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Abstract

Photodynamic Therapy (PDT) provides an opportunity for treatment of various invasive
tumors by the use of a cancer targeting photosensitizing agent and light of specific wave-
lengths. However, real-time monitoring of drug localization is desirable because the induction
of the phototoxic effect relies on interplay between the dosage of localized drug and light.
Fluorescence emission in PDT may be used to monitor the uptake process but fluorescence
intensity is subject to variability due to scattering and absorption; the addition of fluorescence
lifetime may be beneficial to probe site-specific drug-molecular interactions and cell damage.
We investigated the fluorescence lifetime changes of Photofrin® at various intracellular
components in the Mat-LyLu (MLL) cell line. The fluorescence decays were analyzed using a
bi-exponential model, followed by segmentation analysis of lifetime parameters. When
Photofrin® was localized at the cell membrane, the slow lifetime component was found to be
significantly shorter (4.3 £ 0.5 ns) compared to those at other locations (cytoplasm: 7.3 £ 0.3
ns; mitochondria: 7.0 + 0.2 ns, p < 0.05).

Key words: Fluorescence lifetime imaging microscopy (FLIM); Photodynamic Therapy (PDT);
Photofrin; Segmentation.

Introduction

Photodynamic therapy (PDT) is a cancer treat-
ment for various types of invasive tumors. The main
advantages of PDT over traditional cancer treatments
are attributed to the localized effects of the photo-
chemical reactions. It involves the administration of a
photosensitizer, followed by the activation of the drug
by light that initiates the “phototoxic effect” - the
coupling of drugs in the triplet excited state with
ground state oxygen molecules. This reaction leads to
the generation of the highly cytotoxic singlet oxygen
(102) species, which has an extremely short lifetime

and distribution radius, enabling localized therapeu-
tic effects [1]. However, the therapeutic efficacy of
PDT depends strongly on the local concentration of
the photosensitizer and amount of light it absorbs,
thus the current clinical standard of using prescribed
drug and light dosages is insufficient. PDT dose is
influenced by factors such as different drug uptake
rates, tissue optical properties, variable tissue oxy-
genation, as well as unexpected photophysical and
photochemical changes of the photosensitizing
agents [2]. As a result, real-time monitoring of the
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drug distribution and its interactions with surround-
ing tissue has become a valuable approach in order to
determine the dosage more accurately. Some potential
dosimetric approaches using the steady-state fluo-
rescence spectra of photosensitizers have been stud-
ied to determine the effective PDT dosage. Explicit
dosimetry measures each dose factor independently
by modeling input parameters (e.g. the photosensi-
tizer concentration, light fluence, and oxygenation
within the targets) to retrieve the proper PDT dose. In
order to incorporate all of the dose determining fac-
tors into a single metric, including PDT pathways that
may affect the individual treatment outcome, implicit
dosimetry correlating photobleaching and cell viabil-
ity has also been investigated [2-7]. Although these
techniques tackled the underlying photochemistry
and photobiology of the excited photosensitizers in
the tumor site, the measured steady-state fluorescence
intensity still suffered from artifacts arising from the
heterogeneity of tissue optical properties [8], local
environment, unknown chromophores with over-
lapped spectra, and the geometry of excitation and
detection [9]. That is, the measured intensity does not
truly represent what happens inside the tumor and
direct measurements of tissue optics are still required.
Therefore, under- or over-estimation of the drug
concentration may happen due to individual varia-
bility if it is estimated by the amplitude of fluores-
cence signal alone. These problems may be overcome
by the addition of time-resolved features (lifetime,
fitting coefficients, etc.), which are independent of
signal intensity [10]. Fluorescence lifetime, defined as
how long a fluorophore remains in its excited state, is
sensitive to intermolecular interactions and changes
of microenvironment while it is independent of in-
tensity variations and the problems suffered by
steady-state fluorescence techniques. Fluorescence
lifetime imaging microscopy (FLIM) makes it possible
to distinguish these factors and reveal the drug inter-
actions with the cellular environment [11]. Previous
studies have shown that photosensitizers” fluores-
cence lifetimes go through significant changes when
bound to intracellular components. For example, the
fluorescence lifetimes of photosensitizers such as
Photofrin®, 5-ALA, and mTHPC were all shortened in
vitro compared to those in solution [12-17]. These
changes in lifetime provide opportunities to monitor
the binding states of photosensitizers, and the mi-
croenvironment. In particular, it is known that drug
distribution and its cytotoxicity have a strong correla-
tion [18-21] . Despite this correlation, the relationship
between lifetime changes and drug localization has
not been well studied. Thus, characterizing the fluo-
rescence decay time of the photosensitizer localized at

a specific intracellular component may not only dif-
ferentiate between different species of photosensitiz-
ers (e.g. monomeric or aggregated forms) located in a
particular intracellular microenvironment [13], but
also reveal the drug-molecular interacting process of
PDT drug inside cells. In addition, as the conventional
one-photon technique is subject to scattering and out
of focus signals that confound fluorescence emission
from various intracellular sources, two-photon laser
excitation takes advantage of nonlinear optical effects
from near-IR ultrafast lasers to confine the imaging
spot size to femto-liter volumes with less scattering
effect at this spectral window [22,23]. These small
volumes enable more accurate data interpretation and
analysis. Eventually, it is possible that the combina-
tion of steady-state and time-resolved fluorescence
could be correlated to cell viability, which may be a
valuable tool for real-time PDT dosimetry.

The purpose of this study is to investigate how
fluorescence lifetime changes when a photosensitizer
is bound to specific intracellular components at spe-
cific stages of cellular uptake. Photofrin® (porfimer
sodium) was used in this study as it is a photosensi-
tizing agent used widely in PDT to treat solid
tumors [1].

Materials and Methods

We characterized the time-lapse fluorescence
intensity and lifetime distribution of Photofrin®
(Axcan Pharma Inc., Mont-Saint-Hilaire, QC, Canada)
in Mat-LyLu (MLL) rat prostate adenocarcinoma cell
line. Cells were incubated with Photofrin® at 5 pg/mL
for times ranging from 0.5 hour to 18 hours. The con-
focal microscope was used for visualizing the intra-
cellular drug location and two-photon fluorescence
lifetime imaging was performed for tracking fluores-
cence lifetime changes in vitro. The fluorescence life-
time information was correlated with the subcellular
locations of the photosensitizer.

Cell culture

Mat-LyLu is a rat prostate adenocarcinoma cell
line used in previous studies [5,14]. The cells were
incubated in 25 cm? sealed vials [35-3108, Becton
Dickinson Falcon™, NJ, USA] with 3.5 mL of medium
that contains RPMI medium 1640 (11875-093, Gib-
co-BRL, Gaithersburg, MD, USA) with 2% antibi-
otic/antimycotic (15240-095, Gibco-BRL), 1% hepes
buffer (15630-105, Gibco-BRL), and also supplement-
ed with 10% Fetal Bovine Serum (FBS) (10437-010,
Gibco-BRL) at 37 °C in a water jacketed CO» incubator
(Forma Series II, Thermo Fisher Scientific Inc, Wal-
tham, MA, USA). Cells were passaged every 2 to 3
days until they reached about 60% of confluence.
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Experimental preparation

Cells were removed from the original culture
vials using 0.5% of 10X Trypsin-EDTA (15400-054,
Gibco-BRL), and then seeded on a 25 mm glass co-
verslip (pre-washed with 99.9% ethanol (34964, Sigma
Aldrich) to remove any possible coatings that may
affect cell attachment and growth) in culture medium
in a 35 x 10 mm dish. After 6 hours of incubation, the
medium was replaced by one containing Photofrin®
solution. To dilute Photofrin® properly, a stock solu-
tion of 2.5 mg/mL of the photosensitizer dissolved in
PBS (14200-075, Dulbecco’s Phosphate Buffered Saline
10X Gibco-BRL) was diluted in the culture medium to
a final concentration of 5 pg/mL. Cells were incu-
bated in the Photofrin® containing medium for the
specified periods and then the coverslip was rinsed
with PBS twice and placed in a metal chamber for
imaging. 1 mL of Hanks buffer solution with Ca?* was
added into the chamber to prevent cells from drying
and undergoing apoptosis during imaging.

Confocal imaging and two-photon fluores-
cence lifetime imaging

The time-dependent Photofrin® fluorescence
emission was collected by a laser scanning confocal
microscope (TSC SP5 & DMI 6000 B, Leica, Wetzlar,
Germany) with a 63X oil-immersed objective lens. A
built-in Argon-ion laser operating at 514 nm was used
in combination with the emission range from 600 - 750
nm. The FLIM microscope was coupled to a
Ti:Sapphire laser (Chameleon-Ultra, Coherent, Santa
Clara, CA, USA) emitting at 810 nm with 80 MHz
repetition rate. An integrated TCSPC module
(SPC-830, Becker & Hickl GmbH, Berlin, Germany)
was used to record fluorescence decay Kkinetics
throughout 64 time channels. The fluorescence life-
time system has been described in a previous publi-
cation [14]. The average power used for fluorescence
lifetime acquisition was around 45 mW with 1.5 ps
pulse duration at the objective plane, which yields a
peak power density of approximately 1.5 x 1011 W
cm2. The total pixel dwell time for 60 seconds of ac-
quisition was approximately 915 ps, which renders
the total fluence of 4350 J/cm? with the pixel size of
0.96 x 0.96 pm2.

The images were acquired after 1 hour and 18
hours of incubation to characterize initial uptake of
Photofrin® and prolonged incubation, respectively. In
addition, data were acquired every 30 minutes from 2
hours to 6 hours of incubation to examine the uptake
process in vitro in more detail.

Data analysis

Time-lapse FLIM data were fitted with a
bi-exponential model using the vendor supplied
software (SPCImage, v3.0.8.0, Becker and Hickl). The
sample measured decay trace and its fitting curve
from a single pixel were demonstrated in Figure 1.
The retrieved individual lifetime and amplitude pa-
rameters of every pixel were then imported to
Matlab® (Mathworks, Natick, MA) for futher analysis
using a program developed in-house. Three repeated
trials for each incubation period were acquired, with
each trial containing multiple regions of interest.
From each lifetime image, the mean value and
standard deviation of individual parameters such as
the bi-exponential lifetime components (T2, T1), and
corresponding coefficients (A2, A1) of every pixel in
the image were plotted. Using these values, the
weighted mean and standard deviation of three
repetitive measurements were calculated. The regions
of interest, for example, mitochondria or cytoplasm,
were segmented based on intensity. The segmentation
was only performed on images collected at 4 hours
and 4.5 hours of incubation, where the Photofrin®
localization was undergoing a “transition” stage, thus
the FLIM images showed lifetime values from differ-
ent locations. The classification of the intracellular
components was first visually verified based on pre-
liminary confocal images as shown in Figure 2A,
where the cells were stained with MitoTracker® Green
(FM 7514, Invitrogen) to reveal the mitochondrial
distribution. The segmentation was then done based
on thresholding the histogram of pixel intensity
(photon counts/ pixel) in the intensity images. Inten-
sity values ranging from 15 - 60 counts per pixel were
classified as “cytoplasm”, and greater than 60 counts
per pixel were classified as mitochondria. Sample
confocal and segmentation images are shown in Fig-
ure 2C and 2D. As the signal of Photofrin® is ex-
tremely low and comparable with the autofluores-
cence at the beginning of incubation (less than 1 hour),
the cell membrane was selected using the Matlab®
built-in periphery detection function (bwperim) in-
stead of segmentation.

Results

Steady-state confocal images showed the
location and cellular uptake rate of Photofrin®
matched the literature, where Photofrin® first binds to
the plasma membrane, then moves towards
cytoplasm, and finally targets the inner membrane of
the mitochondria [20,24,25]. These confocal results
were also consistent with the FLIM images when cells
were stained with 20 pg/mL of Photofrin® as shown
in Figure 3.
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Figure |. (A) Sample measured decay trace (blue dotted line) and the fitting curve (red line) from a pixel in data at 2.5 hours of incubaton.
Data were exported from the SPClmage software and plotted in Matlab. Each data point represents the total photon counts collected in
that time channel. (B) Sample measured data and fitting curve from a pixel in data at 4.5 hours of incubaton. It is noted that the peak
intensity increases with the cellular uptake.
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Figure 2. (A) A sample confocal image showing the distribution of mitochondria. MLL cells were stained with 100 nM of MitoTracker®
Green, as indicated by the green color. (B) Histogram (photon count per pixel) used for segmentation of FLIM images. Based on the
morphological features shown in confocal images, the main peak corresponds to the lower pixel intensities from the cell nuclei, and the
minor peak corresponds to the intensities from the cytoplasmic region, as indicated by the arrows and the range covered by the dashed
lines. (C) Original intensity image of a single cell. The cell was stained with Photofrin® for 4.5 hours, when Photofrin® presented at both
mitochondrial and cytoplasm regions. Note the image was from a small area of a field of view, therefore the image seems pixelated. The
thresholds used to segment the cytoplasmic region were marked by the black arrows on the color bar (D) The segmentation was
performed based on the morphological features and histogram, where signals with intensity > 60 counts/pixel (mitochondria) and < |5
counts/ pixel (cell nucleus and background) were eliminated.
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Figure. 3. Sample time-lapse average lifetime images of Photofrin® (20 pg/mL) uptake by MLL cells between |-18 hours. The color legend
illustrates the corresponding lifetime values ranging from | ns (red) to 10 ns (blue). The pixels corresponding to the photosensitizer in the
lifetime images are co-localized with the signal of the steady-state fluorescence images (data not shown). (A) The image shows Photofrin®
uptake by the cell membrane at | hour of incubation; (B) 2 to 4 hours of incubation. This image was acquired at 2.5 hours of incubation
when Photofrin® started to migrate into the cytoplasm; (C) Photofrin® has localized at the peri-nuclear region after 6 hours of incubation;
and (D) After 18 hours of incubation, granular spots have appeared in the cells and the redistribution of the drug after prolonged in-

cubation was observed.

The FLIM datasets acquired at different incuba-
tion times were then classified into four categories
based on the intracellular distribution: namely mem-
brane, cytoplasm, mitochondria, and redistribution
groups. Various sources of fluorescence may contrib-
ute to the total exponential decay signal, such as
photoproducts, different molecular constituents of
Photofrin®, and autofluorescence. Rather than use the
average fluorescence lifetime to monitor the Photo-
frin® uptake process, the fluorescence lifetimes and
amplitudes were plotted separately. Figure 4 shows
the slow lifetime component of Photofrin® when it is
localized at different intracellular components over
various incubation periods. The values of the longer
lifetime component (12) are consistent with previous
spectral-resolved  FLIM  studies, where the
fluorescence signals of photoproducts and aggregated
Photofrin® (emission range at 651 nm - 687 nm)
increased after irradiation and exhibited long lifetime
components of approximately 8 ns [13,16]. In Figure 4,
T2 did not change significantly from 2 hours to 18
hours of incubation. The individual standard
deviation of 12, however, was reduced from around 1
ns to 0.4 ns after 4.5 hours of incubation, when
Photofrin® was localized in the mitochondrial regions.
The overlap of cytoplasmic and mitochondria groups
at 4 hours and 4.5 hours of incubation was analyzed
based on the segmentation technique. At the
transition stage, the values of fluorescence lifetime
and standard deviation between two groups were
similar. It should be noted that Photofrin® exhibited
the slow decay time (12) of 4.3 + 0.5 ns when it was
bound to the cell membrane. The significant lifetime
change compared to all other incubation periods (p <
0.01 except for redistribution group where p < 0.05)

suggested that the differences between the cell
membrane microenvironment and other regions may
result in more quenching of the fluorescence.

The time-lapse 11 (short lifetime component) of
Photofrin® was plotted in Figure 5. It should be noted
that all values of 11 are less than 1.0 ns and mostly at
0.5 £ 0.1 ns when Photofrin® localized at the mito-
chondrial region. Although 1 was found to be sig-
nificantly shorter when comparing data at 1 hour and
3 hours of incubation (p < 0.01), it was also observed
that the lifetime values in the cytoplasm group fluc-
tuated more than other groups. The relatively small
variations of short lifetime components over incuba-
tion time suggested that 11 may not be a good option
for monitoring cellular uptake of Photofrin®.

Figure 6 and Figure 7 show the normalized coef-
ficients, A; and A, of the short and long lifetime
components. As seen in Figure 6, the significant
increase of A from 19% to 35% (p < 0.01) was
observed when cells are taking up more Photofrin®
over time, supporting the assertion that more
aggregates and photoproducts of Photofrin® are
formed after irradiation. At 18 hours, however, the
images showed depolarization and swelling of
mitochondria, therefore the Photofrin® might be
released and redistributed throughout the cells again.
At early incubation times when intracellular
concentrations of Photofrin® were low, the
autofluorescence, mainly short component of
porphyrin species that exhibit 1.7 ns of average fluo-
rescence lifetime in the non-stained control group
(with 70 % of 11 centered at 0.8 ns, and 30 % of T2cen-
tered at 3.5 ns, data not shown), contributed more to
the short lifetime component than Photofrin® itself.
Therefore, as the 11 is very close to the system
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response (0.2 ns), it may contain contributions from
short autofluorescence signals and estimation uncer-
tainties, especially in the case of low signal from
Photofrin®. This can be seen in Figure 7, where the
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short lifetime component contributed the most at the
beginning of the incubation, and as the intracellular
Photofrin® concentration increased, the relative
amplitude A; decreased from 81% to 65%.
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Figure 4. Distribution of T2 (slow component) as a function of different incubation times. The four different locations (cell membrane,
cytoplasm, mitochondria, and redistribution) were determined based on the preliminary results from confocal images. Image
segmentation was performed at 4 hours and 4.5 hours of incubation when Photofrin® localized at the mitochondria and cytoplasm.
Significant short T2 was observed (4.3 £ 0.5 ns) in the cell membrane group (p < 0.05), while Photofrin® exhibited the mean lifetime of 7.1
+ 0.3 ns for the remaining intracellular locations. It was observed that the standard deviation was reduced when Photofrin® localized at the

mitochondria.
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Figure 5. Distribution of Ti as a function of different incubation times. All values of Ti are less than 1.0 ns and at 0.5 £ 0.1 ns when

Photofrin® localized at the mitochondrial region.
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Figure 6. Distribution of Az as a function of different incubation time. A2 was increased from 19% to 35% as cells took up more Photofrin®
as the incubation time increased, suggesting contribution of T2 (mostly from photoproducts of Photofrin® under strong irradiation)
increased. However, at the time of |18 hours, the images showed depolarization and swelling of mitochondria, therefore the Photofrin®

may have been released and redistributed throughout the cells.
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Figure 7. Distribution of A as a function of different incubation time. At | hour of incubation, because only trace of Photofrin® was taken
up by the cells, short lifetime components such as autofluorescence and system response may contribute more signal than Photofrin®
itself. As the intracellular Photofrin® concentration increased, the short component decreased from 81% to 65%. It should be noted that

the Al increased after prolonged incubation.

Discussion and Conclusion

The hypothesis of this study is that FLIM is a
potential complementary tool for dosimetry, that not
only demonstrates the location and intensity of the
drug, but also reveals the drug-cell interaction status.
The changes in lifetime at different intracellular loca-
tions may then be correlated with cell viability in the
future PDT studies. Using a two-photon FLIM system,
fluorescence lifetimes of Photofrin® in MLL cells de-

cay bi-exponentially, with a slow component (1) that
was found to be significantly shorter when localized
at the cell membrane, and then increase when reach-
ing their intracellular targets, all with a large amount
(70%) of fast component (1) ranging from 0.3 - 1.0 ns.

The measured 12 of Photofrin® agrees well with
the reported values (8.0 + 0.6 ns) of its photoproduct
and aggregates at various subcellular locations [13].
Based on the spectrally-resolved studies done by
Rueck et al., Photofrin® monomer in human HepG2
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cells exhibited a slow decay time of 13.3 £ 0.3 ns;
however, this was not observed in the present study.
The measured values of 11 are also consistent with
previous studies, which correspond to extremely
short-lived components of Photofrin® aggregates that
exhibited 0.1 to 1.2 ns fluorescence lifetimes under
strong irradiation [16,26], and autofluroescence of
porphyrins [14,27].

In general, there are some factors that have an
impact on the measured 1. and u. For example, the
drug concentration could yield different dark toxicity
and phototoxicity. It has been reported that dark tox-
icity would exist when the Photofrin® concentration
was more than 2ug/mL [28]. Moreover, the relatively
high laser fluence (6500 J/cm? and 4350 J/cm? for
membrane and other groups, respectively) used to
increase acquired photon counts may increase pho-
todestruction of the monomers and photoproduct
formation, which explains why monomer fluores-
cence lifetime was not observed in this study. The
influence of phototoxicity was also discussed in an-
other in vitro study of localized Photofrin® where
reduced cell viability was demonstrated using the
two-photon fluence from 1600 J/cm? to 6300 J/cm?
[29]. Therefore, in the present study, potential dark
toxicity and the phototoxicity could lead to earlier
onset of apoptosis, which was reported to be corre-
lated with higher amounts of autofluorescence signal
at the peri-nuclear regions [30,31]. As a result, the
increased autofluorescence (the short lived porphyrin
species [27]), and the photoproducts all potentially
result in shortened lifetimes and large A; values [16]
compared to the previous report [13]. In addition, due
to the limitation of photon counts, only bi-exponential
analysis was performed; therefore, the measured in-
dividual parameters are the average of a range of
lifetimes distributed in the cell [13,14,16,26]. The lo-
calized lifetime values are discussed in the following
sections.

When Photofrin® was bound to the plasma
membrane, the increase of the short lifetime
component (which can also be seen in Figure 7) might
be due to: (i) the binding of Photofrin® to specific
receptors on the cell membrane, and more likely, (ii)
photobleaching of the monomers, formation of
photoproduct, and consequently the increase of the
short components due to increased light exposure
(over 90 s imaging, which correspond to 6500 J/cm?).
The shortening of the fluorescence lifetimes at this
stage of uptake could be particularly interesting
because the plasma membrane-based regime might
also play an important role in cell killing during PDT.
This was also revealed in a previous study, where
immediate ROS generation and fast activation of

cascade apoptosis signalling were observed when
Photofrin® targeted the cell membrane of the A431 cell
line. However, the cell morphology seemed to be
more necrotic than apoptotic [21,32]. The effect on cell
viability of membrane-localized Photofrin® should be
investigated further in future studies.

The individual standard deviation of the fluo-
rescence lifetime measured in the cytoplasmic group
was large compared to other groups. The variability
exists for a variety of reasons. First, Photofrin® was
still under the uptake process so the distribution and
concentration of drug would be variable and low. In
other words, the measured lifetimes of Photofrin® will
be more affected by other contributions such as auto-
fluorescence, which may lead to large variations of >
and 1. The contribution of Photofrin® was also re-
flected in the A; and A; plots, where A; decreased
over time whereas A; increased as more Photofrin®
was taken by the cells. Second, cytoplasm is a rela-
tively more hydrophilic environment than the cell
membrane and mitochondria. Photofrin® in this en-
vironment tends to form various kinds of aggregates,
which is reflected by the large standard deviation
observed in the cytoplasm group in both Figure 4 and
Figure 5. When looking at the lifetime values after
segmentation, as observed from the datasets at 4 and
4.5 hours of incubation, there was not much difference
between cytoplasmic and mitochondrial groups. This
may have been a result of Photofrin® not being bound
stably to mitochondrial inner membrane at 4 hours of
incubation, which increased the standard deviation of
the fluorescence lifetime of the mitochondrial group.
In contrast, there was very little Photofrin® in the
cytoplasm at 4.5 hours of incubation, which reduced
the variations of the cytoplasm group. Although
mitochondria location was confirmed by the
MitoTracker Green, visual determination may also
pose a source of error. In addition, the non-linear
curve fitting process with lower signal-to-noise ratio
(SNR) could also pose intrinsic inaccuracy in lifetime
estimation. To tackle this issue, the SNR values were
calculated by taking the ratio of the peak intensity of
the decay curve to the root mean square of the noise
before the rising edge of the decay curve. Average
values from multiple cells of the four groups were
compared in Table 1. It is noted that the values in-
crease with the cellular uptake process when Photo-
frin® moved towards mitochondria (from 24.5 to 32.2),
then drop back to 24.9 after prolonged incubation and
redistribution of the drug. Therefore, in terms of the
possible contributions to differences of standard de-
viation between cytoplasmic and other groups, we
would still consider the variability of microenviron-
ment more than the discrepancy in SNR.
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Table I. The SNR values from different intracellular
groups.

Intracellular Groups SNR
Cell Membrane 245
Cytoplasm 26.9
Mitochondria 32.2
Redistribution 249

Measurements taken at the redistribution time
point (18 hours of incubation) were inconclusive due
to effects of Photofrin® dark toxicity. Photofrin® was
redistributed throughout the cells at this stage, as seen
in the confocal and lifetime images, where the cyto-
plasmic granularity suggests that cell damage had
also occurred [33]. Therefore, as observed in all fig-
ures, the standard deviation of individual lifetimes
increased slightly. Although the dying cells may have
exhibited higher autofluorescence signal, the indi-
vidual lifetimes were not shortened significantly,
likely due to an elevated intracellular Photofrin®
concentration after prolonged incubation [29,34].
However, the reciprocal changes of A; (autofluores-
cence) and A (Photofrin) after the drug arrived its
intracellular target (mitochondria) can still be seen in
Figure 6 and Figure 7, where the increased contribu-
tion of A, and decrease of A; were observed after 5
hours of incubation.

In conclusion, we investigated the time-lapse
fluorescence lifetime changes of Photofrin® and stud-
ied the location-wise differences based on segmenta-
tion of the regions of interest. This study provided a
different approach of assessing photobiology and
photochemistry of the photosensitizer in vitro, and
also rendered a potential application of using the
plasma membrane-based FLIM as an indicator of cell
apoptotic or necrotic responses. Current results
showed the measured fluorescence lifetimes were
significantly shorter when Photofrin® localized to the
plasma membrane, while no significant difference
was observed between the cytoplasm and mitochon-
dria. Other photosensitizers may exhibit similar fluo-
rescence lifetime characteristics in vitro, but it is nec-
essary to be further verified. Future work may in-
clude: verifying the current study using Photofrin® in
highly controlled, simulated plasma membrane en-
vironment; studying the effects of plasma mem-
brane-mediated PDT in three dimensional cell cul-
tures; investigation of cell line and photosensitizer
variability; and combining the current work with an
endomicroscopy technique, bringing FLIM-based
PDT dosimetry towards tissue level.

Abbreviations

PDT: photodynamic therapy; FLIM: fluorescence
lifetime imaging microscopy; TCSPC: time correlated
single photon counting; MLL: Mat-LyLu; ROS:
reactive oxygen species; SNR: signal-to-noise ratio.
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