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Singlet molecular oxygen, O2(a1Dg), has been detected from single neurons and HeLa cells in
time-resolved optical experiments by its 1270 nm phosphorescence (a1Dg → X3R −

g ) upon irradiation of
a photosensitizer incorporated into the cell. The cells were maintained in a buffered medium and their
viability was assessed by live/dead assays. To facilitate the detection of singlet oxygen, intracellular
H2O was replaced with D2O by an osmotic de- and rehydration process. The effect of this insult on the
cells was likewise assessed. The data indicate that, in the complicated transition from a “live” to “dead”
cell, the majority of our cells have the metabolic activity and morphology characteristic of a live cell.
Quenching experiments demonstrate that the singlet oxygen lifetime in our cells is principally
determined by interactions with intracellular water and not by interactions with other cell constituents.
The data indicate that in a viable, metabolically-functioning, and H2O-containing cell, the lifetime of
singlet oxygen is ∼3 ls. This is consistent with our previous reports, and confirms that the singlet
oxygen lifetime in a cell is much longer than hitherto believed. This implies that, in a cell, singlet oxygen
is best characterized as a selective rather than reactive intermediate. This is important when considering
roles played by singlet oxygen as a signaling agent and as a component in events that result in cell death.
The data reported herein also demonstrate that spatially-resolved optical probes can be used to monitor
selected events in the light-induced, singlet-oxygen-mediated death of a single cell.

Introduction

Singlet molecular oxygen (a1Dg) is the lowest excited electronic
state of molecular oxygen, and is an intermediate in many oxidative
degradation reactions.1,2 These oxidation reactions can be involved
in processes that range from the degradation of organic polymers
to a plethora of biological mechanisms.3,4 Over the last 20–30 years,
there has been a great deal of interest in the roles played by
singlet oxygen in photo-induced processes in both plant and
animal cells. Particular attention has been focused on photo-
induced events that result in cell death.5,6 In these circumstances,
appreciable amounts of singlet oxygen are generally produced by
the process of photosensitization; upon irradiation of a molecule
(i.e., the sensitizer) that is either endogenous to the system or
that is specifically added for this purpose, energy transfer from
the photoexcited sensitizer to ground state oxygen (X3R −

g ) results
in the production of singlet oxygen. Ample evidence has been
provided to indicate that singlet oxygen indeed promotes cell death
in such photosensitized systems.6–8 The photo-initiated, singlet-
oxygen-mediated death of cells has been exploited in a number
of ways, ranging from photodynamic cancer therapies9 to anti-
bacterial treatments.10,11

Over the years, increasingly sophisticated optical techniques
have been employed to monitor singlet oxygen from bulk ensem-
bles of cells and from model solutions of cell constituents.12–14 We
have recently demonstrated that singlet oxygen can be optically
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detected from a single cultured neuron upon irradiation of a
sensitizer incorporated into the cell. In this work, singlet oxygen
was detected by its 1270 nm a1Dg → X3R −

g phosphorescence in
both steady-state15 and time-resolved experiments.16–18 Moreover,
using a focused laser beam, we could confine sensitizer excitation
to small sub-cellular spatial domains.16–18 The principal feature of
this work is that we can now selectively create and directly detect
singlet oxygen at the sub-cellular level in a single cell. This has far
reaching implications from the perspective that singlet oxygen is
a key intermediate, if not the key intermediate, involved in both
apoptotic and necrotic mechanisms of photo-induced cell death.6–8

We have thus far performed a wide range of singlet oxygen
experiments on single cells under a variety of conditions using
both steady-state irradiation of a whole cell as well as pulsed
femtosecond laser irradiation in selected sub-cellular domains.15–18

Through this work, we consistently ascertained that, with the
cells used in our studies and under our experimental conditions,
the lifetime of intracellular singlet oxygen was much longer than
what has been commonly believed for the past ∼25 years. Our
data indicated that the lifetime of singlet oxygen in the cells
studied was principally determined by interactions with the water
in the cell and not by interactions with other cell constituents.
Given the diversity of intracellular constituents, this is perhaps
a surprising observation. Nevertheless, a variety of potentially
complementary explanations might account for this phenomenon.
For example, proteins in the cell could exist in conformations that
are not conducive to the efficient quenching of singlet oxygen
(i.e., key functional moieties such as nitrogen lone pairs and thiol
groups are shielded). This particular suggestion is consistent with
data published by Michaeli and Feitelson19 who have shown that
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proteins in their native state are indeed poorer quenchers of singlet
oxygen than denatured proteins.

This low level of intracellular singlet oxygen reactivity, as
manifested in a long singlet oxygen lifetime, suggests that singlet
oxygen will exhibit more selectivity in its reactions. These could
include redox reactions (i.e., the formation of the superoxide ion
and an organic radical cation) and the formation of peroxides,
and could have a spatially-resolved component depending on the
distribution of potential reaction partners in the cell. Of course,
the comparatively long lifetime of intracellular singlet oxygen also
indicates that it will diffuse over a greater distance in the cell
before deactivation, and its sphere of potential activity within
the cell will be correspondingly greater than previously believed.
This low reactivity and comparatively large diffusion distance are
consistent with the observation that the decay of singlet oxygen
within our cells follows first-order kinetics. Thus, through diffusion
and multiple collisions, the intracellular environment experienced
by singlet oxygen is effectively homogeneous. Clearly, all of these
points can have important ramifications in interpreting the roles
played by singlet oxygen in mechanisms of both cell signaling and
cell death.

In our single-cell experiments thus far, we have focused on
working with systems which were most conducive, or which we
believed were most conducive, to the generation of a detectable
singlet oxygen phosphorescence signal. One of the most significant
constraints imposed was the exchange of intracellular H2O with
D2O. Through this process, we wanted to capitalize on the fact
that the lifetime of singlet oxygen in quencher-free D2O (sD ∼
68 ls20) is ∼20 times longer than that in H2O (sD ∼ 3.5 ls21–23)
which is reflected in a quantum efficiency of singlet oxygen
phosphorescence that is much larger in D2O than in H2O. Indeed,
the very fact that we can exploit this solvent isotope effect in
our work indicates that endogenous quenchers do not effectively
compete with the solvent in processes that deactivate singlet
oxygen in the cell.

To exchange H2O with D2O, cells were subjected to an osmotic
shock. First we used a hypertonic extracellular medium to extract
the majority of intracellular H2O, followed by exposure to an
isotonic D2O-containing medium, to “rehydrate” the cells.15,24 We
also avoided using common biological buffers and supporting
media containing compounds that we believed might quench or
otherwise deactivate singlet oxygen. Rather, our cells were exposed
only to a minimal maintenance medium containing NaCl, KCl,
and glucose for the periods of up to 5–7 hours during which the
cells were loaded with D2O and the sensitizer and the optical
experiments were performed.16,17,24

The osmotic shock, the presence of D2O in the cell, the use of
a minimal maintenance medium, and the presence of a sensitizer
incorporated into the cell could all adversely affect the cells such
as to yield anomalous singlet oxygen data. Although our previous
optical experiments were always performed on intact cells that
appeared to be healthy and viable as viewed through a bright-field
microscope, the perturbations listed above certainly do not help
to assuage the skeptic regarding the general biological significance
of our results.

With these points in mind, we set out to repeat our photosensi-
tized singlet oxygen optical experiments using cells maintained in
a standard physiological buffer and whose viability was assessed
using standard live/dead assays. We also set out to determine the

generality of our results by performing experiments on cells other
than rat neurons obtained from primary cultures. To this end,
complementary experiments were performed using cells from the
HeLa line.

Materials and methods

Cell preparation

Cultures of neurons were prepared from the hippocampus of
Wistar rat embryos as outlined elsewhere.24,25 HeLa cells were
grown in a CO2 incubator at 37 ◦C in a standard culturing/growth
medium (Dulbecco’s modified Eagle’s medium containing 10%
fetal calf serum and antibiotics). For plating onto cover slips,
the cells were first rinsed with phosphate buffered saline and
trypsinated (0.5% trypsin). After 20 min, the cells were collected
and washed twice with the culturing medium. The cells were
resuspended in the culturing medium and plated onto cover
slips coated with poly-D-lysine. Experiments on the cells were
performed only after a period of 24 h to allow the cells to attach
to the cover slips.

Minimal Maintenance Medium (MMM)

This medium was used in all of our earlier singlet oxygen studies,
and for selected control experiments in the present work. The
MMM is an aqueous solution of 140 mM NaCl, 3.5 mM KCl,
and 10 mM glucose prepared using either D2O, H2O, or mixtures
of D2O and H2O.

Standard Maintenance Medium (SMM)

This is a buffered, physiologically compatible medium that has
been used for electrophysiological recordings from cells.26 The
SMM is an aqueous solution of 140 mM NaCl, 3.5 mM KCl,
2 mM CaCl2, 2 mM MgCl2, 1.25 mM NaH2PO4, 10 mM
glucose, and 10 mM HEPES (i.e., 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid) prepared using either D2O, H2O, or mixtures
of D2O and H2O. The pH of this solution was adjusted to 7.35
using NaOH and the osmolarity was adjusted to 310 mosmol using
sucrose. When used, the culturing medium was replaced with the
SMM for the course of the optical experiments. HEPES (>99.5%,
Sigma) was used as received for the preparation of the SMM, but
was dried at 80 ◦C for 18 h under vacuum prior to use in the singlet
oxygen quenching studies.

Protocol for H2O/D2O exchange and sensitizer incorporation

The following steps were taken to exchange the intracellular H2O
with D2O (or mixtures of D2O and H2O) and to incorporate the
sensitizer. For all of the work reported here, the sensitizer used
was 5,10,15,20-tetrakis(N-methyl-4-pyridyl)-21H,23H-porphine,
TMPyP (obtained from Aldrich as the tetra-p-tosylate salt and
used as received). (1) The cover slip containing the cells was
removed from the culture/growth medium and washed with an
isotonic H2O-based solution of either MMM or SMM. (2) The
cells were incubated for 5 min with a hypertonic (584 mosmol)
D2O-based solution of MMM prepared with 280 mM NaCl, 7 mM
KCl, and 10 mM glucose. (3) The cells were washed three times
with a D2O-based solution prepared as in step (1). (4) The cells

This journal is © The Royal Society of Chemistry and Owner Societies 2007 Photochem. Photobiol. Sci., 2007, 6, 1106–1116 | 1107



were held in a CO2 incubator at 37 ◦C for 24 h in an isotonic D2O
solution of either MMM or SMM that contained 10 lM TMPyP.
(5) The cells were washed three times with an isotonic D2O-based
solution of either MMM or SMM.

Viability assays

Four established assays were used to test cell viability. Unless
otherwise indicated, assays were performed under air and we
excluded as much ambient light as possible.

Propidium iodide (PI) assay. Cells were incubated for 30 min
in solutions of either SMM or MMM containing 4 lM PI, after
which the cells were washed with either SMM or MMM to remove
the excess PI. Uptake of PI was monitored in a fluorescence
imaging experiment (excitation k of 535 nm, detection k of
650 nm). In a typical experiment, ∼150–250 cells were examined.
Control experiments were performed on the same day using cells
from the same batch. PI (Sigma Aldrich) was used as received.

Rhodamine 123 (Rh123) assay. Cells were incubated for 30 min
in solutions of either SMM or MMM containing 20 nM Rh123,
after which the cells were washed with either SMM or MMM
to remove the excess Rh123. Fluorescence of Rh123 from the
cells was monitored in an imaging experiment (excitation k of
480 nm, detection k of 535 nm). Rh123 (Sigma Aldrich) was used
as received.

Fast halo assay. The general procedure of Sestili, et al.27 was
followed. Briefly, cells were placed on a cover slip that had a
raised perimeter (FramesealTM, Sigma Aldrich). 600 ll 1% low
melting point agarose (Sigma Aldrich) in either SMM or MMM
was added, and the gel was allowed to set at room temperature for
30 min. Addition of 1 ml of 0.3 M NaOH lysed the cells and, after
30 min, the gel was neutralized by the addition of 0.4 M TRIS
buffer at pH 7.6. A solution of 4 lM PI in either MMM or SMM
was then added to stain the DNA. Control experiments included
performing the fast halo assay on cells in which apoptosis had
been initiated by incubation with 0.1 mg ml−1 of camptothecin for
3 h at 37 ◦C in a CO2 incubator.

MTT assay. The procedure of Nikkhah et al.28 was followed.
Cells were incubated for 4 h at 37 ◦C in a CO2 incubator in
a solution of either MMM or SMM containing 1 mg ml−1

MTT [i.e., 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide]. Cells were imaged under bright field illumination to
visualize crystals of reduced MTT. DMSO was used as the solvent
for the independent experiments in which the reduced MTT
was extracted from the cells. MTT (Sigma Aldrich) was used as
received.

Instrumentation

Details of the instrumentation and approach used in this study are
provided elsewhere.16–18,29 Briefly, cells to be studied were contained
in an atmosphere-controlled chamber that was mounted onto the
translation stage of an inverted microscope. Subsequent steps
of irradiation and optical monitoring varied depending on the
experiment.

For the singlet oxygen experiments, the sensitizer that had
been incorporated into the cell, TMPyP, was irradiated using
the output of a femtosecond laser system that had been focused

into the cell using the microscope objective. The irradiation
wavelength was 420 nm which coincides with the Soret absorption
band of TMPyP. The laser was operated at a repetition rate of
1 kHz with an energy of 10 nJ pulse−1, which was measured
prior to coupling the beam into the microscope optics. Singlet
oxygen phosphorescence was collected using the microscope
objective, spectrally isolated using a 1270 nm interference filter,
and transmitted to a cooled IR photomultiplier tube operated in
a photon counting mode. Time-resolved signals were recorded by
successively increasing the delay time between the irradiating laser
pulse and the sampling window of the photon counter.

Fluorescence imaging experiments used in the viability assays
were performed by irradiating the cell and its surroundings with
a steady-state Xe lamp using interference filters to select the
wavelength appropriate for the fluorophore in that particular assay.
Light emitted by the sample was detected through interference
filters using a CCD camera (Evolution QEi controlled by Im-
agePro software, Media Cybernetics) placed at the image plane
of the microscope. Bright-field images were recorded using the
same CCD camera; back-lighting was achieved with a tungsten
lamp provided as an accessory to our Olympus IX70 inverted
microscope.

Results and discussion

Quenching of singlet oxygen by HEPES

The amine HEPES (Fig. 1(a)) is well tolerated by biological
systems and, with its pKa of 7.5, is extensively used as a buffer
to maintain cells at their physiological pH.30,31 However, aliphatic
amines can be very good quenchers of singlet oxygen.32 For this
reason, we avoided using an amine-based buffer in our original
work with singlet oxygen in cells (see composition of MMM, vide
supra).15–18

With our current interest in using cells that are demonstrably
viable, we set out to investigate if singlet oxygen phosphorescence
experiments could be performed on cells in a medium that contains
a relevant amount of HEPES. To this end, we first performed
experiments to quantify the rate constant for singlet oxygen
quenching by HEPES. Given that the quenching of singlet oxygen
by amines involves charge transfer from the nitrogen lone pair
to singlet oxygen,32,33 the expectation is that the quenching rate
constant should be comparatively small at pH values where a
greater fraction of the amines are protonated. On the other
hand, the quenching rate constant should be larger under alkaline
conditions where the amine exists as the free base and where charge
transfer from the amine lone pair to singlet oxygen can occur more
readily.

For these experiments, D2O solutions of TMPyP were prepared
and the overall rate constant kD for singlet oxygen deactivation (i.e.,
the reciprocal of the singlet oxygen lifetime, sD

−1) was measured as a
function of the amount of added HEPES. In such an experiment,
kD should be equal to the sum of the rate constant for singlet
oxygen deactivation in the absence of the added quencher, k0

D,
and the quenching term, kq[Q], where kq is the bimolecular rate
constant for deactivation by HEPES and [Q] is the concentration
of added HEPES (eqn (1)).

kD = k0
D + kq [Q] (1)
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Fig. 1 (a) Structure of HEPES. (b) Plot of the overall rate constant for
singlet oxygen deactivation, kD, against the concentration of HEPES. These
data were recorded using D2O solutions at a pD of 7.2 and yield kq = (6.0 ±
0.1) × 105 s−1 M−1. (c) Values of kq, the rate constant for deactivation
of singlet oxygen by HEPES, are plotted against the pD of the D2O
solutions in which the experiments were performed. Each point on this
plot represents an average of data recorded from several experiments. The
dashed vertical line indicates the pKa of HEPES.

The data indeed behave according to eqn (1), with plots of kD

against [Q] yielding values of the quenching rate constant kq from
the slope (Fig. 1(b)). Moreover, values of kq thus obtained varied
with pH in the expected manner: at pH values smaller than 7.3,
kq = (5.8 ± 0.1) × 105 s−1 M−1, whereas in alkaline solutions kq =
(9.5 ± 0.1) × 105 s−1 M−1 (Fig. 1(c)).

Most importantly, however, we find that these values of kq are
not extraordinarily large and that HEPES is, in fact, a compar-
atively poor quencher of singlet oxygen in aqueous solutions.
Furthermore, an analogous quenching study in which aliquots
of SMM were added to D2O indicates that HEPES is the only

significant quencher of singlet oxygen in this medium. Thus, at the
concentration of HEPES used in the preparation of our SMM,
10 mM, the lifetime of singlet oxygen in D2O solutions is only
moderately affected (i.e., sD in neat D2O is 68 ls,20 and the presence
of HEPES in SMM reduces sD to ∼48 ls).

In conclusion, the use of a HEPES-based buffer should not ad-
versely affect an experiment to optically detect intracellular singlet
oxygen. Of course, if HEPES is not appreciably incorporated into
the cell but remains mostly in the extracellular environment,31

then the conditions for our experiments only become more
favorable.

Assays for cell viability

Because the response of a cell to a given perturbation is invariably
quite complicated and involves different organelles and regulatory
pathways,34 it is essential to employ a range of assays that test for
different cellular responses to the perturbation. For the present
work, the following four assays were used:

(a) The propidium iodide (PI) assay tests for the integrity of the
cell membrane. A fully functioning membrane excludes PI from the
cell. However, a dysfunctional or compromised membrane admits
the red-fluorescing PI into the cell where it binds with DNA in the
nucleus. Thus, a cell that has a red fluorescent nucleus in the PI
assay is considered “dead”. Since the plasma membrane generally
ceases to function only during the final stages of the apoptotic
cascade,34 this is an assay for an advanced stage of cell death.

(b) The rhodamine 123 (Rh123) assay exploits the fact that
the fluorescent dye Rh123 is membrane permeable and that it
accumulates in the mitochondria of live cells as a result of the
mitochondrial trans-membrane potential.34,35 An early event in the
apoptotic cascade is the loss of this mitochondrial potential which,
in turn, is reflected in the delocalization of Rh123. Thus, an early
and important indication that the cell’s metabolic machinery may
be perturbed appears as a rather diffuse Rh123 fluorescence from
the cell. Granular-appearing fluorescence is indicative of viable
mitochondria in which Rh123 is localized.

(c) The fast halo assay (FHA) assesses the extent to which
DNA strand scission occurs in a single cell as a result of a given
perturbation.27,34 In this test, the perturbed cell and cells from
the control population are first immobilized and lysed. A DNA-
specific fluorescent dye (PI in our case) is then used to quantify
the radial diffusion of DNA fragments away from the nucleus.
Changes in the morphology of the nucleus as a result of DNA
denaturation and fragmentation often occur at early stages in the
apoptotic cascade and, in the FHA, this is often reflected first
in a misshaped nucleus and ultimately in a fluorescent “halo”
surrounding the nucleus.27,34

(d) The MTT assay is a test for enzymatic activity charac-
teristic of a viable cell. In this test, a metabolically active cell
will reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to a blue crystalline derivative, formazan, that
can then be seen in a bright field microscope.28,36 Furthermore, one
can extract the formazan from the cell culture and quantify the
amount produced using an absorption spectrometer, which, when
compared to the amount produced by a control cell population,
can be used as a measure of cell activity. Although often associated
with the activity of mitochondrial dehydrogenases, it has also been
shown that MTT can be reduced in cytoplasmic vesicles.36
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Using these assays, we set out to examine if cell viability
is influenced by procedures used in our singlet oxygen optical
studies (note that attempts to assess photoinduced, singlet-oxygen-
mediated changes in cell viability upon irradiation of a sensitizer in
the cell constitute a different study). Experiments were performed
on neurons as well as HeLa cells. When discussing the general
response of a cell in a given assay, we occasionally refer to literature
studies performed on cells in which apoptosis had been initiated.
However, we do not mean to imply that corresponding results
in our cells should be taken as evidence for the occurrence of
apoptotic events.

It is first significant to note that the transfer of cells from
the culturing to a maintenance medium (e.g., our SMM) is a
perturbation that, by itself, may disrupt functionality in a fraction
of the cells being studied. Consequently, results of tests on the
influence of D2O, osmotic shock, and the presence of the sensitizer
were compared to results obtained from two independent control
populations of cells: (1) cells maintained in the culture medium,
and (2) cells transferred from the culture medium to our standard
H2O-based maintenance medium (SMM).

Very few cells tolerate exposure to the minimal maintenance
medium (MMM) used in our first singlet oxygen experiments on
single cells.15–18 This is clearly seen in the results of the PI assay
(Fig. 2). Indeed, this result is entirely consistent with qualitative
observations made during our earlier experiments; on the basis of
TMPyP-based fluorescence images and bright field images, it was
difficult to find a “healthy-looking” cell for study when using the
MMM.

Fig. 2 Histogram showing the results of the PI assay performed on
neurons. The cell viability ratio shown on the ordinate is simply the
ratio of live to dead cells observed for a given test (e.g., exposure to
D2O) normalized by the corresponding ratio of live to dead cells for the
control population. Thus, a cell viability ratio of 1.0 indicates that the cell
population under test behaves just as the control cell population. In this
test, the control population was maintained in the culture medium and,
on an absolute scale, an average of 8% of these cells stained dead. The
effect of each perturbation was assessed by counting both live and dead
cells (1) immediately after application of the perturbation (i.e., at t = 0),
and (2) 4.5 h after the application of the perturbation. Approximately
150–250 cells were counted in each test. For the SMM experiments, a
one-way analysis of variance (ANOVA) with p < 0.05 reveals that there is
no significant difference between the t = 0 and the t = 4.5 h data. Similar
results were obtained from experiments performed on HeLa cells.

On the other hand, the PI data in Fig. 2 clearly show that the
plasma membrane remains functionally intact for several hours
in cells exposed to our standard maintenance medium (SMM).
Moreover, and arguably more importantly, (1) simple exposure of
the cells to D2O, and (2) replacing intracellular H2O with D2O and
the osmotic shock associated with this process do not have an effect
on the number of cells that loose membrane function. Indeed,
within the constraints of this assay, we are unable to discern any
adverse effect from the use of D2O in place of H2O (a one-way
analysis of variance, ANOVA,37 with p < 0.05 reveals that there
is no significant difference between the control and perturbed cell
populations).

In the Rh123 assay, the manifestation of a “live” cell is a granular
fluorescence image in which the mitochondria are resolved and in
which the nucleus does not contain the fluorophore. In a “dead”
cell, the Rh123 fluorescence is diffuse and originates principally
from the nucleus where Rh123 ultimately tends to localize. In cells
that have been “compromised”, the Rh123 fluorescence is diffuse
and it is not possible to resolve the mitochondria even though
the nucleus may still appear somewhat dark. We found that it was
difficult to assess the results of the Rh123 assay on neurons because
these cultures are heterogeneous and contain more than one cell
type in more than one layer on the cover slip (e.g., glial cells that
support the neurons are also present). As such, even if the Rh123
fluorescence indeed originated from the localized spatial domain
of viable mitochondria, the resultant image may appear blurred
because the cell might be out of the focal plane of the microscope.
On the other hand, HeLa cells plate in a single layer on the cover
slip and the results of the Rh123 assay are much easier to assess.
Examples of the images thus obtained from HeLa cells are shown
in Fig. 3.

The results of the Rh123 assay are consistent with those of the
PI assay. In the Rh123 experiments, we likewise find that our cell
handling procedures do not constitute major perturbations. As
shown in groups 1–3 of Fig. 4, a change from the growth/culture
medium to the SMM and simple exposure of the cells to D2O does
not alter the percentages of “live” and “dead” cells relative to the
corresponding percentages in the control (ANOVA with p < 0.05
reveals that there is no significant difference in the fractions of live
and dead cells in these respective cell populations).

The test results shown in groups 4–6 of Fig. 4 indicate that
the osmotic shock associated with H2O/D2O exchange and the
incorporation of TMPyP into the cell constitute more of a
perturbation than the simple change from the growth medium
to SMM. For the TMPyP-containing cells, the increase in the
percentage of dead cells could reflect a combination of (1) the
inherent toxicity of TMPyP that would be manifested in cells
kept in the dark, and (2) photo-induced, singlet-oxygen-mediated
death due to the adventitious exposure of the cells to the ambient
room lighting during handling. Nevertheless, the majority of the
cells in a given test population still indicate that they have viable
mitochondrial activity and, as such, can be categorized as being
“live” cells.

For our purposes, the results of the Rh123 assay can arguably
be considered more important than those of the PI assay simply
because the Rh123 assay is a test for events that generally
occur at early stages of apoptotic cell death. In this regard,
the Rh123 mitochondrial images in Fig. 3 may also reveal
another response of the cell to a perturbation associated with
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Fig. 3 Fluorescent images obtained from HeLa cells. (a) Rh123 fluores-
cence image from “live” cells maintained in the culture/growth medium.
(b) Composite fluorescence image from two cells in the SMM that have
been subjected to an osmotic shock. The green color shows the result
of the Rh123 assay. This culture was also incubated with TMPyP, but
only the upper cell in this image incorporated the sensitizer (note, TMPyP
preferentially localizes in the cell nucleus24,38). This latter point is clearly
documented in an image based on the fluorescence of TMPyP (red color
in this image). (c) Composite fluorescence image of the same two cells
shown in panel b recorded after broadband irradiation at 420 nm for 3 s
using the output of a 75 W Xe lamp (i.e., under our present conditions,
3 s is the time needed to record the TMPyP fluorescence image). The data
clearly show that, upon irradiation at a wavelength absorbed by TMPyP,
the cell containing TMPyP gives rise to a more diffuse Rh123 image
which is characteristic of a “compromised” cell. Moreover, it appears
that the Rh123 may be starting to accumulate in the nucleus. The cell
lacking TMPyP retains the granular fluorescence characteristic of viable
mitochondrial activity.

our experiments. For Rh123 images recorded from cells in the
culture medium, the mitochondria tend to be distributed in

Fig. 4 Histogram showing the results of the Rh123 assay on six different
HeLa cell populations. In a test on a given population, at least 1000 cells
were counted using a routine available in ImageJ39 and categorized as
“live”, “dead”, or “compromised” (see text). Group #1 at the far left shows
data from our control population in which the Rh123 assay was performed
on cells in the growth/culture medium. Progressing to the right, we show
data recorded under five different perturbing conditions (OS = osmotic
shock, SMM = standard maintenance medium). Live/dead pylons labeled
with an asterisk indicate that there is a statistically significant difference
between this number and the corresponding number obtained from the
control population (one-way ANOVA; p < 0.05). Error bars show one
standard deviation. In these experiments, the number of “dead” + “live”
cells was subtracted from the total number of cells (obtained from a bright
field image) to yield the number of “compromised” cells.

strand-like structures (Fig. 3(a)). It has been suggested that this
morphology may reflect an interaction between the mitochondria
and microtubules associated with the cytoskeletal network.35,40,41

The Rh123 images in Fig. 3(b) in which the mitochondria appear
as discrete cylindrical/spherical entities suggest that this putative
microtubule-dependent organization is disrupted in the change
from the growth/culture medium to the SMM.

The results of the MTT assay provide yet another perspective
on the response of our cells to these specific perturbations. The
amount of formazan extracted from the respective cell populations
indicates that, by itself, the presence of TMPyP in the cell does
not have a major effect on the enzymatic process by which MTT
is reduced (Fig. 5). On the other hand, the combination of
TMPyP incorporation and the change to the SMM results in a
significant decrease in the amount of formazan produced over the
4 h incubation period. Nevertheless, evidence of cell enzymatic
activity is still visible in these perturbed cells.

A potentially more interesting result of the MTT test, and one
that puts the extracted formazan results of Fig. 5 into perspective,
is shown in Fig. 6. In these bright field images, we clearly see that
the formazan produced by control cells in the culture medium
results in the formation of needle-like crystals in the extracellular
medium (Fig. 6(a)). Incorporation of TMPyP into the cell does not
appear to influence the production of formazan when the cells are
maintained in the culture medium (i.e., extracellular needle-like
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Fig. 5 Results of the MTT assay. For these experiments, cells were
maintained in the culture medium unless specified as being in the
SMM. Top: enzymatic activity in a given cell population as quantified
by the amount of extracted formazan. The data clearly indicate that the
metabolic processes assayed here are most sensitive to the change from the
culture medium to SMM. The presence of TMPyP or even camptothecin,
which is a DNA topoisomerase poison that promotes cell death,30,42 did
not have as large an effect as the change to SMM. Bottom: histogram that
shows the results of the PI assay performed on cells exposed to MTT. In
this case, the first pylon is referenced against a cell population lacking
MTT.

crystals of formazan are still produced) (Fig. 6(b)). However, for
cells containing TMPyP in the standard maintenance medium
(SMM), the formazan that is produced exists as granules and
not as extracellular needles (Fig. 6(c)). It has been demonstrated
that, in the enzymatic reduction of MTT, the formazan that is
produced is first deposited as intracellular granules.36 It is only
upon the migration of these granules to the cell membrane and
the release of the intracellular formazan that one observes the
extracellular needle-like formazan crystals on the cell surface.36

Thus, our data seem to indicate that the transfer of our cells from
the culture medium to the SMM simply slows down the dynamic
processes that result in MTT uptake, reduction, and the expulsion
(i.e., exocytosis) of the resultant formazan.

Like the Rh123 and MTT assays, the fast halo assay (FHA)
can give an indication of early events in the apoptotic cascade.
This test is specific for perturbation-dependent changes in the
morphology of the nucleus and for the appearance of extranuclear
DNA fragments. Although the Rh123 and MTT assays clearly
indicate distinct perturbations to our cells, the results of the FHA
are not as well defined and systematic. In some cases, including

control experiments, we were not able to observe the characteristic
halo surrounding the nucleus indicative of nuclear degradation.
This is illustrated in Fig. 7(a) for a cell that had been subjected
to osmotic shock and incubated with D2O for 5 h. In other cases,
also including control experiments, we were able to observe a dim
halo. This is shown in Fig. 7(b) for a cell that likewise had been
subjected to osmotic shock. Thus, in the least, we must exercise
restraint in interpreting the observation of a dim halo in our use of
the FHA. Despite this caveat, we nevertheless tended to observe
somewhat more pronounced halos in cells that had been incubated
with TMPyP Fig. 7(c). This is consistent with reports that TMPyP
can exhibit “nuclease-like” activity, even in the absence of light and
oxygen.43,44

We conclude this discussion of viability assays with the state-
ment that, in a given population of cells maintained in a buffered
medium (i.e., our SMM) and that have been prepared for a singlet
oxygen experiment (i.e., contain D2O and the sensitizer TMPyP),
a significant fraction show the metabolic activity and morphology
characteristic of a viable cell. Of course, at the level of a single
cell, the difference between “alive” and “dead” is not a clearly
defined point, but rather is expressed in a range of nuances. We
have provided evidence that some of our cells may indeed be
“compromised” and events that result in cell death may indeed
have started. Nevertheless, in the complicated and multi-step
transition from “alive” to “dead”, our data indicate that we are
much closer to the “alive” end of the process than the “dead” end.

Singlet oxygen lifetime

Time-resolved singlet oxygen phosphorescence measurements
were performed on both HeLa cells and neurons maintained in
our standard buffer medium containing HEPES (i.e., SMM). As in
our previous studies, these single-cell experiments were performed
using a microscope such that sensitizer irradiation only occurred
in small sub-cellular spatial domains.16–18,45 The sensitizer used was
TMPyP which, as we have already mentioned, tends to localize in
the nucleus of the cell. Singlet oxygen phosphorescence was then
monitored in photon-counting experiments.

Data recorded in the present studies from metabolically-viable
cells are consistent with data recorded in our earlier studies.16–18

Specifically, the time-resolved signals obtained upon selective,
spatially-resolved irradiation of the sensitizer indicate that in-
teractions with intracellular water provide the principal channel
for singlet oxygen deactivation inside a cell. The data clearly
indicate that interactions with cell constituents (e.g., proteins) do
not dominate the deactivation of intracellular singlet oxygen. In
support of these statements, we recorded the lifetime of singlet
oxygen from cells that had been incubated with successively larger
ratios of H2O to D2O. Treating H2O as a quencher, we then plotted
the data according to eqn (1) to quantify the bimolecular rate
constant, kq, responsible for the deactivation process (Fig. 8). The
value obtained from the slope of the plot [(3.0 ± 0.7) × 103 s−1 M−1]
is close to that expected for H2O quenching [5.2 × 103 s−1 M−1 =
(3.5 ls)−1/55 M, when 3.5 ls is taken as the lifetime of singlet
oxygen in neat H2O].

Unfortunately, within a reasonable time period of sensitizer
irradiation and signal averaging, we are still not able to record
a sufficiently intense time-resolved singlet oxygen signal from a
single cell containing only H2O.29 Rather, we still need to rely on the
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Fig. 6 (a) Bright field image of HeLa cells maintained in the culture medium clearly showing the formation of extracellular formazan crystals in the
MTT assay. (b) Images of HeLa cells that contain TMPyP and that are maintained in the culture medium. The left panel is a bright field image showing
the formation of extracellular formazan crystals in the MTT assay. The right panel is a corresponding image based on the fluorescence of TMPyP showing
that the dye is indeed incorporated into the cells and preferentially localized in the nucleus. (c) Images of HeLa cells that contain TMPyP and that are in
SMM. The left panel is a bright field image that shows the formation of formazan granules in the MTT assay. These granules appear to be located inside
the cell. The right panel is a corresponding image based on the fluorescence of TMPyP showing that the dye is incorporated into the cells. All bright field
images were recorded 4 h after introduction of MTT.

use of D2O, or mixtures of D2O in H2O, to increase the quantum
efficiency of singlet oxygen phosphorescence. This point is clearly
illustrated with the time-resolved data shown in Fig. 8(b) that were
recorded from cells that had been incubated with 15% H2O (i.e.,
8.3 M H2O). Nevertheless, the data recorded herein all indicate
that, upon extrapolation to a H2O-containing cell, one would
observe a singlet oxygen lifetime of ∼3 ls. This result is consistent
with data we have previously published. (It is important to note
that our present time-resolved traces were recorded using sampling
windows on the photon-counter that are narrower than those used

in our earlier studies.18 Although these narrower windows allow us
to better resolve faster-decaying signals, it also means that, for a
given sampling period, our signal-to-noise ratio will be poorer.29)

When analyzing time-resolved phosphorescence signals from
singlet oxygen produced in a photosensitized process, both the
ease and accuracy with which the singlet oxygen lifetime can be
extracted depends on the relative rates of singlet oxygen formation
and decay. In particular, if the rate of singlet oxygen formation
is much slower than the rate of decay, then it is necessary to
independently quantify this formation rate and deconvolute the
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Fig. 7 Example of data obtained from the fast halo assay (FHA)
performed on HeLa cells. The images are based on the fluorescence of
PI that had been added to stain the DNA. (a) Test performed on a cell that
had undergone osmotic shock and that had been exposed to D2O-based
SMM for 5 h. A distinct halo-free fluorescent nucleus is observed, and
discrete sub-nuclear structures fluoresce most brightly. (b) As in panel (a),
test performed on a cell that had undergone osmotic shock and that had
been exposed to SMM for 5 h. The oval-shaped object in the lower center
of the figure is the nucleus. The most intense fluorescence is observed from
discrete sub-nuclear structures. A dim “halo” can be seen immediately to
the right of the nucleus and extending to the upper left corner of the figure.
(c) Test performed on cells that had been incubated with TMPyP for 24 h.
Halos that are somewhat more distinct are observed in this case.

corresponding time profile from the observed singlet oxygen
phosphorescence signal to obtain the intrinsic singlet oxygen
lifetime.18,22,46 In an earlier study, we examined this issue with
respect to singlet oxygen phosphorescence recorded from single
cells.18 On the basis of data obtained upon irradiation into
the nucleus of TMPyP-containing cells that were maintained in

Fig. 8 (a) Plot of the overall rate constant for singlet oxygen deactivation,
kD, in single rat neurons against the concentration of H2O present in
the D2O–H2O mixture with which the neurons had been incubated. The
comparatively large error bars on the data points reflect the signal-to-noise
ratio in the time-resolved singlet oxygen phosphorescence data from the
cell. (b) Time-resolved singlet oxygen phosphorescence signal from the cell
where averaged data recorded from two cells containing 8.3 M H2O are
shown. The solid line is a single exponential fit to the data.

the minimal medium (i.e., MMM), we felt it was appropriate
to analyze the observed phosphorescence signal using a singlet
oxygen formation time constant of ∼3 ls.18 This yielded a
singlet oxygen lifetime of 25 ± 2 ls in a neuron that had been
incubated in D2O. In the present studies, however, where the
cells were maintained in a physiologically compatible medium
(SMM) and where we use narrower sampling windows for better
time-resolution (vide supra), we have yet to find evidence of a
correspondingly slow time constant of singlet oxygen formation
upon irradiation into the nucleus of a TMPyP-containing cell.
With respect to raw numbers, this simply means that the singlet
oxygen lifetime we obtain for a D2O-incubated cell in the present
study (sD = 36 ± 2 ls) is slightly longer than that estimated in
our earlier studies (of course, these respective values of sD will
also reflect residual intracellular H2O that was not removed in the
D2O/H2O exchange). In any event, this difference is small, and
becomes effectively meaningless when extrapolating to the case of
an H2O-incubated cell where the expected lifetime is still on the
order of ∼3 ls.
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On the other hand, it is reasonable to consider potential
changes in the rate of singlet oxygen formation as a function
of both the condition of the cell and the amount of light
to which the cell has been exposed. Specifically, the sensitizer
TMPyP tends to localize in the nucleus and binds to DNA in a
number of different ways.24,47,48 More importantly, these respective
TMPyP-DNA complexes are photolabile and exhibit different
photophysical properties, including differences in both the yield
and kinetics of photosensitized singlet oxygen formation.24,47 As
such, for TMPyP-containing cells in different photosensitized
experiments, singlet oxygen could indeed be produced at different
rates and in different yields. This is only one point that needs to
be considered further in a more extensive study of singlet oxygen
production in cells.

In any event, we can categorically say that only a moderate
amount of singlet oxygen quenching is observed in a D2O-
incubated cell. It is this result that leads to the more general
statement that singlet oxygen in a cell is best characterized as
a selective rather than reactive intermediate. This is important not
only in considering roles played by singlet oxygen in cell signaling
and cell death, but also as one considers methods to exert control
over singlet oxygen in biological systems.49

Photoinduced cell death

With the results presented in this report, we demonstrate that it
is possible to use a variety of probes to monitor events pertinent
to light-induced, singlet-oxygen-mediated cell death at the level
of a single cell. The data in Fig. 3 nicely illustrate one subtle
event that can be monitored and that needs to be investigated
further. The Rh123 assay shows that irradiating a cell into which
TMPyP has been incorporated causes a loss of the mitochondrial
trans-membrane potential which is manifest as a diffuse Rh123
fluorescence and an increase in Rh123 fluorescence from the
nucleus (Fig. 3(b) and Fig. 3(c)). Perhaps the most beautiful, albeit
fortuitous, aspect of this particular experiment is that the adjacent
cell in our image did not take-up TMPyP and served as an intrinsic
control in which the mitochondrial trans-membrane potential was
not disturbed upon irradiation.

The data in Fig. 3 clearly indicate that it is possible to start
measurements of irradiation-induced cell death using cells that
are viable. Moreover, we are now able to record singlet oxygen
phosphorescence data from a single cell in time periods that range
from ∼4 s (an integrated intensity) to ∼10 min (a time-resolved
decay trace). These times are short compared to the time course of,
for example, photo-induced apoptotic death (∼3–24 h, depending
on conditions50). Thus, we can begin to correlate spatial and
temporal profiles of singlet oxygen in a cell with a tendency for the
cell to undergo apoptotic death. The extent to which such singlet
oxygen measurements themselves constitute a perturbation of the
cell is certainly an issue that must also be investigated. Unlike the
data shown in Fig. 3(b) and Fig. 3(c), however, these studies of
photo-induced perturbations will be facilitated through the use
of spatially-resolved focused laser irradiation in which incident
powers can be carefully regulated.

As we embark on this next round of studies, we will also need to
incorporate even more stringent control of other conditions under
which our experiments are performed. In particular, we must now
also consider both the ambient atmosphere and temperature to

which the cells are exposed during the optical experiments. In our
singlet oxygen phosphorescence measurements thus far, the cells
have generally been exposed to an atmosphere of 100% oxygen
simply to increase the intensity of the signal being monitored.
In the future, we will clearly need to work with cells exposed to
oxygen at levels which are typically present in tissue (∼5–10%
oxygen). Although the corresponding decrease in singlet oxygen
phosphorescence intensity will provide an extra experimental
challenge, this change in the ambient atmosphere eliminates one
potentially complicating perturbative stress to which the cells will
respond. Similarly, we need to preclude a potential temperature-
induced perturbation. At present, measurements are performed
on a microscope stage that is at room temperature (typically 20–
22 ◦C). In the future, cells will be maintained at 37 ◦C during all
measurements.

Conclusions

Time-resolved singlet oxygen phosphorescence experiments were
performed on single cells maintained in a HEPES-based, standard
physiological buffer. For these cells, an osmotic shock procedure
was used to replace intracellular H2O with D2O to facilitate the
detection of the singlet oxygen phosphorescence. Viability of the
cells was confirmed using four assays. In photosensitized experi-
ments performed on metabolically-functioning cells, the lifetime
of singlet oxygen in a neuron was found to be the same as that in a
HeLa cell. Moreover, these lifetimes for intracellular singlet oxygen
are significantly longer than what has commonly been believed for
the past 25 years. The present singlet oxygen results are consistent
with data previously recorded in our laboratories using cells that
were maintained in a less-supportive, non-buffered medium. The
data reported herein also demonstrate that it is possible to use a
variety of probes, including the phosphorescence of singlet oxygen,
to monitor spatially-resolved events pertinent to the light-induced,
singlet-oxygen-mediated death of a single cell.
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