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Excited-state singlet oxygen (*0O,), generated during photodynamic therapy (PDT), is believed
to be the primary cytotoxic agent with a number of clinically approved photosensitizers. Its
relative concentration in cells or tissues can be measured directly through its near-infrared
(NIR) luminescence emission, which has correlated well with in vitro cell and in vivo normal
skin treatment responses. Here, its correlation with the response of tumor tissue in wvivo is
examined, using the photosensitizer meso-tetrahydroxyphenylchlorin (mTHPC) in an animal
model comprising luciferase- and green fluorescent protein (GFP)-transduced gliosarcoma
grown in a dorsal window chamber. The change in the bioluminescence signal, imaged pre-
treatment and at 2, 5 and 9 d post treatment, was used as a quantitative measure of the tumor
response, which was classified in individual tumors as “non”, “moderate” and “strong” in order
to reduce the variance in the data. Plotting the bioluminescence-based response vs the 'O,
counts demonstrated clear correlation, indicating that 'O, luminescence provides a valid do-
simetric technique for PDT in tumor tissue.
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1. Introduction

The excited singlet state of oxygen ('0,), is believed
to be the main cytotoxic reactive species generated
during photodynamic therapy (PDT) for a number
of photosensitizers used clinically (porphyrin- and
chlorin-based) and for some investigational new
agents.! The focus of the present work is on singlet
oxygen dosimetry, so that it is relevant only to this
class of photosensitizers and not, for example, to other
compounds like palladium bacteriopheophorbides?
(TOOKAD, WST11) that are photodynamically
potent but operate through photo-induced electron
transfer leading to generation of reactive oxygen
species such as hydroxyl radicals.? 'O, is produced
in a Type II reaction, in which the excited singlet
state of the photosensitizer generated upon photon
absorption by the ground-state photosensitizer mol-
ecule undergoes intersystem crossing to a long-lived
triplet state. This state can then exchange energy
with the triplet ground state of molecular oxygen
(*0,). 'Oy can decay radiatively, emitting near in-
frared (NIR) luminescence at around 1270nm.
However, 'O, is generally believed to have a very
short lifetime (likely < 1 us) in cells and tissues,”
due to its high reactivity with biomolecules, so
that the luminescence signal is very weak (~ 1: 108
probability). In addition, 1270 nm is not in a favor-
able range for efficient photodetection using standard
devices. Nevertheless, it is technically feasible using
nanosecond laser pulses and an extended-wavelength
photomultiplier tube (PMT) operating in time-
correlated, single-photon-counting (TCSPC) mode.
As reviewed by Jarvi et al.,* this so-called 'Oy lumi-
nescence dosimetry (SOLD) technique is now gener-
ally accepted as the “gold standard” for PDT
dosimetry and has been used as such in a number of
studies, for example in characterization of novel
photosensitizing agents, including activatable mo-
lecular beacons® and nanoparticle-based sensitizers.”
Its validity has been demonstrated clearly in cells in
vitro, where it has been shown to generate a
“universal response curve” of cell killing vs cumula-
tive 'O, counts generated during treatment.® Im-
portantly, this response curve is independent of the
individual treatment parameters such as photosen-
sitizer concentration, light dose and oxygenation. Its
validity has also been demonstrated in normal skin
models”' and in normal human skin using a time-
integrated technique,'’'? although the latter may
have limitations due to interference from background

tissue and photosensitizer fluorescence and/or phos-
phorescence. SOLD has been demonstrated in a brain
tumor model in vivo by Yamamoto et al.,'* but
without applying spectral scanning to remove back-
ground signals. Recently, Schlothauer et al.'* inves-
tigated the 'O, luminescence generated from
topically applied photosensitizer in pig ear skin in
vitro, and the data showed that the 'O, kinetics
coincides with the microarchitecture of epidermis,
such as in fissures and hair follicles. In order to predict
the clinical phototoxic response (erythema) resulting
from PDT with aminolevulinic acid-induced proto-
porphyrin IX, Mallidi et al.'? compared discrete
photosensitizer fluorescence-based metrics with cor-
responding 'O, luminescence-based metrics. They
suggested that, at least for this photosensitizer, a dose
metric based on its fluorescence photobleaching may
be adequate to predict the PDT outcome. While this
technique is more clinically applicable at present than
SOLD, Jarvi et al.'® have shown that it may not work
for all photosensitizers, depending on parameters
such as the level of oxygenation.

Given that there are a number of both technical
and conceptual reasons why measuring the volume-
averaged 'O, concentration may fail in the complex
and heterogeneous milieu of solid tumors,'® the ob-
jective of this study was to test, in a well-controlled
tumor model in vivo and using the most robust
spectrally resolved TCSPC technique, whether
SOLD does correlate with tumor response. Impor-
tantly, to our knowledge this is the first study show-
ing correlation of in vivo tumor response with the
'0, generated during treatment using a SOLD
technique that incorporates both spectral discrimi-
nation and time-resolved single photon counting
to ensure that the NIR photons detected are from
10, decay only and are not potentially confounded
by unknown background contributions.

2. Materials and Methods
2.1. Animal model

The well-established dorsal skin-fold window cham-
ber tumor model was used, as shown in Fig. 1(a).
Briefly, window chambers were implanted on female
NCRNu mice (22-28g) anesthetized by intraperi-
toneal (i.p.) injection of Xylazine (10 mg/kg) and
Ketamine (80mg/kg). For this a 10mm diameter
circular incision was made and the skin from one
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Fig. 1. Experimental setup. (a) Window chamber model shown in place on the imaging stage. (b) SOLD system: PMT, photo-
multiplier tube; CCD, intensified charge coupled device camera for fluorescence imaging; PC, personal computer. Note that the data
from the fluorescence spectrometer are not included in the present analysis.

side of the dorsal skin fold was removed. A titanium
chamber was fastened with three screws at the site
of incision. A circular glass coverslip was positioned
over the opening and clamped to the chamber with
a retaining ring. These chambers typically remain
viable for several weeks, with the animal housed
under normal conditions. 9L gliosarcoma tumor cells
were transduced via lentivirus vectors to express
both green fluorescent protein (GFP) and luciferase
(luc) and a highly expressing clone was selected
based on the GFP fluorescence signal and the
luciferase-mediated bioluminescence signal. These
transduced cells, 9L"~GFP  were passaged in
Dulbecco’s modified medium supplemented with
10% fetal bovine serum and grown to confluence at
37°C under 5% CO,. Cells were removed with
trypsin, centrifuged and re-suspended in fresh media
at a density of 1.5 x 107 cells/mL for implantation
on the same day the chambers were installed. The
coverslip was temporarily removed and 8 ul. of
tumor cell suspension was injected into the fascia of
the subcutaneous skin layer opposite the window.
The injection site was standardized to the upper
center of the chamber near to a large vessel.

2.2. PDT treatment

The mice were treated 7-8 days after tumor im-
plantation. About 4h prior to light delivery,

meso-tetrahydroxyphenylchlorin  (mTHPC: Bioli-
tec, Vienna, Austria) in clinical formulation and
dilution 1:20 in 40% ethanol and 60% polypropylene
glycol was injected i.p. Although it has a number of
limitations, mTHPC was selected as a model pho-
tosensitizer here, since it is clinically approved (in
Europe for treatment of head and neck cancers) and
has been used in previous 'O, dosimetry studies.'?
About 4h later, mice were re-anesthetized and re-
strained on a heated stage. Each mouse received a
fixed radiant exposure of 12 Jem 2 at an irradiance
of either 35 or 100 mW cm 2 from a 523 nm diode
laser over a 5mm diameter spot centered on the
tumor, as visualized by the GFP fluorescence. The
treatment and control cohorts were: 35 mW cm ~2
and 0.6mg/kg mTHPC (n =12); 100 mW cm 2
and 0.6 mg/kg mTHPC (n = 9); 35 mW cm 2 light-
only controls (n = 3) and 100 mW cm~? light-only
controls (n = 3). After treatment, the mice were
recovered and returned to normal housing under
subdued lighting.

2.3. SOLD and fluorescence
imaging/spectroscopy

NIR luminescence was detected using the system

shown in Fig. 1(b), the basis of which has been de-

scribed in detail previously.*® Briefly, a frequency-
doubled Nd:YLF laser (QG-523-500; CrystaLaser
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Inc., Reno, NV, USA) generated ~ 10ns pulses of
523 nm light at a pulse repetition rate of ~ 10kHz
and average power of <200mW. This was ex-
panded by a lens to a uniform (top hat) 5mm
diameter spot at the window chamber. The light
collected from the tumor passed through a 5-
position filter wheel that sampled the NIR lumi-
nescence spectrum at 1212, 1240, 1272, 1304 and
1332nm (20nm FWHM) before being passed to
a PMT with extended NIR sensitivity (R5509-14:
Hamamatsu Corp., Bridgewater, NJ, USA). The
PMT was connected to a TCSPC system triggered
by the laser pulse. A small silver-coated prism on
the detection optical axis reflected part of light
through 600 nm long-pass and 650 + 50 nm band-
pass filters to an intensified CCD camera for
simultaneous imaging of the white light and GFP
fluorescence.

2.4. Bioluminescence imaging

Bioluminescence images (BLI) and tumor-cell GFP
fluorescence images were collected under general
anesthesia to evaluate the tumor response to
treatment. In the present analysis, the GFP imag-
ing was used simply as a cross check that the BLI
properly reported the viable tumor. At 1 week fol-
lowing tumor implantation the mice were injected
with 100 xL (150 mg/kg) of D-luciferin dissolved in
freshly prepared phosphate buffered saline. The
mice (typically 5 at a time) were then placed in a
whole-body imaging system (IVIS: Perkin Elmer,
Waltham, MA, USA). Starting at 2min post in-
jection, BLI were acquired every 1 min up to 20 min
and then every 2min up to 34 min to track the ki-
netics of the bioluminescence signal. In addition, a
GFP image (A = 445-490nm, A\, = 515-575nm)
was acquired at the 2.5, 7.5, 20 and 33 min time
points. This imaging procedure was performed
5 times for each cohort of mice: 48 h pre-treatment;
4h pre-treatment, immediately before photosensi-
tizer injection; 2, 5 and 9 d post treatment. Addi-
tionally, one cohort (n =5) was imaged daily for
the first 8 d post tumor implantation to evaluate the
tumor growth kinetics. In each animal, the ratio,
R = C\5t/Cpre, Wwas calculated, where C,,, repre-
sents the total BLI counts over the tumor immedi-
ately before PDT and Cy represents the total
counts at a specific time point following treatment.
At each post-treatment time point, this ratio was
then averaged over all animals.

3. Results

Response to PDT treatment was based on the
changes in the BLI counts integrated over the whole
tumor. The average ratios for each post-treatment
time point were then classified into “no response”
(R>1: continued tumor growth), “moderate
response” (R = 0.5-1: tumor stasis or slight reduc-
tion) or “strong response” (R < 0.5: at least 2-fold
reduction in viable tumor cells). Such non-
parametric classification of PDT response has been
reported by Ascencio et al.'” and was applied here
in order to address the high tumor-to-tumor vari-
ability seen both in the BLI images and SOLD
counts, and Fig. 2 presents examples of each re-
sponse, at a particular time (5 d) post-treatment.
For the “strong response” case, there is little
remaining bioluminescence signal after treatment.
Conversely, in the “no response” tumors the BLI
images before and after treatment showed little
change, similar to the light-only controls. We note
that the fact that the BLI showed little change in
the control (light-only) animals at 5 d post treat-
ment suggests that the tumor may have reached its
growth limit by the time of treatment, i.e., at 7-8
days following implantation: this is not unexpected
in the chamber model where the tumor is physically
confined on one side by the window and on the
opposite side by the overlying skin.

Quantitative bioluminescence imaging has also
been used in previous studies of PDT treatment
response'® and was further validated here [Fig. 3(a)]

Pre Post

strong
response

moderate
response

Fig. 2. Representative BLI for the different levels of treatment
response at 5 d post treatment. The green signal is the false-
color intensity of the BLI signal. The ring in the gray-scale
photograph in each case delineates the transparent window
within which the bioluminescence (and fluorescence) images are
collected.
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Fig. 3. (a) Correlation between GFP and bioluminescence
imaging, plotting in each case the ratio of the integrated image
signal before and at 5 d after PDT treatment: each point corre-
sponds to an individual tumor. (b) Cumulative luminescence
counts in individual tumors (open symbols) and averaged over all
tumors (solid symbols) for each of the BLI treatment response
groups. Note that the negative data points are the results of noise
in the background subtraction at low 'O, signal levels. (c) Sig-
moidal BLI response plot, using the initial 'O, luminescence
counts at the start of PDT treatment as the dose metric, which
is an alternative to the cumulative SOLD counts used in (a).

by comparison with the observed changes in the
GFP signal that also reports functionally active
tumor cells. Figures 3(b) and 3(c) then summarize
the treatment response results, plotted in two

In vivo tumor response to singlet oxygen

different ways. Figure 3(b) shows how the cumula-
tive 'O, luminescence counts in individual animals,
as well as the averages over all animals, differs be-
tween the response groups. Despite the high level
of scatter in the data, which is presumably related
to the variability in mTHPC uptake and tissue
oxygenation in the heterogeneous tumors, there is
a clear trend to higher 'O, levels in those tumors
showing the greatest level of cell kill: this was sta-
tistically significant (Student’s ¢-test) between the
“strong-response” group and both the “control”
and “no response” groups. Plotting the data as a
more conventional response curve in Fig. 3(c) shows
again the high scatter between tumors, but there is
a clear response—dose relationship consistent with a
sigmoidal response, as might be expected.

4. Discussion and Conclusions

This study has demonstrated the validity of 'O,
luminescence as a valid PDT dose metric in an in
vivo tumor model. This extends work in photosen-
sitizer solution, tumor cells in wvitro and normal
tissue (skin) in wivo, reported previously by our-
selves®” and by other groups'’'%!* using variations
on the SOLD instrumentation, measurement tech-
nique and biological models. The most direct com-
parison can be made with the in vivo study by
Yamamoto et al.,"* in which 'O, luminescence do-
simetry was used in a gliosarcoma tumor xenograft
model, assessing the PDT response by quantitative
histopathology. They showed that, for a given total
light fluence, both the 'O, counts and the tumor
response decreased as the fluence rate increased
(from 30 to 120 mWem ™! using an interstitial dif-
fusing fiber to deliver the light). This reduction in
PDT efficacy at high light fluence rates has been
reported also in wvitro' and in vivo®® and is well
understood in terms of photochemical depletion of
ground-state molecular oxygen.’! A particular ad-
vantage of the luminescence instrument used by
Yamamoto et al.'® was the ability to collect the
luminescence emitted from the tumor by a fiber
optic bundle. However, the signal was neither
spectrally resolved nor time-gated to remove the
prompt NIR signal (<~ 1us after the excitation
pulse) so that, as discussed by Jarvi et al.'” and Lin
et al.,’” there may be significant contributions from
background fluorescence and/or phosphorescence.
Hence, we believe that the present work represents
the first demonstration of the correlation between
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in vivo tumor response and 'O, using a rigorously
validated SOLD system.

We note that, as discussed elsewhere,’> mea-
surements done at the same time in these experi-
ments using speckle-variance optical coherence
tomography to image changes in the tumor micro-
vasculature also demonstrated good correlation
with 'O, generation. Hence, there is reason to be-
lieve that volume-averaged 'O, dosimetry is a valid
metric for vascular as well as cellular responses, at
least using this particular photosensitizer.

These results also confirm the value of SOLD as a
gold standard comparator for indirect methods, such
as the use of secondary fluorescent reporter mole-
cules”® whose spectral characteristics change upon
chemical interaction with 'O,. They also motivate
the development of new technologies for this pur-
pose, including NIR-sensitive imaging arrays®® and
superconducting nanowire photodetectors that have
much higher 1270 nm quantum efficiency than the
best PMTs and that have recently been demon-
strated for 'O, luminescence detection through
single optical fibers.? Both advances should facili-
tate the translation of SOLD into clinical applica-
tions, where a robust method for monitoring the true
administered PDT “dose” in patients currently
impedes the adoption of this modality. This is par-
ticularly true in oncology, where the tumor respon-
ses can be highly variable even for the same applied
photosensitizer and light doses.!*”

One of the limitations of the present study was
that the use of the window chamber, which has the
advantage of providing direct and quantitative as-
sessment of the tumor response to PDT, meant that
it was not possible to determine if the long-term
treatment response also correlates well with the
SOLD measurement, since the chamber preparation
only remains viable for a few weeks. Clearly, this is
of the greatest interest for potential clinical appli-
cations. Hence, in the next phase of this work one
promising option is to use the aforementioned fiber-
coupled nanowire detectors® for interstitial SOLD
measurements so that a subcutaneous or even an
orthotopic tumor model can be used in order to
follow the responses over a much longer period.
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