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Characterization of Fluorescence Lifetime
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Abstract—Photodynamic therapy (PDT) is an effective treat-
ment option for various types of invasive tumors. The efficacy
of PDT treatment depends strongly on selective cell uptake and
selective excitation of the tumor. The characterization of fluores-
cence lifetimes of photosensitizers localized inside living cells may
provide the basis for further investigation of in vivo PDT dosage
measurements using time-domain spectroscopy and imaging. In
this communication, we investigated the fluorescence lifetime of
localized Photofrin and delta-aminolevulinic acid (ALA) induced
protoporphyrin IX (PpIX) in living MAT-LyLu (MLL) rat prostate
adenocarcinoma cells. The MLL cells were incubated with the pho-
tosensitizers, and then treated with light under well-oxygenated
conditions using a two-photon fluorescence lifetime imaging mi-
croscope (FLIM). Fluorescence lifetime images of these cells were
recorded with average lifetimes of 5.5 + 1.2 ns for Photofrin and
6.3 £ 1.2 ns for ALA-induced PpIX. When localized in cells, the
lifetimes of both photosensitizers were found to be significantly
shorter than those measured in organic solutions. The result for
PpIX is consistent with literature values, while the lifetime of
Photofrin is shorter than what has been reported. These results
suggest that time-domain methods measuring photosensitizer life-
time changes may be good candidates for in vivo PDT dosage
monitoring.

Index Terms—Delta-aminolevulinic acid (ALA), Photodynamic
therapy (PDT), Photofrin, fluorescence, fluorescence lifetime imag-
ing, fluorescence lifetime imaging microscope (FLIM), microscopy,
protoporphyrin IX (PpIX), time resolved.
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I. INTRODUCTION

RESENTLY, common methods of cancer treatment include
P chemotherapy, radiation therapy, and surgery. Chemother-
apy, as a systemic treatment, affects fast-dividing cells in the
body whether they are cancerous or healthy, and is well known
to cause negative side effects in many patients [1]. Radiation
therapy, though more localized, can cause severe adverse side
effects as it weakly discriminates between cancerous and healthy
tissue. Surgical removal of the tumor is an invasive treatment
option, incorporating the usual risks associated with surgery.
Depending on the location and nature of the tumor, surgical
removal may not even be possible, and it is often followed by
radiation or chemotherapy [1]. Photodynamic therapy (PDT), as
a new cancer treatment option, allows a higher degree of speci-
ficity in targeting malignant and premalignant cells than either
chemotherapy or radiation, and is less invasive than surgery. It
is known that after a photosensitizing drug has been adminis-
tered to a patient, it accumulates preferentially in fast-dividing
cells such as tumor cells [2], [3]. Laser light corresponding
to an absorptive region of the photosensitizer is then applied
selectively to the tumor, resulting in the excitation of the pho-
tosensitizer, which subsequently excites oxygen to its singlet
state. Cell death occurs as a result of the damage caused by the
singlet oxygen within the cell. The sparing of normal tissue is
enhanced by selectively applying the treatment light only to the
tumor [3].

Photofrin and delta-aminolevulinic acid (ALA) induced pro-
toporphyrin IX (PpIX) are two photosensitizers that have been
approved for clinical use. Photofrin is currently approved for se-
lected oncology applications, such as partially or completely ob-
structing esophageal cancer, partially or completely obstructing
endobronchial cancer, and nonsmall cell lung cancer [4]. ALA-
induced PpIX is, at present, in clinical trials for many applica-
tions besides the treatment of the precancerous skin condition
actinic keratoses, for which it has already been approved [5].
Photodynamic therapy is most effective when proper dosing
is achieved. Drug accumulation, light absorption, and levels of
oxygenation, however, differ from patient to patient and between
different sites in the same patient [2], which often lead to over-
or underdosing. Overdose may cause damage to the surrounding
normal tissue while underdose may result in residual dysplasia
or malignant tissue. Current dosing guidelines are not patient
specific and are defined by empirical values. For example, the
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current FDA-approved dosage for Photofrin follows a clinically
determined mean dose based on patient body weight of 2 mg/kg,
and 200-300 J/cm of excitation light at 630 nm, depending on
the application [6]. In order to help regulate dosing, methods for
real time monitoring of the photosensitizer concentration in the
target tissue [2] and its interactions with elements of the cellular
environment are of great practical importance.

While steady-state spectral imaging provides information re-
garding drug localization [7], it is not a quantitative measure
of local drug concentration due to the interference of chro-
mophores and cellular autofluorescence. These problems may
be circumvented by the addition of fluorescence lifetime in-
formation, which is independent of signal intensity modulation
from the aforementioned sources given sufficient signal-to-noise
ratio. In addition, changes in the fluorescence lifetime of a pho-
tosensitizer can yield much information about the drug’s in-
teractions with the cellular environment, such as oxygen and
tissue microenvironment [8], [9]. Time-resolved fluorescence
has been applied to macroscopic applications in chemical imag-
ing [10], investigation of atherosclerosis [11], and diagnostics of
tumors [12]-[14]. These studies suggest that the use of lifetime
information not only improves the specificity of fluorescence-
based techniques, but also allows a more robust evaluation of
in vivo data.

Since molecular binding is one of the factors that influences
fluorescence lifetime, it is necessary to characterize the life-
time of the photosensitizers when localized in cells. This can
be achieved using fluorescence lifetime imaging microscopy
(FLIM), which provides spatially resolved lifetime informa-
tion. Over the past decade, several FLIM techniques have been
developed including frequency-domain modulation [10], time-
domain scanning using a gated intensifier [15]-[20], 1-D spa-
tial scanning with a streak camera [21], and 3-D raster scan-
ning in space through time-correlated single-photon counting
(TCSPC) [22]. So far, FLIM applications are primarily lim-
ited to in vitro cellular studies with only a few exceptions
[13], [23].

The objective of this study is to quantitatively characterize the
fluorescence lifetimes of Photofrin and ALA-induced PpIX lo-
calized in living cells using a TCSPC-based FLIM system. The
fluorescence lifetimes of both photosensitizers in solutions at
physiologically relevant concentrations are also measured under
single- and two-photon excitations as references. The data will
serve as a baseline for future studies using time-domain spec-
troscopy and imaging technologies for real-time PDT dosimetry.

II. MATERIALS AND METHODS

A. Lifetime Measurement of Bulk Solutions

We investigated the fluorescence lifetimes of Photofrin
(Axcan Pharma, Inc., Mont-Saint-Hilaire, QC, Canada) and
PpIX (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) dis-
solved in organic solvent solutions at known concentrations.
Photofrin was dissolved in methanol and PpIX was dissolved
in dimethyl sulfoxide (DMSO) at concentrations ranging from
0.1 to 10 uM. Solutions were mixed in 3 mL low-fluorescence
polystyrene cuvettes (CVD-VIS1 S, Ocean Optics, Dunedin,

FL), which were then placed in a cuvette holder. Details of this
setup have been reported elsewhere [9], while a different pulsed
laser was used in this study. One face of the cuvette holder
held a lens-coupled fiber to admit excitation light at 405 nm
from a picosecond laser (60 ps FWHM, PLP-01, PicoQuant,
Berlin, Germany) operated at 20 MHz. Emitted fluorescence
was collected by a lens-coupled fiber on another face of the
cuvette, which was oriented at 90° to the excitation light. The
light signal passed through a 580 nm longpass filter (Oriel,
Stratford, CT) to help avoid collection of side-scattered ex-
citation light before being collected by a photomultiplier tube
(PMT) (H5783P-01, Hamamatsu, Hamamatsu City, Japan). The
output electrical signal was then amplified by a 26 dB ampli-
fier (HFAC, Becker & Hickle GmbH, Berlin, Germany) and
passed through a passive delay generator (TC412 A, Tenn-
elec, Lenoir City, TN). Data acquisition was achieved via a
TCSPC system (SPC-630, Becker & Hickle GmbH). The SPC-
630 setup consisted of a constant fraction discriminator (CFD)
followed by a time-to-amplitude converter (TAC). The multi-
channel analyzer displayed a histogram of fluorescent photon
detection times based on the amplitude of the voltages output
by the TAC. Decay constants were found by analysis using the
Marquardt-Levenberg algorithm [9]. An instrument response
function (IRF) was measured by aligning the source and detec-
tion fibers (oriented at 180° through the cuvette holder). A time
resolution of 200 ps was determined by measuring the FWHM of
the IRF.

Further measurements of Photofrin (100 ;1g/mL, in PBS) were
performed using a streak camera system (Streak Scope C4334,
Hamamatsu, Hamamatsu City, Japan) to examine whether the
method of excitation may affect the measured fluorescence life-
time. The schematic of the setup is shown in Fig. 1. Measure-
ments were made under both single-photon excitation around
400 nm, as well as two-photon excitation at 800 nm. Excitation
at 800 nm was achieved using a Ti:sapphire laser (Tsunami,
Spectral Physics, Mountain View, CA), pulsed at 80 MHz and
with an output power of 500 mW. Excitation at 400 nm was ob-
tained by frequency doubling using a BBO (5-BaB20,) crys-
tal and a bandpass filter (BG39, Schott, Mainz, Germany) to
block the 800 nm light. The output power at 400 nm was
0.015 mW.

The beam from the Ti:sapphire laser was focused onto the
cuvette using a 10x lens mounted on an xyz stage. A light-tight
sample box enclosed the cuvette and lens, with an external beam
dump to dispose of the unused portion of the beam. When using
two-photon excitation at 800 nm, a bandpass filter (KG5, Schott)
was placed in the beam path in the collection tube to block the
scattered 800 nm light.

Excitation at 405 nm was accomplished with the diode laser
pulsing at 1 MHz. There is minimal difference between 400 and
405 nm in the absorption of both drugs and no difference was
observed in the results.

B. Cell Culture

We investigated drug localization and fluorescence lifetimes
of Photofrin and ALA-induced PpIX in MAT-LyLu (MLL) rat
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Fig.1. Streak cameraexperiment schematic. Excitation was provided by either
a mode-locked Ti:sapphire laser pulsing at 80 MHz or a 405 nm diode laser
pulsing at 1 MHz. The laser beam was focused at the center of the cuvette
placed at the center of a light-tight sample box. The fluorescence emission was
collected at 90° to the excitation beam path and focused onto the entrance slit
of a spectrograph. The streak camera was placed at the exit focal plane of the
spectrograph. A computer workstation was used to control the spectrograph and
the streak camera data acquisition.

prostate adenocarcinoma cells in vitro, a cell line used in previ-
ous studies [24], [25]. These cells were grown in 50 mL vials
with 3.5 mL of media and incubated at 38 °C in a water jack-
eted COs incubator (Forma Series II, Thermo Fisher Scientific,
Inc., Waltham, MA). Media consisted of Roswell Park Memo-
rial Institute (RPMI) medium 1640 (Gibco-BRL, Gaithersburg,
MD) supplemented with 10% fetal bovine serum (FBS) (Gibco-
BRL), 2% antibiotic/antimycotic (Gibco-BRL) to help protect
against contamination, and 1% HEPES buffer to help maintain
the pH [24]. For imaging, cells were plated on 25 mm glass cov-
erslips in 35 x 10 mm petri dishes and incubated for a minimum
of 6 h to allow attachment before the medium was replaced with
medium containing the photosensitizer.

For incubation with Photofrin, a stock solution of 2.5 mg/mL
of the photosensitizer dissolved in PBS was prepared and diluted
into RPMI medium supplemented with 10% FBS, 2% antibi-
otic/antimycotic, and 1% HEPES buffer, to a concentration of
10 pg/mL [25]. Cells were incubated in this medium for 18 h
before imaging [25].

For incubating with ALA-induced PpIX, the medium was
prepared by diluting a stock solution of 96 mM of ALA
in DMSO into RPMI medium supplemented with 2% antibi-
otic/antimycotic and 1% HEPES buffer, to a concentration of
10 mM [24]. Growth medium was removed from the dishes and
the cells were rinsed with PBS before the prepared medium was
added. Note that the prepared medium did not include FBS, as it
interferes with PpIX fluorescence. Cells were incubated in this
medium for 4 h before imaging [24].

After incubating for the appropriate time for each photosensi-
tizer, coverslips were rinsed with PBS, placed in a metal bracket

Ti:Sapphire Laser
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Fig. 2. Schematic for the fluorescence lifetime imaging system (top). The cell
sample was excited by a Ti:sapphire laser emitting at 810 nm. Imaging was
achieved using a confocal microscope. The emission filter in this system is a
prism-based spectrometer that allows for continuous tuning from the near UV to
the near IR, with four separate channels and four separate detectors (only three
shown here), for simultaneously confocal imaging at four spectral channels. For
fluorescence lifetime imaging, only one channel may be active. The light emitted
by the sample is dispersed by the prism. The spectrum is sectioned as desired
by software-controlled adjustment of the moveable mirrors, and those sections
of the spectrum are received by separate detectors. Adapted from Borlinghaus
and Kuschel [26]. Fluorescence lifetime image of the rhizome of Convallaria
majalis taken using this system for spectral and temporal calibration (bottom).

for imaging and bathed in 1 mL PBS to prevent the cells from
drying out during imaging.

C. Fluorescence Lifetime Imaging

Fluorescence lifetime imaging was performed using an in-
verted multiphoton fluorescence microscope (TSC SP5 &
DMI 6000 B, Leica, Wetzlar, Germany), which had an inte-
grated TCSPC-based FLIM module (SPC-830, Becker & Hickle
GmbH, Berlin, Germany). FLIM data were analyzed using the
built-in software (SPCImage v2.8.3.2921, Becker & Hickle).
The schematic of the system is shown in Fig. 2. A Ti:sapphire
laser (Chameleon-Ultra, Coherent, Santa Clara, CA, USA) pro-
vided two-photon excitation at 810 nm, pulsing at 80 MHz. The
emission spectra selection in this system was done through a
prism-based spectrometer that allowed continuous tuning from
the near UV to the near IR. Emitted fluorescence was moni-
tored over 600-750 nm for collection times of 100, 150 and
300 s for Photofrin-incubated cells, PpIX-incubated cells,
and unstained cells, respectively. Confocal and differential
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interference contrast (DIC) images were also acquired for each
imaged cell group.

III. RESULTS

A. Photosensitizers Dissolved in Organic Solvents

Eleven concentrations of Photofrin (in methanol) and PpIX
(in DMSO) ranging from 0.06 to 6 pug/ml and 0.1 to
10 uM, respectively, were measured using the TCSPC system,
as described in Section II-A. The data were analyzed using
SigmaPlot (Systat Software, Inc., San Jose, CA), which em-
ployed a Marquardt-Levenberg-based algorithm that allowed
fitting of decays with up to three exponentials and seven param-
eters. Deconvolution was not necessary as the time resolution
of the system (200 ps) was sufficiently small compared to the
lifetimes measured.

Photofrin exhibited biexponential decay with an average
lifetime of 10.0 & 0.6 ns. The data were fitted with a bi-
exponential decay calculated using four parameters: ampli-
tude and decay constant for each of the two exponentials. A
slow component of 11.6 + 0.5 ns was retrieved, as well as a
fast lifetime component of 4.8 + 0.9 ns. The slow component
likely corresponds to the monomer decay time, which Cubeddu
et al. measured as 14.7 ns in buffer [28]. The fast component
is then likely due to longer polymers, aggregates, or photo-
products. Frequency-domain measurements were also taken us-
ing a frequency-domain lifetime spectrometer system (Chronos
ISS, Champaign, IL), which also indicated a biexponential de-
cay. Long and short lifetimes of 10.5 + 0.1 ns and 3.2 + 0.2 ns
were observed, and no concentration dependence was observed
over this range. It should be noted that at high concentrations,
quenching may occur effectively reducing the lifetime. Con-
versely, other phenomena can occur at high concentrations, such
as dimerization, reabsorption, and reemission, which serve to
increase the observed lifetime.

PpIX was found to exhibit monoexponential decay with an
average lifetime of 16.4 4= 0.2 ns. Errors indicate one standard
deviation from the fitted mean. This compared well with a fre-
quency domain measurement taken using the Chronos system,
which measured a fluorescence lifetime of 16.2 £ 0.1 ns. It is
also in agreement with the findings of Brancaleon et al., who
observed a lifetime of 16.8 & 0.6 ns in DMSO [27]. Again,
no significant concentration dependence was observed over the
range investigated.

Additionally, we have performed measurements of Photofrin
in methanol solution using the FLIM system and found a biex-
ponential decay, where the fast component of 3.5 & 0.5 ns and
the slow component of 11.9 £ 1.1 ns agree with those found
using TCSPC (4.8 0.9 ns and 11.6 &£ 0.5 ns) and the Chronos
system (3.2 £ 0.2 ns and 10.5 £ 0.1 ns).

Since two-photon excitation was being used to excite the pho-
tosensitizers when conducting FLIM measurements in cells, it
was important to determine whether the fluorescence lifetime
would be altered because of two-photon excitation. Therefore,
measurements of the fluorescence lifetime of Photofrin in PBS
were made using the streak camera system, with single-photon
excitation being provided at 400 and 405 nm, as well as two-
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Fig. 3. Emission spectrum for Photofrin measured using the streak camera
(top). The broad fluorescence emission peak is centered at 632 nm. Typical flu-
orescence lifetime decay for Photofrin in PBS at 405 nm excitation, as measured
with the streak camera (bottom). An average lifetime of 13.2 + 2 ns was found.

photon excitation at 800 nm. A summary of the measured life-
times is shown in Fig. 3. The results exhibited monoexponen-
tial decay, fitted using the trust-region algorithm. The average
lifetime was measured to be 13.2 + 2.0 ns, independent of the
nature of the excitation.

B. Fluorescence Lifetime Imaging in MLL Cells

Fluorescence lifetime images of unstained cells, cells incu-
bated with ALA, and cells incubated with Photofrin were im-
aged using the multiphoton microscope over the spectral range
of 600—750 nm. DIC and steady-state fluorescence images were
also taken. The steady-state fluorescence images were acquired
at two spectral channels: a green channel from 480 to 570 nm
and a red channel from 600 to 750 nm. In unstained cells (see
Fig. 4), autofluorescence observed by the green channel is at-
tributed to flavins such as riboflavin, flavin mononucleotide
(FMN), and flavin adenine dinucleotide (FAD), which fluoresce
around 525 nm. FMN exhibits a fluorescence lifetime of 4.7
ns, while FAD has a lifetime of 2.3 ns [10]. We have measured
a fluorescence peak at 2.6 == 0.7 ns (errors determined from
FWHM of the peak in the histogram seen in Fig. 4(c)). The signal
collected by the red channel appears to be autofluorescence of
the mitochondria, as it was localized in the neighborhood of the
nucleus. The fluorescence lifetime distribution histogram for
the unstained cells indicated that most cellular autofluorescence
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Fig. 4. Unstained cells. (a) Merged steady-state fluorescence-DIC image. Green signal indicates autofluorescence of flavins, and the red signal indicates
autofluorescence of the mitochondria. (b) Fluorescence lifetime image. (c) Fluorescence lifetime distribution histogram over the whole image.
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Fig. 5.
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Fluorescence Lifetime (ns)

c)

MLL cells incubated with ALA at 10 4M for 4 h. (a) Merged steady-state fluorescence-DIC image. Green signal indicates flavinoid autofluorescence,

and the red signal indicates location of the photosensitizer. Localization of the red bignal near the nucleus suggests PpIX accumulation in the mitochondria. (b)
Fluorescence lifetime image. (c) Fluorescence lifetime distribution histogram. PpIX exhibited an average lifetime peak of 6.3 + 1.2 ns.

occurred below 4 ns, as shown in Fig. 4(c). A large peak was
observed at 1.0 £ 0.1 ns, which is believed to be autofluores-
cence attributed mostly to nicotinamide adenine dinucleotide
(NADH), which has an emission peak around 460 nm and is
known to exhibit a lifetime near 0.3 ns in aqueous buffer, and
1.2 ns when bound to protein [10].

Cells incubated with ALA to induce PpIX were similarly
imaged, and were found to exhibit an average lifetime of 6.3 £
1.2 ns, as seen in Fig. 5. This corresponds to light blue in the
false color scheme, as seen on the lifetime histogram. The light
blue pixels in the fluorescence lifetime image appear to be colo-
calized with the red signal in the steady-state DIC image. As
with the unstained cells, the red signal in the steady-state-DIC
image appears to be located in the neighborhood of the nucleus,
indicating that PpIX may be accumulating in the mitochondrial
membranes.

Cells incubated with Photofrin were also imaged, and exhib-
ited an average lifetime of 5.5 4+ 1.2 ns, as shown in Fig. 6. The
pixels corresponding to the photosensitizer in the fluorescence
lifetime image again appear colocalized with the red signal
of the steady-state fluorescence-DIC image, and again the red
signal appeared to be originating in the mitochondria. This
would indicate that Photofrin also accumulates in mitochondrial
membranes.

The average fluorescence lifetimes exhibited by ALA-
induced Photofrin and PpIX in MLL cells were both signifi-

cantly longer than the lifetimes resulting from cellular autoflu-
orescence. This is illustrated in Fig. 7, where the three lifetime
histograms appear together, scaled for the NADH autofluores-
cence that occurs near 1 ns. There is virtually no autofluores-
cence observed with a lifetime above ~4 ns, while the lifetime
peaks of the two photosensitizers occur well above 5 ns. It can
also be noted that the intensity of the autofluorescence is low
compared to the photosensitizers, even at the peak at 2.6 ns. This
suggests that the use of time-gated fluorescence for monitoring
photodynamic therapy drugs in vivo has potential, as interfer-
ence from tissue autofluorescence will be quite minimal. Addi-
tionally, separating the autofluorescence signal and that from the
photosensitizer in vivo (even though the intrinsic fluorescence
is a fraction of the photosensitizer) may improve attempts to
quantify the photosensitizer concentration, as a component of a
comprehensive model of photodynamic dose.

IV. DISCUSSION AND CONCLUSION

We have performed in vitro measurements of fluorescence
lifetimes of Photofrin and ALA-induced PpIX in living MLL
cells using a two-photon FLIM system. The lifetimes of both
photosensitizers localized in cells were found to be signifi-
cantly shorter comparing to the lifetime measured in bulk pho-
tosensitizer solutions. The shorter lifetime (6.3 ns) of localized
ALA-induced PpIX agrees well with literature values [30]. The
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Fig. 6.
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MLL cells incubated with Photofrinl. (a) Merged steady-state fluorescence-DIC image. Green signal indicates flavinoid autofluorescence, and the red

signal indicates location of the photosensitizer. Localization of the red signal near the nucleus suggests Photofrin accumulation in the mitochondria. (b) Fluorescence
lifetime image. (c) Fluorescence lifetime distribution histogram. Photofrin exhibited an average lifetime peak of 5.5+ 1.2 ns.
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Fig. 7. Fluorescence lifetime distribution histograms for unstained cells
(solid), cells incubated with ALA to induce PpIX (dotted) and cells incu-
bated with Photofrin (dot-dashed). Lifetimes of photosensitizers are signifi-
cantly longer than autofluorescence lifetimes, and above 4 ns autofluorescence
is negligible compared to the fluorescence of the photosensitizers.

average lifetime of localized Photofrin (5.5 ns), however, is sig-
nificantly shorter than what we have previously measured in a
cell suspension using TCSPC (~13 ns, data not shown), and is
also different from what has been reported in the past [30], [31].

In order to verify the instrumentation and methods used for
lifetime measurements, (summarized in Table I) experiments
were performed on Photofrin solutions using a streak camera
setup and the FLIM system. Both results are consistent with
the TCSPC measurements. Our results on FLIM measurements
of ALA-induced PpIX in MLL cells confirm the intracellular
measurements.

Fluorescence lifetime is a sensitive measure of fluorophore
binding and its local environment. Many fluorophores display
significantly different fluorescence characteristics when they
bind to other molecules. Therefore, FLIM is a useful approach to
study localized photosensitizers, as it provides location-specific
information compared to traditional measurements of bulk so-
lutions or cellular suspensions.

A study by Ruck et al. determined that monomeric Photofrin
decayed with an average lifetime of 13.3+0.3 ns in human

TABLE I
SUMMARY OF LIFETIME MEASUREMENT RESULTS
Lifetime (ns) PpIX Photofrin®
in Organic Solution | 16.4£0.2 10.0 £0.6 ns
Time Domain (Bulk 7:4.8+0.9
measurement) T,:11.6 £0.5
in Organic solutions 99+12ns
Time Domain 17:3.5£0.5
(FLIM) T,:11.9+1.1
in Organic Solution 16.2+0.1 89+0.1ns
Frequency Domain 7:3.2+0.2
(Chronos) T 10.5£0.1
in Organic Solution 16.8£0.6 14.7 [28]
Literature Values [27]
in MLL Cells 63+1.2 5512
(FLIM)
in Cells 7.44 £0.56 | monomeric:
Literature Values [29] 13.3 £ 0.3 ns [30]
13.2 +2ns [31]
aggregates:
8.0 £ 0.6 ns [30]
1.0 £ 0.3 ns [31]

HepG?2 cells, while aggregates and photoproducts, which flu-
oresce at slightly longer wavelengths, decayed with a shorter
average lifetime of 8.0 4 0.6 ns [30]. Konig et al. also docu-
mented the formation of Photofrin photoproducts, and found
lifetimes of 13.2+2 ns and 1.0 £ 0.3 ns in mice bearing solid
subcutaneous Ehrlich carcinoma. The long component was at-
tributed to Photofrin monomers, and the short lifetime to ag-
gregates [31]. Additionally, studies by Schneckenburger et al.
concerning the fluorescence lifetimes of porphyrins such as
Photofrin and a similar compound Photosan in various cell types
found three components to the decay; a slow component of 11—
14 ns attributed to monomeric porphyrin, a medium component
of 2-3 ns attributed to dimers, and a fast component of 0.1-0.3
ns attributed to aggregates [36], [37]. Our results have shown
that localized Photofrin fluorescence in cells decays monoexpo-
nentially with an average lifetime of 5.5 £ 1.2 ns, significantly
different from these reports. It is, however, similar to the change
in lifetime between solution and in cells exhibited by ALA-
PpIX. Kress et al. investigated ALA-induced PpIX in rat ep-
ithelial cells, and found a fluorescence lifetime of 7.44 4= 0.56 ns
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[29], similar to our results. They also concluded that PpIX was
likely accumulated for the most part in the mitochondria [29].
It is likely that the long lifetimes reported previously are the
result of measuring the combined contribution from both pho-
toproducts and various types of aggregates. Nevertheless, these
variations demonstrated that photosensitizers’ lifetimes change
significantly when bonded to intracellular components. We
speculate that the short lifetime measured in cells for Photofrin
may be a result of a high concentration of the drug accumulated
in the mitochondria, resulting in self-quenching; however, this
hypothesis requires further investigation.

Two-photon excitation holds promise for applications in di-
agnosis, dosage monitoring, and PDT of small or exact volumes,
as is the case with treatment of age-related macular degenera-
tion, which affects the retina [32]. This is largely because the
nonlinear interaction is limited to the two-photon excitation vol-
ume. This allows treatment volumes on the order of femtolitres,
minimizing damage to healthy tissue adjacent to the targeted
diseased tissue [32]. The independence of emission spectra on
excitation wavelength follows Kasha’s rule. Upon excitation
into higher vibrational levels, excess energy dissipates nonra-
diatively, and the fluorophore is left in the lowest vibrational
level of the excited state. It is the radiative relaxation from this
level that results in fluorescence [10]. Though the one-photon
and two-photon absorption spectra may differ, sometimes sub-
stantially, for a given fluorophore, the emission spectrum usually
does not change [10]. Wilson et al. noted that, after internal con-
version reduces the fluorophore to the first excited singlet level,
photophysical and photochemical processes are identical for
one-photon and two-photon excitation [32]. The fluorescence
lifetime, hence, does not change with the type of excitation,
which is confirmed in our streak camera-based measurements
under single- and two-photon excitations.

Ideally, for time-domain measurements, it is desirable to ex-
cite the sample with laser pulses that are much farther apart than
the lifetime of the sample. In our fluorescence lifetime imaging
experiments, an 80 MHz repetition rate excitation was used. In
this case, the pulse period of the laser (12.5 ns) was similar to
the lifetimes of the photosensitizers being measured. While this
would affect the amplitudes for a biexponential fit, it will not
influence the measured fluorescence lifetime, as shown in the
following. Consider a biexponential decay as

y(t) = Ae % + Ce T (1)

where A and C' are the preexponential weightings and B and
D are the decay constants. Now, consider the resulting decay
if ny(t) decays were overlapped on top of each other with a
period of At (corresponding to the repetition rate of the laser):

L+ AL

y(t) = [AeiZT + Ceilﬂ + [Aef' B+ C’e’wum}

_ttnAt

5 +Ce*'++“} . )

oot [Ae

The exponentials can be separated into exponentials con-
taining only —t/7 terms and those containing only factors of
—At/T, where T represents B or D. Like terms can then be

collected, giving the following equation:

p®)= A1 +e ¥ 4o e }671,?

+C[1+e*% + +e*£} e 3)
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As n approaches infinity, the sum terms converges asymptot-
ically to constant values. The sum terms are not time dependent,
and thus, become a part of the constant term that gives the ampli-
tude for each exponential. The time-dependent terms, however,
remain the same as for the original decay expression y(t). It
should be noted that the previous calculation is based on the
assumption that the individual decay dynamics of each pulse
remains unchanged. This assumption can be satisfied only if
photobleaching and/or other photodynamic processes may be
considered insignificant. Therefore, a lower repetition rate and
ultrafast sourceis always desired.

Large differences were seen between the fluorescence life-
times of the photosensitizers measured in solutions, and those
of the photosensitizers measured in cells. Molecular binding is
one of the factors that influences fluorescence lifetime. So it
is expected that the lifetimes would change depending on the
intracellular structures the photosensitizers bound to, e.g., the
membranes of the mitochondria.

Fluorescence lifetime imaging with these photosensitizers
could also be used for tumor imaging and diagnosis due to the
selective uptake of the drugs by malignant tissue. For example,
it has been observed that levels of ALA-induced PpIX in normal
brain tissue are quite low, and that various factors such as the
defective blood—brain barrier and different activity of the heme
synthesis pathway contribute to the preferential accumulation of
ALA-PpIX in certain brain tumors [33]. Stummer et al. assessed
the effectiveness of fluorescence-guided resection of malignant
gliomas using ALA-induced PpIX, which relies on the sufficient
accumulation of fluorescent porphyrins in malignant tissue [34].
The use of Photofrin in fluorescence-guided tumor resection has
also been discussed [35]. One limitation of these steady-state
fluorescence-based methods is the possible presence of the pho-
tosensitizer in surrounding normal tissue, which would result
in the resection of healthy tissue. This provides motivation for
the characterization of fluorescence lifetimes in cells. Konig et
al. determined that significant differences in fluorescence life-
time existed between normal peritumoral tissue and tumor tissue
when treated with Photofrin, and resolved that aggregates ac-
cumulated preferentially in tumor tissue [31]. Tumor imaging
using fluorescence lifetimes could, therefore, provide another
level of discrimination between malignant and normal tissue,
beyond merely the degree of preferential accumulation.

In summary, Photofrin and ALA-induced PpIX have been im-
aged using FLIM in vitro in MLL cells. Fluorescence lifetimes
of both photosensitizers were found to be significantly shorter
when localized in cells than when measured in solutions, sug-
gesting that photosensitizers’ lifetimes go through significant
changes when bonded to intracellular components. Therefore,
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one should use caution when interpreting fluorescence lifetime
experiment results. On the other hand, these changes in lifetime
provide opportunities to quantitatively measure and monitor the
binding states of the photosensitizers and their microenviron-
ment, which may be used in real-time PDT dosimetry as well
as for diagnosis purposes. From the spatially resolved FLIM
images, both photosensitizers appear to be accumulating for
the most part in the mitochondria. Colocalization studies have
been planned to confirm the localization of both photosensi-
tizers within the cell. Additionally, we plan to investigate the
effects of photobleaching and photosensitizer self-quenching
on fluorescence lifetime within cells.
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