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Abstract: This study employs TLD1433, a Ru'-based photodynamic therapy (PDT) agent in human clinical trials, as
benchmark to establish protocols for studying the excited-state dynamics of photosensitizers (PSs) in cellulo, in the local
environment provided by human cancer cells. Very little is known about the excited-state properties of any PS in live
cells, and for TLD1433, it is terra incognita. This contribution targets a general problem in phototherapy, which is how to
interrogate the light-triggered, function-determining processes of the PSs in the relevant biological environment, and
establishes methodological advances to study the ultrafast photoinduced processes for TLD1433 when taken up by
MCEF7 cells. We generalize the methodological developments and results in terms of molecular physics by applying them
to TLD1433’s analogue TLD1633, making this study a benchmark to investigate the excited-state dynamics of phototoxic
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Introduction

TLD1433 (or [Ru(4,4-dmb),(IP-3T)](Cl), [where: 44'-
dmb =4,4'-dimethyl-2,2"-bipyridine; IP =imidazo[4,5-f]-
[1,10]phenanthroline; 3T = a-terthiophene]), a Ru" complex
incorporating the 1H-imidazo[4,5-f][1,10]phenanthroline li-
gand appended with a-terthiophene (Scheme 1), is the first
Ru photosensitizer (PS) to enter clinical trials.! TLD1433 is
currently in a Phase II study (ClinicalTrials.gov identifier:
NCT03945162) for treating nonmuscle-invasive bladder
cancer with photodynamic therapy (PDT), a method of
selectively destroying tumors via PS-mediated sensitization
of reactive molecular species (RMS).”! For TLD143 a long-
lived triplet intraligand charge transfer (‘ILCT) excited state
that sensitizes singlet oxygen (‘O,), and potentially other
RMS, in high yield has been implicated in its photo-
cytotoxicity based on computational® and cell-free solution
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studies.”) In vitro PDT effects for TLD1433 have been
quantified with phototherapeutic indices (PIs) exceeding 10°
for a variety of human cancer cell lines,"**! and even > 10
in cell lines such as MCF7 (Figure 1a). Despite the extensive
photophysical studies in solution, the photocytotoxicity
studies using human cancer cells, and the critical preclinical
in vivo studies that led to human clinical trials, nothing is
known about the excited-state topology of this benchmark
Ru PS in human cells despite the fact that such light-driven
elementary photoprocesses are key to a comprehensive
understanding of the biomolecular and clinical function of
the complex.

This lack of information pertaining to biological photo-
physics is not unique to TLD1433. The excited-state
dynamics of photoactive molecules in the cellular environ-
ment remain largely unexplored, despite luminescence
spectroscopy and microscopy being commonly used to probe
intracellular ions and molecules as well as parameters such
as pH, local viscosity, and viability.”! The impact of the
specific local environment of human cells has not been
interrogated with respect to the upper excited states of
photocytotoxic compounds. To fill this gap, we established
an experimental methodology that uses transient absorption
(TA) spectroscopy and microscopy to study the sub-ns
excited-state dynamics of photocytotoxic complexes in cellu-
lo. Such investigations pose many challenges, including the
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Scheme 1. Molecular structures of TLD1433, [Ru(4,4"-dmb),(IP-3T)](Cl),
(Ru-ip-3T), and TLD1633, [Ru(4,4-dmb), (IP-4T)](Cl), (Ru-ip-4T).
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Figure 1. (Photo)cytotoxic effects on MCF7 cells dosed with a) Ru-ip-3T
or b) Ru-ip-4T. Light treatments were 100 | cm* broadband visible
(400-700 nm) or monochromatic light delivered at a rate of

~28 mW-cm~? with a DLI of 16 h. Localization of ¢) Ru-ip-3T and d) Ru-
ip-4T in fixed MCF7 cells after 16 h incubation visualized by confocal
emission microscopy (A, =450 nm, A, > 570 nm). Images were
collected from different focal planes along the z axis to ensure
intracellular PS was probed.

fact that the light exposure central to optical spectroscopy
activates the PS to form RMS and cellular damage during
the course of the experiment. The highly dynamic nature of
the living cellular environment is exacerbated by its real-
time response to phototoxic stressors.

Our methodology builds on spectroscopic studies of
photocytotoxic compounds in organic solvents and more
complex solutions containing biomolecules,*” microscopy
studies characterizing long-lived emissive states of transition
metal complexes in cells,” and more specialized TA micro-
scopy techniques focused on biomedical diagnostics or
photophysics in fixed cells.”) Herein we focus specifically on
interrogating the topology of electronically excited states in
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the cellular environment to bridge the gap between photo-
physical studies in solution and phototoxicity assessment in
human cancer cells (Scheme 2). Wide-field (i.e., without
spatial resolution) sub-ns TA spectroscopy is used to study
the excited-state relaxation kinetics of the PS in live cells
over the first several ns following photon absorption.
Complementary luminescence microscopy is used to obtain
information on the PS distribution in these cells, which
guides the TA microscopy analysis on PS-treated fixed cells.
This static cellular environment is advantageous for the TA
microscopy experiment where the sample experiences a
much higher photon flux over a smaller area. We use
TLD1433 and its close relative TLD1633 (or [Ru(4,4-
dmb),(IP-4T)](Cl), [where: 4T = a-quaterthiophene])
(Scheme 1) to demonstrate our approach in human MCF7
breast cancer cells, which yields unprecedented insights
regarding non thermalized excited-state processes for these
phototherapy agents. The robust nature of MCF7 cells,
particularly their ability to be easily cultured, makes it the
ideal cell line of choice for our investigation. Our new
experimental methodology for biological photophysics pro-
vides a benchmark for deciphering the excited-state dynam-
ics to facilitate the rational design of improved PDT agents.

Results and Discussion
Live Cell TA Spectroscopy

MCF7 cells were incubated with 40 uM Ru-ip-3T or Ru-ip-
4T for 16 h prior to recording the live cell kinetics. The
selected concentration of 40 uM produced the characteristic
signature observed for the build-up of the oligothienyl-
localized triplet at 660 nm in solution (Figure S1) with
acceptable signal-to-noise ratio without any dark cytotox-
icity (Figure la and b). The viability of cells treated with
40 uM PS was confirmed by the absence of Trypan Blue
staining. PS uptake into the cytosol was confirmed by
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Scheme 2. New methodology bridges the gap between time-resolved spectroscopy to study excited-state dynamics in solution and phototoxicity

evaluation in cellular assays.
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confocal microscopy via emission >570nm in fixed cells
(Figure 1c and d) and corroborated with TA microscopy
(see below). Because the signal integration time is quite
long for TA microscopy, we use it to image the PS based on
its excited-state absorption rather than to obtain spectro-
scopic information about the PS in selected positions within
the live cells.

Live cell TA spectroscopy of Ru-ip-3T. Measuring
excited-state kinetics for PSs in cells poses a challenge in
that the excitation pulse activates the PS to form RMS,
which changes the cellular environment during the experi-
ment. The intensities of the pump pulses as well as the
overall scan time influence the state of the cell with regard
to various stages toward RMS-induced cell death, exacerbat-
ing the already-dynamic cellular environment experienced
by the PS. To probe the earliest stage where the largest
number of cells are viable, it is best to minimize the number
of photons incident on the sample. MCF7 cells tolerated a 2-
min train of pump pulses at a power of 20 uW with no
evidence of cell death as confirmed by the absence of
Trypan Blue staining (Figure S2). This total exposure time
was reduced to 30 s for cells treated with Ru-ip-3T to avoid
cell death triggered by PS activation with the pump pulse
with longer exposure times (Figure 2c and Figure S3). The
individual pump-probe pulse pairs recorded at a given
pump-probe delay were limited to 200, and the point density
on the delay-time axis was limited to 30 for recording a
single transient. The pump power did not exceed 20 pW. To
put these numbers in perspective, a typical femtosecond TA
scan on photostable molecules in cell-free solution takes
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about 10 min, with pump-power reaching 100 pW, where
each individual scan contains about 600 pulse-pairs per delay
time and about 200 delay times per experimental scan
(Figure 2a).

The kinetic profile of Ru-ip-3T (40 uM) in living MCF7
cells was measured using a set-up built in house,'” which
consists of a modified TA system that directs the laser pulses
vertically with respect to the optical table. Petri dishes
containing the cells dosed with PS are mounted in the
sample stage positioned in the focal plane of the laser pulses.
Sample excitation was delivered at 400 nm to populate
'MLCT and 'ILCT states, which ultimately relax to lower-
lying and function-determining *ILCT states that exhibit a
prominent ESA near 650 nm in water (Figure 2a). These
states, which are localized to the oligothienyl unit, are key
for ROS generation and hence the photocytotoxicity of the
complexes.”! Therefore, the probe wavelength was set to
650 nm for the live cell TA spectroscopy.

The TA kinetics at 650 nm reflect a pulse-width limited
rise of the differential absorption signal followed by a slower
increase. This bi-exponential increase is complete within the
first 85 ps following photoexcitation and is characterized by
time constants 77" = 1.5 ps and 7} =13 ps (Figure 2b). We
associate the biexponential increase observed in live cells
with fast internal conversion from vibrationally hot *MLCT
states to hot *ILCT states (/™) followed by vibrational
relaxation within the *ILCT manifold (77, Figure 2d).[*"
This assignment is based on the assumption that the ESA
signal from the cool *ILCT state with its planarized
conjugated ligand is much stronger than that of the hot
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Figure 2. a) Femtosecond TA spectra collected for Ru-ip-3T at 40 pM in water with A, =400 nm; inverted absorption spectrum indicated in pink.
b) TA kinetics for Ru-ip-3T at 40 uM in water or in MCF7 cells after 16 h incubation (1., =400 nm, 4., =650 nm). c) Bright-field microscope
images (10x) of MCF7 cells dosed with Ru-ip-3T and incubated for 16 h before and after irradiation with 1., =400 nm for 30 s . The absence of
Trypan Blue staining after irradiation was used to confirm live cells. d) Jablonski diagram showing the photophysical model for Ru-ip-3T and Ru-ip-
4T in water with 4., =400 nm."¥ The long-lived function determining *ILCT state (emphasized in pink) is responsible for phototoxicity of Ru-ip-3T

and Ru-ip-4T.1!
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*ILCT state. Beyond 100 ps, the signal is relatively constant
within the experimentally accessible delay-time window of
1.9ns. These kinetics within MCF7 cells resemble the
corresponding TA kinetics measured for highly concen-
trated Ru-ip-3T in water (500 uM, Figure S4), and both
differ notably from the kinetics recorded for lower concen-
trations of Ru-ip-3T in water (40 uM, Figure 2b). When
MCF7 cells are dosed with 40 uM Ru-ip-3T, there is no
decay of the long-lived *ILCT state over the 1.9 ns window
whereas the same concentration of the PS in water yields a
slow decay corresponding to a 35 % decrease of the signal
(Figure 2b). To account for this finding, which is reminiscent
of the excited-state relaxation of Ru-ip-3T when interacting
with calf thymus DNA in solution,*™ we suggest that
intermolecular interactions modulate the slower excited-
state kinetics such as intracellular self-association due to
high local concentrations or binding to biological
macromolecules.*? Both scenarios would be expected to
result in reduced structural flexibility of the terthienyl chain
that may prolong the lifetime of the *ILCT state. This
finding is mechanistically important as the *ILCT state is the
major contributor to ROS formation and prolongation of its
lifetime in live cells likely enhances phototoxicity.

Live cell TA spectroscopy of Ru-ip-4T. The light
exposure for cells dosed with Ru-ip-4T, a more potent PS,
had to be reduced further for the analysis because Ru-ip-4T
renders the MCF7 cells non-viable after a scan time of only
30s (Figure S3) using the pulse conditions applied during
the TA experiment for Ru-ip-3T in live cells. However,
decreasing the pump-intensity or the number of pulse-pairs
per delay time reduced the signal-to-noise ratio and made
interpretation of the kinetics impossible. To address this,
irradiation was limited to 10 s (Figure 3a) and the petri dish
containing the treated cells was repositioned during the TA
experiment to ensure that only a fraction of the overall
differential absorption kinetics was recorded at each sample
position. The overall differential absorption kinetics span-
ning the range of the experimentally accessible delay times
was then reconstructed from the individual segments, each
normalized to the onset signal of the next segment (Fig-
ure 3b). The delay time segments were: 0-5, 5-15, 15-500,
and 500-1800 ps. Stitching the kinetics by position and delay
time in this manner assumes that the photophysics of the
molecular and cellular ensemble that is sampled is independ-
ent of the position of the laser focus. Admittedly, with
higher spatial resolution, this would not be possible.

The resulting kinetics recorded at 680 nm, the ESA
maximum for Ru-ip-4T, is reminiscent of the kinetics
measured for Ru-ip-3T (see above). The signal at 680 nm
increases up to 100 ps and then remains constant within the
experimentally accessible delay time range of 1.9 ns (Fig-
ure 4c). The increase can be fit to a biexponential (7}** = 1
ps and 7=7.5ps) and, as for Ru-ip-3T, reflects the
formation of hot *ILCT states (from hot *MLCT states)
followed by relaxation within the *ILCT manifold to yield
the long-lived *ILCT state that has key functional relevance.
These time constants are similar to what was observed for
highly concentrated aqueous solution (500 uM, Figure 3c
and S5), and differ markedly from those measured in dilute
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Figure 3. a) Bright-field microscope images (10x) of MCF7 cells dosed
with 40 pM Ru-ip-4T before and after irradiation with 4., =400 nm for
10 s. The absence of Trypan Blue staining after irradiation confirmed
live cells. b) Collection points (point density) in the kinetic traces of Ru-
ip-4T in MCF7 cells compared to water. The colored areas labeled 1-4
represent segments of the overall reconstructed signal collected from
four different positions in the petri dish containing MCF7 cells.

c) Kinetics for Ru-ip-4T in MCF7 cells at 40 pM compared to 40 pM
and 500 pM PS in water with 4., =400 nm; A,,qp. =680 nm

aqueous solution (40 uM in water, Figure S6) where the
long-lived *ILCT state undergoes decay within the 1.9 ns
time window (Figure 3c). As for Ru-ip-3T we attribute this
difference for Ru-ip-4T to the reduced flexibility of the
oligothiophene chain upon self-association (e.g., high con-
centration) or associated with biological targets (e.g., in live
cells). Conformational restriction is known to limit non-
radiative decay of excited states,'!! prolonging the *ILCT
lifetime in live cells, and appears to be a general feature of
Ru-ip-3T and Ru-ip-4T.

TA Microscopy

TA spectroscopy yields insights regarding the effect of the
confined and compact environment of the cell on the
population and decay of the function-determining long-lived
ILCT state for two different PSs of interest for PDT.
However, the data obtained reflect dynamics that are
averaged over many different cells and subcellular positions.
Therefore, TA spectroscopy in live cells does not consider
the influence of intracellular structural heterogeneity on the
light-induced excited-state dynamics. We hypothesize that
different local environments within human cells!'? will lead
to different excited-state relaxation kinetics of molecules
placed into those local environments. To begin exploring
this hypothesis, MCF7 cells dosed with Ru-ip-3T were fixed
and studied by TA microscopy®® with a previously
reported setup.”’! The pump and probe pulses were centered
at 400 and 650 nm, respectively. Fixed cells were used to

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. a) Distribution of Ru-ip-3T in MCF7 cells obtained by
spatially-resolved TA microscopy. The heat map image was recorded
with pump pulses centered at A, =400 nm and probe pulses centered
at 4,05 =650 nm. The pump-probe delay was set to 5 ps. b) Normal-
lized TA kinetic traces for Ru-ip-3T in MCF7 cells with 1., =400 nm and
Aprobe =650 nm. The individual kinetics were recorded at different focal
positions within a fixed cell on a quartz slide. Inset shows the phase
contrast image of the MCF7 cell depicted in (a). c) Distribution of Ru-
ip-4T in MCF7 cells obtained by spatially-resolved TA microscopy with
Jex, =400 nm and ;.5 =680 nm with the pump-probe delay set to

5 ps. d) Normalized TA kinetic traces for Ru-ip-4T in MCF7 cells with
Aex =400 nm and A,,,,e =680 nm recorded at different focal positions.
Inset shows the phase contrast image of the MCF7 depicted in (c).

probe the effect of different local environments in the
absence of any time-dependent subcellular changes due to
cell death pathways that would be triggered by Ru-ip-3T
and Ru-ip-4T with the high photon flux of the TA micro-
scope.

TA microscopy of Ru-ip-3T and Ru-ip-4T in MFC-7
cells. Figure 4a presents a TA map, where the TA signal
(pump =400 nm, probe at 650 nm, delay time 5ps) is
recorded at different positions of the cell. The size of each
pixel in the TA map is 2.2 pm>

Although pixel sizes as small as 1.1 um® can be obtained,
2.2 um* was selected to reduce the scan time for each
MCEF7 cell during the experiment without any significant
loss in resolution. The spatial fluctuations of the differential
absorption signal for Ru-ip-3T, ranging from 0 to 3 mOD,
demonstrate that subcellular heterogeneity influences the
measurement. These data—and corresponding data re-
corded for MCF7 cells dosed with Ru-ip-4T (Figures 4a and
c)—support the assertion that local environment causes local
variations in the excited-state dynamics of the PS. The TA
kinetics recorded for Ru-ip-3T in two different positions
within the cytoplasm, P1 and P2, is shown in Figure 4b
(additional points and their respective kinetics are shown in
Figure S7). Assuming that the oscillator strengths of elec-
tronic transitions being probed do not change with environ-
ment (i.e., location in the MCF7 cell), P1 and P2 could
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reflect positions of high and low local concentrations of Ru-
ip-3T in the cytoplasm, respectively. Within the 1.8 ns time
window, the TA kinetics at P1 and P2 are very different. At
P1 there is a rise in the signal within 17 ps followed by a
decay, whereas at P2 the signal rises within 5 ps and decays
much faster compared to the signal at P1. While more
systematic studies relating the specific local environment
within the cells to the light-induced dynamics of the PS are
required, already the results presented indicate that the
photophysical behavior of Ru-ip-3T is sensitive to parame-
ters such as local concentration and environment within the
cytoplasm.

A similar experiment was performed for Ru-ip-4T in a
fixed MCF7 cell with two positions in the cytoplasm, P1 and
P2, selected as shown in Figure 4c (additional points and
their respective kinetics are shown in Figure S8). An overall
stronger signal is evident at P1 and is associated with a much
slower decay compared to the comparably weaker signal at
P2 that exhibits a prominent decay starting as early as 10 ps
(Figure 4d). As for Ru-ip-3T, it appears that the variation in
signal intensities as well as the decay kinetics at long delay
times are most likely associated with different local concen-
trations and/or environments within the cytoplasm. While
this remains to be independently verified, the assumption is
in line with the concentration-dependent TA kinetics (see
above), which show that higher concentrations of the PS
and/or different environments slow the decay of the long-
lived TA signal at 680 nm.

Conclusion

This report presents an experimental methodology, which
allows the ultrafast light-induced dynamics of phototoxic
molecules in living human cancer cells to be probed. The
method was specifically designed to move us beyond photo-
physical studies of non-phototoxic molecules in human
cells™ to evaluating the excited-state topology of phototoxic
molecules in living systems. Such studies were previously
not possible but are critical to understanding in vitro
photocytotoxicity since the intracellular photophysical dy-
namics are intimately linked to the function of PSs for PDT.
We exemplify our approach of TA spectroscopy in live cells
using two PSs, Ru-ip-3T and Ru-ip-4T. The data suggest
that in the crowded environment of the cell, the structural
flexibility of the extended ip-nT ligand is reduced, leading to
a prolonged ’ILCT excited-state lifetime. While the data
does not distinguish between intermolecular PS interactions
and those between PS molecules and biological targets, it
does confirm that in cellulo photophysical dynamics are very
different from those in cell-free solution. Thus, to under-
stand the key mechanistic aspects underlying the PS activity,
it is imperative to study their photophysical properties and
excited-state topologies in cellulo.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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