fluorophores (even of the same type) tend to occupy
various sub-cellular regions (organelles), a fact which is, most
probably, reflected in the whole stained cell emission.

Sub-cellular compartments may accumulate fluorophores
and consequently elevate the latter’s local concentration. More
specifically, certain fluorophores tend to concentrate at regions
where the ionic concentration is high, relative to the surround-
ing area. This feature is commonly used for the tracing and
mapping of variations in plasma membrane potential (PMP) in
living and excitable cells, under the assumption that the FI is
linearly proportional to the fluorophore concentration [7, 8]. FI
is also used for detection of DNA hybridization concentration.
Single-molecule Fluorescence measurements of biomolecules
can provide information about the molecular interactions and
kinetics that are hidden in ensemble measurements. Detection
of DNA hybridization at the single-molecule level using such
method [9] is an important biotechnology for qualitative and
quantitative analysis [10].

However, tracing alterations in fluorophore concentration
via FI measurements has some limitations possibly affecting
the reliability of FI-based bioassays: FI is an absolute mea-
sure-hence sensitive to the instability of excitation light
source intensity, electrical noises, etc. and, due to its local
chemical-physical features, a given fluorophore may behave
differently and even become quenched while in different
cellular organelles. Therefore, the quantum yield of the
dye may change due to environmental fluctuation and the
heterogeneity in FI cannot be unequivocally attributed to
local fluorophore concentration.

On the other hand, these variations (in emission/absorp-
tion spectra, quenching, etc.) of the same type of molecule
are generally associated with corresponding changes in their
FLTs. This fact however, might be of significant advantage
upon collective common FI measurements, since the first
approximation of collective measured FLT may be a linear
sum of pure exponential decay components which might be
elegantly distinguished and related to their sources [11]. In
that respect, a non image, wo-FLT measurement is expected
to yield more than a single decay component. Obviously,
both FLTs and respected weights might change in the course
of cell activation.

In the present study, Acridine Orange (AO) stained U937
cell lines were investigated. FLT measurements were per-
formed on cells treated with and without H2O2, which is

generally known to induce apoptosis [12, 13], and were
specifically tested by us in previous publication [14]. Cel-
lular staining by AO is heterogeneous and its emission was
found to have several decay components. However, incu-
bating the cells with H2O2 altered the decay components and
their weights. This was correlated thereafter, with intracel-
lular changes of AO distribution. Complementary experi-
ments were performed with Rhodamine 123 stained U937
cells that were treated with and without CCCP, which is
known to alter PMP [15, 16].

Materials and Methods

Dyes

AO, Rhodamine 123 (Rh123), Hydrogen Peroxide (H2O2),
Deoxyribonucleic Acid from calf thymus (DNA) and Car-
bonyl cyanide 3-chlorophenylhydrazone (CCCP), were
obtained from Sigma-Aldrich (St.Louis, MO, USA).
Rh123 (13 μM), AO (10 μM) and CCCP (50 μM) working
solutions were prepared by dissolving them in Phosphate
Buffered Saline (PBS) with pH07.4. Bulk measurements
were performed with 10−7 M and 10−2 M AO solutions. The
term “bulk measurement” herein refers to solution measure-
ments using cuvette.

Cell Line

U937 cells were maintained in RPMI-1640 medium supple-
mented with 10% heat-inactivated fetal calf serum, 100U/mL
penicillin, 100 μg/mL streptomycin, 2% glutamine, 2% sodi-
um pyruvate and 2% HEPES (complete medium). All the
materials were obtained from Biological Industries (Kibbutz
Beit Haemek, Israel). Cells were maintained in completely
humidified air with 5% CO2 at 37 °C. Before use, the expo-
nentially grown cells were collected, washed and re-
suspended at a concentration of 2×106 cells/mL.

Cell Labeling and Treatment

Rh123: Cells, at a concentration of 2×106 cells/mL in PBS,
were stained for 30 min at 37 °C, 5% CO2, with 13 μM
Rh123, double washed by centrifugation 1,000 RPMI for
5 min with 5 ml of PBS and re-suspended at a concentration
of 2×106 cells/mL in PBS.

AO: Cells, at a concentration of 2×106 cells/mL in PBS,
were stained for 15 min at room temperature, with 10 μM
AO.

CCCP Inducer: CCCP was added to cell suspension to a
final concentration of 50 μM.
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Apoptosis Inducer: Cells were incubated with 50 μM H2O2

for a period of 2 h at 37 °C, 5% CO2. In all cases cell
staining was performed after cell treatment.

Measurement System

Bulk Measurements

Bulk FLT measurements were performed by the K-2 Multi-
frequency Cross-Correlation Phase and Modulation Fluo-
rimeter (ISS, Illinois, USA). Samples were excited with a
488 nm polarized beam of a CW argon ionic laser model
161B-070 (Spectra-Physics, USA), which was modulated at
the frequency range of 1 kHz to 500 MHz. In most experi-
ments, 10 frequencies were used, ranging from 2 MHz to
200 MHz on a logarithmic scale.

Bulk absorption, scattering and fluorescence spectra
measurements were performed using a Perkin Elmer spec-
trofluorimeter, Model MPF-44 (Waltham, Massachusetts
USA) and Shimadzu UV-1650PC spectrophotometer
(Duisburg, Germany).

Microscopic Measurements

Measurements of FI and FLT of microscopic samples were
performed using a Frequency Domain Time-Resolved Mi-
croscope (FDTRM) [17]. Schematic depiction of the
FDTRM is shown in Fig. 1. The FDTRM comprises two
main stand-alone components: the optical system-an upright
epi-fluorescent Zeiss microscope Z-1, and a modified fre-
quency domain FLT and FAD ISS K-2 spectrofluorimeter.
For FLT measurements, the excitation and emission polar-
izers of the FDTRM were configured to measure at a set of
magic angles [18]. As shown in Fig. 1, the FDTRM may be

used for bulk measurement by connecting the PMTs to a
cuvette system.

Fluorescence images were acquired using an Olympus
IX81 microscope equipped with a PixeLINK PL-A662 10
bit RGB CCD camera (Ontario, Canada) and a 14-bit ORCA
II C4742-98 camera (Hamamatsu, Japan).

Fluorescence life-time images (FLIM) were acquired us-
ing a Becker & Hickl GmbH (Berlin, Germany) DCS-120
confocal FLIM system [19].

Results

wo-FLT Versus FLIM Measurements of AO Stained U937
Cells

Intracellular AO, in the cytoplasm, usually appears as a
monomer [20] which emits green fluorescence with a peak
value at 530 nm [21]. However, in some organelles (e.g.
lysosomes) AO molecules tend to aggregate to dimmers
[22–24], emitting red fluorescence with a peak value at
580 nm [21]. Some studies show that the source for intra-
cellular red fluorescence is lysosomal highly concentrated
AO [24, 25]. These two states can be identified in Fig. 2,
where color (upper panel) and FLT (lower panel) images of
AO stained U937 cells are presented.

The correlation of these results with bulk measurements
was examined via two extreme concentrations of AO solu-
tions, 10−7 M and 10−2 M. In order to minimize inner
filtration influence in these bulk measurements, excitation
and collection of fluorescence were performed from the
front face that is on the same side of a triangular cuvette.
Bulk measurement results (summarized in Table 1) clearly
indicate that the emission peak of 530 nm (green, 10−7 M
AO) is associated with FLT of 2 nsec and the emission of

Fig. 1 Schematic representation of the FDTRM apparatus. The laser
light passes through the Pockels cell and excites the sample. The Pockels
cell and the detectors (PMT) are modulated by two frequency synthe-
sizers and two RF amplifiers. The entire measurement process, including

data acquisition and analysis are controlled by a personal computer. Data
can be collected by microscope system, as well as bulk measurement
system (cuvette configuration). Note: P Polarizer and B.S Beam Splitter
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640 nm (red, 10−2 M AO) is associated with an FLT of
20 nsec. These results are in agreement with others [26–28].

The ability of wo-FLT measurement (skipping FLIM) to
“blindly” distinguish between said regions, were examined
consecutively on 50 cells using the FDTRM system and
results are listed in Table 2.

The averaged FLT values (see upper panel of Table 2)
indicate a remarkable similarity to those obtained using only
solutions (Table 1). This suggests that the long FLT (20 nsec)
is most likely attributed to the highly concentrated intracel-
lular AO regions, which correspondingly are shown to have
reddish emission (Fig. 2). In addition, wo-FLT measure-
ments indicate that the weight of the emission decay com-
ponent of these AO high concentrated hosting regions is
30% out of the whole cell emission (Table 2, f100.3).

In a similar manner, one may ascribe the 1.89 nsec decay
component to the low density of AO hosting regions, which
are most likely to emit yellowish fluorescence, weighing
40% of the whole cell emission. However, the origin of

the 6.1 nsec component needs to be explained unrelated to
the low and high AO densities.

FLIM of U937 AO Stained Cells

FLIM complementary measurements were performed on the
same AO stained cells (Fig. 2, lower panel). FLT values are
indicated by color in a single pixel resolution. At least three
colored intracellular region colors, each indicating a differ-
ent life time, are distinguishable: blue, green and red regions
indicate FLTs of 19.8±4 nsec, 2.1±0.2 nsec and of 5.45±
0.6 nsec respectively. As a matter of interest, fluorescence
gathered from areas between cells, namely that of extracel-
lular AO, show a single decay component of 2.12±
0.09 nsec.

The FLIM results are in high agreement with the results
obtained via FI color images (Fig. 2) and via wo-FLT
measurements. Comparative examination of Fig. 2 indicates
that the deep red regions, which appear in the FI color
images, correlate with the long (~20 nsec, orange-red) FLT
regions of the FLIM. In addition, FLIM measurement vali-
dated that the source of the 2 nsec FLT is the free-flowing
AO in PBS, correlating with the FLT of the signal measured
within regions in between cells. Unlike the 2 and 20 nsec
components which could be distinguished by their emission
spectra, the intracellular regions of the 6 and 2 nsec decay
component could not be distinguished by their emission.
However, the existence of the 6 nsec component measured
via wo-FLT was validated by FLIM, as well. Failure of the
emission based differentiation approach observed here could

Fig. 2 Fluorescence images of U937 AO stained cells acquired via
PixeLINK PL-A662 10 bit color camera (upper panel) and via FLIM
system of Becker & Hickl DCS-120 system (lower panel). FLIM color
scale ranges from 2 nsec (red) up to 20 nsec (blue). To ease comparison

between corresponding images, three cells (marked with a yellow
square in the lower panel) were chosen and placed in the insert,
wherein their direct fluorescence image appears in the left column
and their corresponding FLIM in the right column

Table 1 Maximum absorption and emission wavelengths and
corresponding FLTs of two AO solutions with 10−7 M and 10−2 M
concentrations as measured in Bulk with Phosphate buffered saline at
pH07.4

AO 10−7 M AO 10−2 M

Maximum Absorption 495 nm 465 nm

Maximum Emission 530 nm 640 nm

Fluorescence Lifetime 2×10−9 s 20×10−9 s
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be caused by either: (a) low color resolution of the camera
used, or (b) similar emission spectra in the two regions, a
case which illustrates well where wo-FLT can succeed while
the more commonly used spectra based FI image analysis
may fail.

It is proposed that the dissimilarity between the FLTs and
their related weights is attributed to the difference in the
physical-chemical features of the two hosting regions. In an
effort to allocate the intracellular source of the 6 nsec fluo-
rescence component, four DNA:AO mixtures were prepared
based on previous studies [29, 30]; 0:100, 1:100, 5:100, and
of 8.5:100, and their FLTs were measured using our new
wo-FLT method. Results clearly indicate that the higher the
DNA concentration, the more dominant the 6 nsec compo-
nent is (Table 3). This strongly suggests that the AO-DNA
complex is the source for the 6 nsec decay component
measured using wo-FLT and is further strengthened by the
fact that the higher the DNA concentration, the lower the
weight of the 2 nsec decay component obtained with just
AO in PBS.

FLT Measurements of H2O2 Treated U937 Cells

The FLT of intracellular AO was measured in U937 cells
following their incubation without and with 50 μM H2O2

for a period of 2 h at 37 °C. H2O2 is known to induce
apoptosis [4]. The results are shown in the lower panel of
Table 2.

As can be seen in the table, the long FLT component
(~20 nsec) ceases to exist, while the two short FLT

components remain in relation to that obtained when cells
were incubated without (Control) (H2O2-Table 2 upper pan-
el). However, after incubation with H2O2, the weights of the
decay component (f) were altered as well. The 1.91 nsec
component increased from 38% to 58%, and that of the
6 nsec-from 32% to 42%.

Measuring FLT from U937 Cells Stained with Rhodamine
123

FLT of Rh123, in the presence and absence of CCCP, has
been used to trace membrane potential. CCCP acts as a
weak lipophilic acid that penetrates the cell membrane,
binds to H+ proteins outside the mitochondria and then
enters the mitochondria matrix and releases the proteins.
Thus, H+ protein gradient ceases to exist across the mito-
chondria membrane [15, 16].

Measurements of wo-FLT were conducted on 30 individ-
ual cells following incubation without and with CCCP,
using the FDTRM system. Cells were stained with 13 μM
Rh123. FLT, corresponding weights and S.D. obtained over
the 30 cells, are shown in the first line of Table 4. As can be
seen, unlike with AO staining, only two decay components
were observed with Rh123 staining: the longer component
with 5.4 nsec having weight of 34% and the shorter com-
ponent of 2.1 nsec with weight of 65% (for comparison, the
FLT of Rh123 in water is about 4 nsec [31]). Following
incubation with CCCP, FLT components were similarly
shortened by 20%, yet their weight values were
interchanged.

Measuring Rh123 FLT as a Function of Rh123 Concentration

The above experiments with Rh123-stained cells indi-
cate that upon incubation with CCCP, intracellular

Table 2 FLT values measured in U937 cells stained with AO after incubation with and without 50 μMH2O2 for a period of two hours at 37 °C. The f
is the weight of the decay component while Σf01. Results are expressed as average of 50 cells ± STD. P<0.01

Treatment τ1 [nsec] f1 τ2 [nsec] f2 τ3 [nsec] f3

Control 23±2.2 0.3±0.02 6.1±0.8 0.32±0.035 1.89±0.23 0.38±0.041

H2O2 20 0 6±1.1 0.42±0.08 1.91±0.7 0.58±0.075

Table 3 FLT values measured in different DNA:AO ratios. The AO
concentration was 10 μM at Phosphate buffered saline with pH07.4.
The f is the weight of the decay component. Results are expressed as
average of 20 cells ± STD. P<0.001

DNA:AO Lifetime

f τF [nsec]

0:100 1 1.89±0.1

1:100 0.195±0.05 6.2±1.2

0.805±0.1 1.89±0.1

5:100 0.328±0.11 6.3±2.1

0.672±0.23 2±0.25

8.5:100 1 6±1.3

Table 4 FLT values measured in U937 cells stained with Rh123
treated with and without CCCP. The f is the weight of the decay
component. Results are expressed as average of 30 cells ± STD. P<
0.001 vs control

Treatment τ1 [nsec] f1 τ2 [nsec] f2

Control 5.39±0.58 0.34±0.03 2.08±0.04 0.65±0.04

CCCP 4.27±0.29 0.69±0.1 1.47±0.42 0.31±0.1
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FLTs and corresponding weights undergo change.
Based on other studies [15, 16], it is presumed that
changes in the intracellular concentration of potentiometric
probe such as Rh123, may be the result of CCCP treatment.
This presumption is strengthened by the fact that Rh123 is
not sensitive to micro environmental parameters such as pH
and viscosity [32].

In order to directly examine the dependence of FLT upon
Rh123 concentration, measurements of FLT of free cell
Rh123 solutions were conducted. In order to minimize inner
filtration influence upon FLT [33], front face fluorescence
measurements were performed. In order to simulate the
viscosity conditions that exist inside the cell, measurements
were performed in viscous media (90% glycerol in PBS v/v)
that are known to reduce the FLT from water media [18, 31].
The initial values of the FLT in these conditions are similar
to the short component at the cells measurements. Results
are given in Fig. 3.

Figure 3 shows that FLT is almost constant in up to
2 mM concentration of Rh123, and it decreases from
2 mM on. Results indicate that at 100 mM of Rh123,
FLT is shorter than 1 nsec. These results, and additional
data (not shown), indicate that dye concentration of
Rh123 in the membrane, exceeds a few mM, and
strengthen the suggested approach where FLT may be
used for probing alteration in intracellular dye concen-
tration caused by various physiological factors, one of
which is changes in PMP.

Fluorescence Images of Rh123 Stained U937 Cells

Fluorescence images of Rh123 stained U937 cells, before
and after incubation without and with 50 μM CCCP, were
analyzed (Fig. 4). As can be seen in the cell image and from
the curve describing the FI acquired along the profile line,
the intensity distribution before treatment is much more
heterogeneous than that of post-incubation with CCCP. This
indeed confirms that CCCP causes the release of most, yet

not all, of the intra organelle high density Rh123 into the
cytoplasm. These findings are in agreement with the fact
that two decay components were still found after CCCP
treatment, where the shorter one is believed to indicate the
existence of remaining Rh123 high concentration islets
post-CCCP-treatment.

Discussion and Conclusions

This study introduces a wo-FLT measurement approach
for ease and a relatively economical option for tracing
alterations in intracellular fluorophore distribution. It is
a frequency domain based approach and its feasibility
was examined using U937 cells stained with Rh123 and
AO. The readout is the weights of the different emitters
and their FLT as well. Correlating between simple FI
images of a cell and its wo-FLT data may lead to the
identification of the cellular sub-regions which are the
sources for the wo-FLT data.

Examining Table 2 shows three decay components in AO
stained untreated U937 cells. However, after treatment with
apoptosis inducer H2O2, only two decay components
were found. This strongly suggests that a significant
cause for the measured changes in decay times, as well
as the decay weights, is the alteration in intracellular
fluorophore distribution. Therefore, tracing alterations in
decay weights might gain insight into the quota of dye
accumulated in the different intracellular regions, before
and after treatment. FI color based image analysis, as
well as spectra measurement cannot reveal such infor-
mation, since even though the two emitter groups do
not have the same FLT, they do have similar emission
spectrum. For this reason, in such cases, wo-FLT meas-
urements might be an ideal solution in order to inves-
tigate alteration in intracellular probe distribution in a
“blind” manner. In cases where fluorophore distributions
are indeed associated with changes in emission spec-
trum, FI color based image analysis is an obvious tool
for investigation. Yet, it requires the use of quite cum-
bersome image analysis, which, in most cases, is sub-
jective. On the other hand, using a black-white camera
requires the use of color filters which compels consec-
utive measurements.

One potential application of the proposed wo-FLT ap-
proach is tracing alterations of membrane potential. The
change of the decay component from 5.4 nsec to 4.27 nsec
and corresponding weights from 34% to 79% following
treatment with CCCP (Table 4), correlates with other find-
ings which indicate that treatment with CCCP cause most of
the mitochondrial Rh123 to leak into the cytoplasm in areas
where the water phase is dominant [34]. While comparing
the wo-FLT data to images of intensity (Fig. 4 upper panel),

Fig. 3 FLT dependence upon Rh123 concentration in viscous media
(90% glycerol in PBS v/v). P<0.01
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one can see that the dye is located in two regions only, and
after treatment the dye becomes concentrated in one area
only. This is strengthened by the fact that the FLT of Rh123
in aqua (PBS) is 4 nsec [31].

To the best of our knowledge, the wo-FLT approach has
never been realized in cytometry. Moreover, the proposed
wo-FLT method has a potential application in the detection
of DNA hybridization with fluorescence label. When DNA
is labeled with fluorophore in order to look for specific
segment during hybridization, the intensity image remains
identical, while only the FLT may change. In addition, the
new method benefits biochemical experimentation with
fluorescence label and is useful in cases where direct imag-
ing is impossible. Moreover, in numerous cases where dif-
ferent sub-cellular stained regions share the same emission
spectrum (e.g. U937 cells stained with either AO or Rh123)
the wo-FLT approach is superior to that of color based FI
image analysis in distinguishing between the different
regions.

While dealing with advantages and disadvantages of
the FLIM method, various implementations should be
considered. In the use of wide-field FLIM (time-gated
wide-field time domain as well as wide-field frequency
domain) a serious problem exists with out-of-focus blur
in the optical sectioning [35]. While using confocal or
multi-photon scanning with TCSPC, acquiring time
becomes very lengthy with each photon having to be timed

individually. The wo-FLT method is not only virtually opti-
cally independent, fast, significantly less costly, simpler and
easier to perform than the FLIM method, but may also
address requirements which cannot be addressed via FLIM.
For example, monitoring details of tumor growth, angiogen-
esis, and metastatic spread is almost impossible using direct
imaging [36] or systems that involve compression of tissues
by mechanical forces [37, 38]. In addition, bulk measure-
ments with the FDTRM apparatus shown in Fig. 1 may
support the wo-FLT method, but is not applicable with the
FLIM method. The wo-FLT measurements are quite unique,
not so much due to the technology used, but more for the
fact that weights and decay times of several components are
measured in a single cell resolution, skipping image analy-
sis. The proposed approach suggests a new method within
the field of single cell cytometry.
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