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Selected singlet oxygen photosensitizers have been examined from the perspective of obtaining a molecule
that is sufficiently stable under conditions currently employed to study singlet oxygen behavior in single
mammalian cells. Reasonable predictions about intracellular sensitizer stability can be made based on
solution phase experiments that approximate the intracellular environment (e.g., solutions containing
proteins). Nevertheless, attempts to construct a stable sensitizer based solely on the expected reactivity of a
given functional group with singlet oxygen are generally not sufficient for experiments in cells; it is difficult
to construct a suitable chromophore that is impervious to all of the secondary and/or competing
degradative processes that are present in the intracellular environment. On the other hand, prospects are
reasonably positive when one considers the use of a sensitizer encapsulated in a specific protein; the local
environment of the chromophore is controlled, degradation as a consequence of bimolecular reactions

Received 18th November 2015, can be mitigated, and genetic engineering can be used to localize the encapsulated sensitizer in a given

Accepted 20th January 2016 cellular domain. Also, the option of directly exciting oxygen in sensitizer-free experiments provides a useful
complementary tool. These latter systems bode well with respect to obtaining more accurate control of
the "dose” of singlet oxygen used to perturb a cell; a parameter that currently limits mechanistic studies

of singlet-oxygen-mediated cell signaling.
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Insight, innovation, integration

There are many molecules designed to be incorporated into a cell and perform some function requiring UV/Vis irradiation. Fluorescent probes for structure/
activity and sensitizers for photodynamic action are examples. Upon irradiation, and exploiting the desired function, the molecule can bleach, degrade and
move to a different intracellular location. This problem can be exacerbated with sensitizers specifically designed to produce singlet oxygen, which is known to
oxidize/oxygenate many molecules. With the advent of more accurate methods to monitor (a) intracellular singlet oxygen, and (b) a cell’s response to singlet
oxygen, the development of stable photosensitizers becomes correspondingly more critical. We address this issue as a means of developing better tools to
elucidate singlet-oxygen-mediated mechanisms of cell signaling.
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The oxygen-dependent photoinduced bleaching or degradation
of dyes, fluorescent probes, and sensitizers is a topic that has
long drawn the attention of the scientific and technological
communities. In materials science, the issue of producing
stable electroluminescent polymers, for example, has been an
important limiting factor in the evolution of organic display
screens.” In biology, common photo-functional molecules
that are likewise susceptible to bleaching include (a) fluores-

recorded as a function of elapsed irradiation; further details of the approach used
to obtain photobleaching quantum yields. See DOI: 10.1039/c5ib00295h
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cent probes used to assess cell structure and/or activity,” and
(b) sensitizers used to generate reactive oxygen species, ROS.*”
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ROS play key roles in cell signaling,®'* among other processes,
with ramifications that range from cell proliferation to cell
death."®"® For example, the sensitized production of ROS forms
the basis for the medical procedure of photodynamic therapy,
PDT, wherein undesired tissue (e.g., cancerous tumors) can be
removed by the action of light."*™°

Although the words “bleaching” and ‘“‘degradation” are often
used interchangeably, and this has been done in sections of the
present text, it is desirable at the outset to provide definitions
that distinguish between the two words in our context of photo-
induced processes. Degradation is the more general phenom-
enon that refers to a chemical change in a given molecule
(e.g., the oxidation of a given functional group). Bleaching refers
to a change in the absorbance or emission intensity of a given
compound (generally a loss at a specified wavelength). As such,
bleaching is an optical manifestation of a degradation reaction.
It is important to note, however, that a degradation reaction may
not involve the chromophore directly, but may only perturb a
functional group elsewhere in the molecule which, in turn, may
change the solubility properties and location of the molecule in a
cell. A change in the local environment of the chromophore may,
in turn, change the probability of light absorption and emission
giving the impression of bleaching.

The appropriate reference for biologically-pertinent photo-
induced bleaching would be a citation to a large fraction of the
photochemical literature published over the last ~100 years.
Light-induced molecular rearrangements, bond making/breaking
reactions, and functional group modifications all contribute to
the phenomenon called bleaching. We can limit our perspective
somewhat by focusing on oxygen-dependent events, but this is
still a large field given the plethora of molecules that absorb
light under conditions in which they are exposed to our ambient
atmosphere.

We have long been interested in the photosensitized produc-
tion and subsequent deactivation of one particular ROS, singlet
oxygen, O,(a'A,)."” Singlet oxygen is the lowest excited electronic
state of molecular oxygen,'® and has a characteristic chemistry
that results in the oxygenation/oxidation of many organic and
bio-organic molecules."*° As such, singlet oxygen plays a key
role in the oxygen-dependent photoinduced degradation and
bleaching of many dyes. It follows that the effects of degradation
and bleaching can be mitigated by (a) using dyes that have a low
quantum yield of photosensitized singlet oxygen production,
and/or (b) adding a molecule to the system that can deactivate
any singlet oxygen that has been produced before it can react
with the dye. A wonderful example of the latter is the addition of
the amine DABCO (i.e., 1,4-diazabicyclo[2.2.2]octane) to the dye
solution used in dye lasers.”!

Our interests include (1) monitoring and controlling the
production of singlet oxygen in biologically-pertinent systems,
and (2) assessing the effects of singlet oxygen on mammalian
cells. As such, we work under conditions where organic mole-
cules, be it a singlet oxygen sensitizer or a fluorescent probe
used to assess cell response, are exposed to an environment
where photobleaching can be a problem. For one interested in
elucidating the mechanisms of singlet-oxygen-dependent cell
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signaling, such photobleaching/photodegradation provides an
appreciable hindrance; it limits the control over which the
singlet oxygen dose can be delivered, and decreases the accuracy
with which cell response can be assessed.

The present report on photobleaching has its origins in our
work on individual cells where a focused laser is used to initiate
the photosensitized production of singlet oxygen in a spatially-
confined subcellular domain.>*>® We have been able to monitor
the singlet oxygen thus produced in time-resolved experiments
using the weak 1275 nm O,(a'Ay) — 0,(X’Z, ) phosphorescence
as a probe. Given the laser irradiance (i.e., W m™?) currently
required in this phosphorescence experiment, bleaching of the
photosensitizer generally occurs over the elapsed irradiation
time used for signal averaging. Thus, the amount of singlet
oxygen produced can vary with each successive laser pulse
delivered over this time period, and this is then reflected in
the intensity of the final singlet oxygen phosphorescence signal
retained. Moreover, products of photobleaching reactions can
also influence the decay kinetics, and hence diffusion distance,
of singlet oxygen.'”*® Although the latter is only now beginning
to be demonstrated for experiments at the level of an individual
cell,”®”” it has long been known as a potential problem for
in vitro solution phase singlet oxygen experiments.”® These pro-
blems associated with sensitizer bleaching are pertinent not just
for 1275 nm singlet oxygen phosphorescence experiments, but
are equally relevant for experiments in which a fluorescent
probe is used to indirectly monitor singlet oxygen.>*~"

Photo-initiated reactions can also initiate processes that
lead to the relocalization of a sensitizer into another subcellular
domain and/or into the extracellular medium.****~*® This reloca-
lization may be a consequence of the degradation of the light-
absorbing sensitizer itself and/or the degradation of molecules in
the environment that immediately surrounds the sensitizer. In
any event, the net adverse result with respect to an experiment
on singlet-oxygen-mediated cell signaling is exacerbated: one
loses control over the dose of singlet oxygen initially created.
Deconvoluting the effects that sensitizer relocalization have on
the intensities and decay kinetics of singlet oxygen phospho-
rescence signals can certainly complicate the process of asses-
sing other, and arguably more meaningful, responses to singlet
oxygen.26’37

A corollary of this discussion on singlet oxygen sensitizers is
that bleaching and relocalization can also occur with fluorescent
probes used to assess cell structure and activity. Derivatives of
fluorescein, for example, are a commonly used fluorophore in
many assays.> A limitation of many of these derivatives, however,
is that they can bleach under the conditions in which the cell is
being examined.’**** This characteristic of fluorescein and
other fluorescent probes partly reflects the fact that, under many
biologically-pertinent conditions, an excited state of the probe
itself can sensitize the production of singlet oxygen,***** or
another ROS,* in appreciable yield. Because such self-sensitized
ROS-dependent bleaching invariably involves the longer-lived
triplet state,*®>*®*” not the shorter-lived fluorescent singlet state,
the addition of a covalently-linked triplet state trap to the probe
chromophore can be beneficial.*® However, this methodology
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clearly cannot be applied to impart stability to a singlet oxygen
sensitizer, where energy transfer to oxygen from the sensitizer
triplet state is the desired feature.

In light of the bleaching-dependent problems associated with
the use of singlet oxygen sensitizers, we set out to (a) identify
sensitizers that are sufficiently stable under the conditions of our
single cell experiments, (b) determine if one could have readily
identified such sensitizers on the basis solely of the functional
groups present in the molecule, and (c) ascertain if in vitro
solution phase experiments can be used to accurately model
the behavior of a given sensitizer when located inside a cell.

Our initial perspective in this regard was partly influenced
by a number of points:

(1) Despite the fact that many of the porphyrin-based
molecules commonly desired for use as an intracellular sensitizer
readily photo-bleach,"**® conjugated dimers of metallo-porphyrins
have been shown to be reasonably stable when incorporated into a
cell and irradiated.”® Moreover, these molecules sensitize the
production of singlet oxygen in appreciable yield,”**" and give rise
to good intracellular singlet oxygen phosphorescence signals.””
Thus, it is reasonable to look for porphyrin-based sensitizers
that are sufficiently stable under our experimental conditions.
One feature of these particular porphyrin dimers is that the
conjugating bridge consists of a butadiyne moiety.”® This leads
to our second point.

(2) We have shown that molecules containing alkyne-
conjugated phenyl moieties are more stable than the corres-
ponding molecule with alkene-based units of conjugation upon
exposure to singlet oxygen.”” Likewise, we have shown that the
judicious placement of electron-withdrawing substituents on
an alkene-based conjugation unit markedly decreases the rate
of singlet-oxygen-mediated photobleaching (singlet oxygen is an
electrophile).”® The use of electron-withdrawing substituents
to impart stability against singlet oxygen has also been achieved
by replacing the C-H bonds in the given molecule with C-F
bonds.>*®” Thus, it appears reasonable to use some basic
chemical principles to methodically design and construct a
sensitizer that would be more stable under selected conditions
of irradiation. This leads to our third point.

(3) Electron-withdrawing substituents in the ortho positions
of meso-phenyl-substituted porphyrin derivatives increase the
oxidation potential and concomitantly decrease the photode-
composition quantum yield of that porphyrin.*® Moreover,
bulky substituents at these same ortho positions can provide
steric hindrance against attack by molecular oxygen and may
further stabilize the sensitizer.>® This leads to our fourth point.

(4) Evidence has been presented to indicate that encasing/
encapsulating a sensitizer or fluorophore can increase its stability
towards oxygen-dependent degradation.””***> Although this obser-
vation may reflect a number of phenomena, the relative importance
of which depends on the nature and composition of the encasing
material, a key factor is that the chromophore can be shielded from
reactive species that only diffuse over a finite distance in a given
period of time (e.g., singlet oxygen, hydroxyl radical, etc.).**

(5) Krieg and Whitten®® reported in 1984 that the in vitro
oxygen-dependent photobleaching of protoporphyrin IX is
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significantly enhanced in the presence of selected amino acids
and, independently, in the presence of erythrocyte ghosts which
contain lipids as well as membrane proteins. A mechanism was
proposed in which singlet oxygen creates, for example, a protein-
based oxygenated intermediate (e.g., a long-lived peroxide)
which, in turn, can then oxidize the porphyrin. This interpreta-
tion is consistent with independent work on protein oxidation,**
and has since been substantiated in studies where the photo-
bleaching of selected chlorins was enhanced upon the addition
of bovine serum albumin to the solution.®>®® On this basis, one
could infer that the rate and extent of sensitizer bleaching in a
cell will depend on the immediate environment and, hence,
intracellular location of that sensitizer. It has been shown that
rates of fluorophore bleaching depend on the intracellular
location of the dye.®”

For the present study, we examined the behavior of seven
singlet oxygen sensitizers, both in solution phase experiments
and in cultured cells. We conclude that predictions about
intracellular stability based solely on the chemical structure of
the sensitizer can be erroneous. Indeed, we go further to say that
attempts to design a stable sensitizer based solely on principles
of functional group reactivity will continue to be a challenge. On
the other hand, attempts to impart stability through encapsula-
tion of the chromophore appear promising. The data obtained
thus contribute to the ultimate goal of designing singlet oxygen
sensitizers whose intracellular behavior can be controlled under
a variety of oxidizing conditions.

Experimental
Instrumentation

The details of the femtosecond (fs) and nanosecond (ns) laser
systems as well as the lamps used for sample irradiation have
been previously described.”>*®*”7° The instrumentation and methods
used to monitor sample luminescence, create images of a cell,
and record emission spectra from molecules in a cell have
likewise been described.>*3""*

Cells

To maintain continuity with our previous work, HeLa cells on a
polylysine substrate were used in this study. The preparation of
samples has been described previously.>®”>”* Cell death was
assessed using a variety of morphological features as previously
described.**

Chemicals

5,10,15,20-Tetrakis(N-methyl-4-pyridyl)}-21H,23 H-porphine, TMPyP,
was obtained as the tetrasulfonate salt from porphyrin Systems
and used as received. Riboflavin 5’-monophosphate sodium salt
dihydrate (i.e., flavin mononucleotide, FMN), N,N-dimethylfullero-
pyrrolidiniuim iodide, DMP-Cq,, phosphate-buffered saline
solution, PBS, and bovine serum albumin, BSA, were obtained
from Sigma-Aldrich and used as received. Benzo[cd]pyren-5-
one, BP,’* and 1,4-bis[4-(N,N-diphenylamino)phenylethynyl]-
2,5-dibromobenzene, BBB,** were prepared as outlined in the
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miniSOG

Fig.1 Non-porphyrin-based singlet oxygen sensitizers examined in this
study. The green residues shown in the miniSOG structure indicate the
mutations made to the parent LOV2 protein (see Shu, et al.,”® Pimenta,
et al.”® and Westberg, et al.”’).
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Fig. 2 Porphyrin-based singlet oxygen sensitizers examined in this study.

TDFPBS

papers respectively cited. 5,10,15,20-Tetrakis(2,6-difluoro-3-
sulfophenyl)porphine, TDFPPS, (and the corresponding bacterio-
chlorin, TDFPBS)°®”> were gifts of Luzitin SA (Coimbra, Portugal).
A plasmid for the protein-encased FMN, the so-called miniSOG,”®
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was obtained as a gift from Prof. Roger Y. Tsien (University
of California-San Diego), and was expressed as previously
described.””®

Photobleaching quantum yields

A 3 mL sample of the photosensitizer dissolved in a given solvent
was placed in front of the irradiation source (a pulsed laser) in a
quartz cuvette. Absorption and fluorescence spectra were recorded at
different times from the sample that was constantly stirred during
irradiation. Photobleaching quantum yields, ¢y, were obtained as
the quotient (initial rate of photosensitizer disappearance)/(initial
rate of photon absorption) by quantifying time-dependent changes
in sensitizer absorbance and/or fluorescence intensity at a given
wavelength.”*®® Further details are provided in the ESL A calibrated
power meter was used to quantify the irradiance. Because mechan-
isms of photobleaching can be sensitizer dependent, and yield
products that absorb/emit over a wide range of wavelengths, care
must be exercised not to over-interpret values of ¢, thus obtained,;
they should simply be viewed as a general qualitative guide to the
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Fig. 3 Absorption spectra of BP as a function of the elapsed irradiation
time in benzene (1 kHz fs laser irradiation at 400 nm with 57 mW cm~2) and
DMSO (irradiation at 420 nm with 43 mW cm™2). In benzene, data
were recorded over an elapsed irradiation period of 300 min, whereas in
DMSO the data were recorded only over an elapsed irradiation period
of 30 min. Arrows show the direction of irradiation-induced changes in
the spectra.
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bleaching process. To underscore this point, we have not applied
error bars to the values of ¢y, reported.

Results and discussion

The seven singlet oxygen sensitizers studied can be classified
into two groups: non-porphyrin-based and porphyrin-based
molecules (Fig. 1 and 2, respectively).

For well-founded reasons, porphyrin-based molecules have
long been used as singlet oxygen sensitizers, particularly for
PDT-related applications.'® The properties of these molecules
are readily tuned by changing substituents and/or the extent to
which the macrocycle is reduced (i.e., chlorins and bacterio-
chlorins). Most importantly, these compounds are generally not
cytotoxic in the absence of light. We examined two porphyrins
and one bacteriochlorin. The hydrophilic porphyrin TMPyP has
been the basis for much of our single cell singlet oxygen
phosphorescence work over the years.”>>*3*¢ The hydrophilic
sulfonated porphyrin TDFPPS (and the corresponding bacterio-
chlorin, TDFPBS) likewise have good singlet oxygen yields and
are readily incorporated into a cell.>®”>8"

There is also a vast literature on non-porphyrin-based singlet
oxygen sensitizers,” and we opted to examine three molecules that
are reasonably photostable when dissolved in a liquid solvent:
BP,”* DMP-Cq,%> and BBB.”” In light of recent work on protein-
encased sensitizers,””’®””®3 we also examined flavin mono-
nucleotide, FMN, both as a free solvated chromophore and
when encased in a LOV2-based protein.

:
after50s after92.5s
-

after 22.5s
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BP

The polycyclic aromatic molecule BP has an absorption profile
that extends to wavelengths longer than 500 nm (Fig. 3). It has
a weak fluorescence (P ~ 0.004 in toluene) with a band
maximum at ~560 nm.”* This comparatively small quantum
yield of fluorescence, @, can be attributed to the carbonyl group
which facilitates S; — T; intersystem crossing. The latter is
manifested in a quantum yield of BP-sensitized singlet oxygen
production that is close to unity.”*

On the basis solely of the chemical structure of BP, one
might expect it to be resistant to singlet-oxygen-mediated
degradation. Indeed, BP is reasonably stable upon prolonged
irradiation at 400 nm in oxygenated solutions of toluene or
benzene (Fig. 3). On the other hand, appreciable photoinitiated
changes rapidly occur when BP is dissolved in DMSO (Fig. 3), a
phenomenon that is reflected in the comparatively large photo-
bleaching quantum yield of 1.3 x 102 The isosbestic points in
the spectra shown in Fig. 3 suggest that, over the time period
examined, only one photoproduct of BP is formed in each case.
However, both the absorption and emission spectra (see ESIf)
indicate that the BP photoproduct formed in DMSO may be
different from that in benzene. These solvent-dependent differ-
ences may reflect the fact that, as a polar aprotic solvent, DMSO
may selectively increase the rate of an oxidative degradation
reaction that involves polar intermediates.®*

Although BP is hydrophobic, it is soluble in aqueous solutions
that contain a small amount (~0.25% by volume) of DMSO.
In PBS, as well as PBS containing BSA, BP is indeed sensitive to

after 12.5s

Fig. 4 Images of Hela cells that had been incubated for 4 h in normal growth medium containing 10 pM BP. The images are based on emission detected

at wavelengths longer than 500 nm upon excitation at 480 nm, and separate images were recorded as a function of the elapsed irradiation time at
480 nm (4.1 mW cm~2 from a cw metal halide lamp). The data are consistent with a process where a nascent product of BP photodegradation emits light,
but then this compound further evolves upon prolonged irradiation to produce non-emissive molecules and/or molecules that no longer absorb at
480 nm. The corresponding emission spectra are not the same as those seen in the solution phase experiments (see ESI+), suggesting that (a) the emitting
molecules are not the same as those in the solution phase experiments, and/or (b) the local environment appreciably perturbs the spectra.
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irradiation (see ESIf). On the basis of these solution phase
results, one might expect that BP would not be particularly
stable when incorporated into a cell. The data obtained are
indeed consistent with this expectation (Fig. 4).

In conclusion, BP provides a nice example of a molecule that,
a priori, would be expected to be reasonably stable against singlet-
oxygen-mediated degradation. However, under intracellular con-
ditions, BP is quite labile, most likely as a consequence of other
protein-dependent oxidative processes that can more readily play
a role, perhaps involving peroxide-spawned radicals. All of this is
consistent with the observation that irradiation of intracellular
BP results in cell death.

BBB

The discussion on BP is likewise applicable to BBB. This latter
compound was the focus of an earlier solution phase study
which showed that replacing the conjugating alkenyl groups in
phenylene vinylene oligomers with alkynyl groups appreciably
increased the stability of the molecule to singlet-oxygen-mediated
degradation.> Upon incorporating BBB into cells, however, where
it presumably localizes in protein-containing lipophilic domains, it
becomes extremely labile to irradiation (see ESIt).

Thus, on the basis of our BP and BBB data, we conclude that
caution must indeed be exercised with respect to all-inclusive
statements about the stability of a given singlet oxygen sensitizer
based solely on the reactivity of functional groups in that sensi-
tizer to singlet oxygen; the local environment of the sensitizer
clearly plays an important role, certainly when this environment
contains molecules (e.g:, proteins, lipids) that can propagate other
reactions (e.g., peroxide-initiated radical processes®**°).

DMP-Cq,

The fullerene Cq sensitizes the production of singlet oxygen
with a quantum efficiency of ~1.0 and has a structure that
renders it stable to singlet-oxygen-mediated degradation.®¢5®
Although Cg, itself is hydrophobic and insoluble in many
media, this limitation can often be overcome using derivatives
of Cg0.2%%%° The derivative we opted to study here, DMP-Cg,
can be incorporated into a cell and can initiate cell death upon
irradiation.”*

The quantum yield of singlet oxygen production, ¢4, sensi-
tized by DMP-Cg, is reported to be 0.27 £ 0.02 in CH;OD (with
1% added DMSO0).”! In a D,0O-based PBS solution (with 4%
added DMSO), these same investigators were not able to detect
a 05(a’Ag) > 0,(X’%, ) phosphorescence signal upon irradia-
tion of DMP-Cg, implying that, under these latter conditions,
¢4 is appreciably less than 0.27.°" Although the D,0O data may
partly reflect the aggregation of DMP-Cg,”" these observations
also contribute to the suggestion that, under physiological
conditions, irradiation of Cg, and its derivatives may lead to
cell death as a consequence of the production of oxygen-related
radicals, not singlet oxygen.®>°> We can nevertheless still
use DMP-Cg, to address aspects of the photoinitiated oxygen-
dependent degradation of intracellular sensitizers.

Irradiation of DMP-Cg, at 355 nm in a solution of H,O/DMSO
(9-to-1, by volume) shows a modest degradation-dependent
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Fig. 5 (A) Absorption spectra of DMP-Cgo in H,O/DMSO (9-to-1, by
volume) as a function of the elapsed time of 355 nm irradiation (10 Hz ns
laser at 45 mW cm™2). As noted, the elapsed irradiation period was 220 min.
(B) Data were recorded under similar conditions over an elapsed irradiation
period of only 180 min from a solution that also contained 0.75 mM BSA.

Arrows show the direction of irradiation-induced changes in the spectra.

change in the absorption spectrum (Fig. 5A). Upon irradiation
of a corresponding solution containing 0.75 mM BSA, more
pronounced changes in the absorption spectrum are observed
(Fig. 5B). There is a clear irradiation-dependent increase in the
absorbance at ~310 nm, which is consistent with the oxidation
of selected amino acids in a protein.”””*® The irradiation-induced
change in the spectrum at ~350 nm, however, is somewhat
puzzling and could reflect a number of phenomena. Although
BSA does not absorb in this spectral region, the pronounced
irradiation-induced “dip” in the spectrum at ~350 nm that
appears to be correlated with the absorbance increase at ~310 nm
could reflect a decrease in the extent to which the solution scatters
light as BSA is oxidized. [Note: our choice of using BSA at 0.75 mM
or 2.0 mM (vide infra) is intended to mimic the expected average
intracellular concentration of a protein: ~0.5-5 mMm].**°
Alternatively, this change could reflect a BSA-enhanced, spectrally-
localized “bleach’”” of DMP-Cg, that is not strongly manifested at
wavelengths longer than ~400 nm (see corresponding changes
in Fig. 5A). Thus, one might indeed be able to exert some control

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Fluorescence images of Hela cells that had been incubated with 25 uM DMP-Cgq recorded as a function of the elapsed irradiation time at 450 nm
(8.2 mW cm~2 from cw metal halide lamp). Emission was detected at wavelengths longer than 600 nm.

in a cell-based experiment by irradiating DMP-Ce, at wavelengths
longer than 400 nm.

Upon incubation of HeLa cells with DMP-Cg, this dye was
readily incorporated into the cells (Fig. 6). Images obtained of these
cells based on the fluorescence of DMP-Cg, imply that the principal
sites of intracellular localization are lysosomes, although a non-
negligible amount of the dye appears to be randomly dispersed in
the cytoplasm (Fig. 6). Upon elapsed irradiation of these cells at
450 nm, only slight changes in the broad-band intensity of emitted
light were observed, with much of the change occurring at early
irradiation times (Fig. 6). Most notably, there appears to be mini-
mal irradiation-induced relocalization of the dye suggesting that
lysosomes are stable to the reactive oxygen species produced by
DMP-Cq,. This latter observation is in stark contrast to what is
observed upon irradiation of TMPyP, a singlet-oxygen-producing
sensitizer that likewise initially localizes in lysosomes but that
appears to facilitate lysosome rupture upon irradiation (vide infra).
Thus, it appears that DMP-C¢, might indeed be a sufficiently
stable sensitizer for selected oxygen-dependent intracellular
experiments, albeit those that do not involve singlet oxygen.

TMPyP

Over the years, the cationic porphyrin TMPyP has been extensively
used as a singlet oxygen sensitizer in a wide range of experiments.
It is readily incorporated into cells, efficiently produces singlet
oxygen with a quantum yield of 0.77 + 0.04,°® and is sufficiently
fluorescent to allow for imaging experiments to ascertain its
localization.*® Indeed, these properties of TMPyP have made it
a popular sensitizer in experiments to record singlet oxygen
phosphorescence from cells."”**>¢

Unfortunately, TMPyP arguably provides one of the better
examples for photoinduced relocalization of an intracellular

This journal is © The Royal Society of Chemistry 2016

sensitizer.”>**** Upon incubation of a cell with TMPyP, this
molecule first localizes in lysosomes.>® Upon irradiation of this
localized TMPyP, the singlet oxygen produced presumably facil-
itates lysosome rupture. Depending on the experimental condi-
tions, the TMPyP thus released may then localize in the nucleus,
binding to the DNA, and/or it may cross the plasma membrane
into the extracellular medium.>*** Moreover, intracellular TMPyP
bleaches upon prolonged irradiation.>* All of these processes are
manifested in TMPyP-sensitized singlet oxygen phosphorescence
signals.”**** Thus, despite its frequent use, TMPyP is far from an
ideal intracellular sensitizer.

In the context of the present report, it is sufficient to show
that, in a model study using TMPyP dissolved in a buffered
solution containing BSA, photoinduced bleaching is readily
apparent (Fig. 7). As with other sensitizers, the quantum yield
of TMPyP photobleaching in the presence of BSA (1.2 x 10 )
is appreciably larger than that in a PBS solution lacking BSA
(3.3 x 107°), again with the caveat that the respective mechan-
isms involved are likely different.

TDFPPS

Fluorine and chlorine substituents in the ortho positions of the
meso-phenyl rings of tetraphenylporphyrin, TPP, can increase
the oxidation potentials of these derivatives up to 0.3 V with
respect to TPP itself.”” Moreover, interactions between these
ortho substituents and the H atoms in the B-pyrrole positions
increase the twist angle between the pendant phenyl ring and
the macrocycle and this, in turn, diminishes the tendency of the
porphyrins to aggregate.”® Substituents other than hydrogen in
these ortho positions likewise appear to provide a hindrance to
the attack of reactive species to the macrocycle and thereby
impart extra stability.>® Finally, halogen substituents in the

Integr. Biol., 2016, 8, 177-193 | 183


http://dx.doi.org/10.1039/c5ib00295h

Published on 21 January 2016. Downloaded by Aarhus University Library on 16/02/2016 08:24:05.

Paper
1.04 [ PBS + 0.75 mM BSA
0.8 l — 0 min
—5
g —17
g 0.6 - —27
§ —42
o] —062
0.4 -
< 17
0.2 -
300 400 500 600 700

Wavelength / nm

Fig. 7 Absorption spectra of TMPyP dissolved in a buffered aqueous
solution containing 0.75 mM BSA. Data were recorded as a function of
the elapsed time of irradiation at 420 nm (1 kHz fs laser, 50 mW cm™2); the
irradiation time covered the range 0 to 117 min. Arrows indicate the
direction of irradiation-induced changes in the spectra recorded.

meso-phenyl rings can also provide an internal heavy atom
effect that increases the quantum yield of triplet state produc-
tion without appreciably reducing the triplet state lifetime
which, in turn, should be reflected in the corresponding yield
of sensitized singlet oxygen production.’® With these points in
mind, TPP derivatives that are ortho-halogenated in the meso-
phenyl ring have been synthesized for use as singlet oxygen
sensitizers in PDT.'”’ For the present study, we set out to
examine TDFPPS which is a fluorinated sulfonic acid derivative
of TPP (Fig. 2). This choice partly reflects the facts that TDFPPS
is highly soluble in water, sensitizes the production of singlet
oxygen in good yield (¢ = 0.71 £ 0.09), and is expected to be
comparatively photostable. Spectra of TDFPPS solutions
recorded as a function of elapsed irradiation (Fig. 8) give rise
to the following quantum yields of photobleaching: ¢,,(PBS) =
4.2 x 10~° and ¢pp(DMSO) = 1.3 x 10~ °. The quantum yield of
TDFPPS photobleaching in PBS is indeed smaller than that of
other porphyrins commonly used as singlet oxygen sensitizers
in PDT,**”® although it is approximately the same as that for
TMPyP (vide supra). The effect of DMSO is consistent with that
observed upon irradiation of BP (vide supra, Fig. 3).

HeLa cells readily incorporate TDFPPS, and images of these
cells based on the TDFPPS emission suggest that the site of first
localization may be lysosomes (Fig. 9), much like what is observed
upon incorporation of TMPyP into cells.”® Upon irradiation
of these cells at a wavelength strongly absorbed by TDFPPS
(i.e., 425 nm), the images indicate that, in the least, TDFPPS tends
to re-localize (Fig. 9), a process that may be concomitant with
morphological changes associated with cell death. This observation
is likewise consistent with that observed using other dyes.”®

The irradiation-dependent intracellular re-localization of
TDFPPS, and perhaps even the related diffusion of this dye out
of the cell into the surrounding medium, makes it difficult to use
the fluorescence intensity of TDFPPS as an accurate measure of
TDFPPS bleaching in a cell. However, emission spectra recorded
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Fig. 8 Absorption spectra of TDFPPS in PBS (top panel) and DMSO
(bottom panel) recorded after different periods of elapsed irradiation at
508 nm (77 mW cm~2). Spectra in PBS were recorded at elapsed irradiation
times that covered the range O to 367 min, whereas the data in DMSO
were recorded over the range 0 to 112 min. The arrows indicate the
direction of irradiation-induced spectral changes.

500

from these cells as a function of elapsed irradiation may yield
some insight in this regard. Specifically, and as shown in Fig. 10,
there is an apparent change in the relative intensity of two
vibronic bands in the TDFPPS spectrum upon irradiation which,
in turn, provides an internally-calibrated measure of a photo-
initiated change in the system. Although the exact origin of this
spectral change is uncertain (e.g., it possibly reflects the super-
position of the spectrum of a photoproduct onto the TDFPPS
spectrum), this observation nevertheless allows one to better
quantify the apparent photo-initiated degradation of intracellular
TDFPPS. In contrast, data recorded from cells containing TMPyP,
for example, indicate that re-localization of the dye in and out of
the cell appears to occur much faster than a bleaching reaction
(see ESIt as well as cell images in Silva, et al.>®).

TDFPBS

To complement the TDFPPS study, we set out to examine the
behavior of the corresponding bacteriochlorin, TDFPBS, well

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Images of Hela cells based on TDFPPS emission at 650 nm as a function of elapsed irradiation at 425 nm (44 mW cm~2 from a cw metal halide
lamp). The elapsed irradiation time is shown on each panel. The white circle superimposed on the third panel represents the area from which the

fluorescence spectra shown in Fig. 10 were recorded.
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Fig. 10 Emission spectra that correspond to the data shown in Fig. 9 for
Hela cells that had been incubated with TDFPPS. The spectra shown were
recorded as a function of elapsed irradiation at 425 nm (44 mW cm™2 from
a cw metal halide lamp).

aware that, under our experimental conditions, bacterio-
chlorins are not expected to be as stable as porphyrins.*®-81:11
Indeed, the quantum yield of TDFPBS photobleaching in PBS
(¢pb =2 x 107%)'! is appreciably larger than the corresponding
quantum yield for TDFPPS photobleaching in PBS (4.2 x 107,
vide supra), despite the fact that TDFPBS sensitizes the produc-
tion of singlet oxygen (¢, = 0.44 + 0.05)°° less efficiently than
TDFPPS (¢ = 0.71 £ 0.09, vide supra).

HeLa cells appear to readily incorporate TDFPBS, and the
TDFPBS-emission-based images recorded of these cells likewise
suggest that the site of first localization may be lysosomes (Fig. 11).

This journal is © The Royal Society of Chemistry 2016

However, upon irradiation of these cells at a wavelength absorbed
by TDFPBS (500 nm), it appears that events resulting in TDFPBS
bleaching dominate events that result in the re-localization of this
dye in the cell (Fig. 11). This observation is certainly consistent
with the expectation that the bacteriochlorin will be more labile
than the corresponding porphyrin with respect to self-sensitized
photo-oxygenation.

Emission spectra recorded from these cells containing TDFPBS
(Fig. 12) provide useful data that corroborate our interpretation
of the irradiation-dependent phenomena observed with TDFPPS
(vide supra, Fig. 10). Specifically, the relative intensities of bands
centered at 750 and 660 nm change upon irradiation in a way
that is consistent with a photoinitiated reaction; in this case, the
spectral data suggest that the product of TDFPBS irradiation may

be a chlorin.'

FMN and protein-encased FMN

The use of enclosures to control the properties of a singlet
oxygen sensitizer has several appealing features.'” First, one
can ideally maintain a constant local environment around the
chromophore which, in turn, ensures that key photophysical
parameters do not change over time. As a consequence of this
controlled local environment, solution phase experiments will
presumably better represent intracellular behavior. Second, a
protein-based enclosure facilitates, through genetic engineering,
the localization of the chromophore in a specific subcellular
domain.'® Finally, a protective shield around the chromophore
could be used to inhibit bimolecular reactions that lead to
bleaching.’’ With these points in mind, we examined FMN
dissolved in a buffered aqueous solution and, independently, a
buffered solution of FMN encased in a LOV2-derived protein
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Fig. 11 Images of Hela cells based on TDFPBS emission at 750 nm as a function of elapsed irradiation at 500 nm (4 mW cm~2 from a cw metal halide

lamp). The elapsed irradiation time is shown on each panel.
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Fig. 12 Emission spectra that correspond to the data shown in Fig. 11 for
Hela cells that had been incubated with TDFPBS. The spectra shown were
recorded as a function of elapsed irradiation at 500 nm (4 mW cm~2 from a
cw metal halide lamp). Arrows indicate the direction of irradiation-induced
changes in the spectra. Note that the intensity of the band at ~660 nm first
increases and then decreases upon elapsed irradiation. This band is due to
the presence of the corresponding chlorin as a “contaminant” in the TDFPBS
sample, and the intensity changes reflect the initial oxidation of TDFPBS to
the chlorin, followed by the slower bleaching of the chlorin 1°%102

called “miniSOG” (for mini Singlet Oxygen Generator’®); see
Fig. 1. MiniSOG has already been used as a localized intra-
cellular sensitizer in a number of experiments.>*”®1%*

When considering miniSOG, or any other protein-encased
sensitizer, an important caveat is that photo-induced electron
transfer reactions involving the protein kinetically compete
with the desired energy transfer from the sensitizer to produce
singlet oxygen. This competition is indeed significant for FMN

186 | Integr. Biol, 2016, 8, 177-193

encased in the miniSOG protein;”””’® FMN dissolved in an
aqueous medium has a comparatively large quantum yield of
singlet oxygen production (¢ = 0.65 %+ 0.05 in D,0”’), whereas
the quantum yield of miniSOG-sensitized singlet oxygen
production is quite small (¢ = 0.03 £ 0.01).”7751%

With these points in mind, any attempt to use a protein
enclosure to retard the bleaching of a singlet oxygen sensitizer
must be complemented by the concomitant use of rational
protein design, for example, to mitigate the undesired electron-
transfer reactions that adversely influence singlet oxygen
production. As an aside, we have addressed the latter in the
development of a miniSOG mutant called SOPP (for “Singlet
Oxygen Photosensitizing Protein’”).”” However, in order to
make salient points about the effect of a protein enclosure on
sensitizer photobleaching, it is sufficient to limit ourselves here
to a discussion of miniSOG.

As the elapsed period of miniSOG irradiation increases,
the yield of miniSOG-sensitized singlet oxygen production
correspondingly increases, reflecting protein degradation reac-
tions that influence the competition between the electron and
energy transfer reactions.””””® Thus, to some extent, our current
miniSOG experiments fall into the same category as our DMP-
Ceo experiments discussed above; although the pertinent ROS
initially produced may not be singlet oxygen, we can still comment
on the relative effects of the encasing protein on reactions that
degrade the sensitizer. Carrying this latter point further, and
keeping in mind (a) the experiments of Krieg and Whitten,*
and (b) our studies using BSA described herein, we must remain
aware that oxidation of the protein enclosure could contribute
to an accelerated bleaching reaction of the chromophore.

Although the miniSOG protein enclosure changes the
absorption spectrum of FMN slightly (i.e., vibronic structure
becomes more apparent),”®’®1°¢1%7 the data in Fig. 13 show

This journal is © The Royal Society of Chemistry 2016
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Fig. 13 (A) Absorption spectra of FMN dissolved in phosphate buffered
D,O recorded as a function of elapsed irradiation at 420 nm (cw Xe lamp,
0.32 mW cm2). A total of 1.7 J were absorbed after 300 min irradiation.
(B) Absorption spectra of miniSOG recorded over the same elapsed time
period and with the same actinic irradiance as used for the FMN experi-
ments shown in panel A. Note that, even though our solution of FMN in
miniSOG has a slightly higher absorbance at 420 nm, and hence absorbs
a greater number of photons (i.e., a total of 2.7 J were absorbed after
300 min irradiation), this protein-encased FMN still bleaches less than FMN
dissolved in PBS. However, as discussed in the text, the differences in
photobleaching observed here likely reflect a pronounced difference in
the yield of singlet oxygen produced in these respective experiments. We
previously published these data in a different form.”®

that this protein enclosure also imparts stability to FMN with
respect to photobleaching. Specifically, upon irradiation at
420 nm, under the relatively “mild” conditions shown in Fig. 13,
the change in the absorbance of the FMN band centered at
~450 nm is greater in an aqueous solution than in the protein.
The only prominent irradiation-dependent change in the spectra
of protein-encased FMN recorded under these conditions occurs at
~340 nm, and this likely reflects the photo-oxygenation of the
tryptophan residue found in miniSOG.**%*1°

Upon examining the data in Fig. 13, however, care must be
exercised not to misinterpret the effect of the protein enclosure
on the degradation of FMN. Specifically, if singlet oxygen is the
reactive species principally responsible for the photobleaching
of FMN, then the difference between the data shown in Fig. 13A

This journal is © The Royal Society of Chemistry 2016
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and B most likely reflect the simple fact that singlet oxygen is
produced in high yield when FMN is dissolved in water, whereas,
under “mild” irradiation conditions, it is produced in low yield
when FMN is encased in the miniSOG protein (vide supra). To
support this point, we have shown that the photo-initiated spectral
changes in miniSOG occur more rapidly in D,O-based solutions
than in H,O-based solutions, suggesting that singlet oxygen is
indeed the pertinent intermediate in the degradation reactions
(i.e., the data reflect the established fact that the lifetime of singlet
oxygen is longer in D,0O than in H,O; hence, the probability of a
reaction between singlet oxygen and a given substrate is greater in
a D,0-based solution).”” To further support our perspective, we
have shown that pronounced photobleaching of FMN in the
miniSOG protein can indeed be observed when one is at the limit
where, upon prolonged elapsed irradiation and the absorption of
appreciable energy, photoinduced changes in the surrounding
protein result in a higher yield of photosensitized singlet
oxygen production.””””®

In conclusion, the data in Fig. 13 show that chromophore/
sensitizer bleaching is not always accelerated in the presence of
a protein. We address this point further in the next section.

MiniSOG and added BSA

In light of the results presented in preceding sections, we
examined the effect of added BSA on the rate of miniSOG
photobleaching. These experiments extended into the domain
where an appreciable amount of energy had been absorbed
by FMN and the quantum yield of singlet oxygen production
was greater than the lower limit of ¢, = 0.03 £ 0.01 obtained
under “mild” irradiation conditions (vide supra). Recall that, in
general, for a sensitizer dissolved in a given solvent, the
addition of BSA accelerated the rate of sensitizer degradation/
bleaching. However, data obtained using miniSOG clearly show
that, when present in the surrounding solution, BSA imparts a
protective effect on FMN enclosed in the miniSOG protein
(Fig. 14). These results imply a number of things. First, upon
irradiation of FMN, any ROS produced diffuse through the
miniSOG protein and interact with BSA, thereby mitigating any
“back reaction” of that ROS with the miniSOG protein and
FMN. BSA can certainly quench the singlet oxygen that escapes
into the solution.?! The miniSOG protein may also shield FMN
from the effects of protein peroxides, for example, formed on
the BSA in the surrounding solution. Any photo-produced
intermediate in the miniSOG protein that contributes to FMN
degradation (e.g., the radical ion of a specific amino acid
residue) could be trapped/quenched by the BSA in the sur-
rounding medium. Finally, one might infer that, by adding BSA
to a solution of miniSOG, one disrupts any potential miniSOG-
miniSOG ‘‘aggregation-based” interactions that might contri-
bute to FMN bleaching. With this in mind, it is important to
note that, under our conditions, it is likely that miniSOG always
remains as a dissolved monomeric species.”®

Relative photostability of miniSOG and TDFPPS

On the basis of our observations thus far, it would be useful to
quantify the relative stabilities of two particular sensitizers to
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Fig. 14 Change in the absorbance of the miniSOG band at 447 nm
recorded as a function of the total energy absorbed through irradiation
at ~420 nm (1 kHz fs laser). Note that the total energy absorbed in these
experiments far exceeds that for the data shown in Fig. 13. Data were
recorded in D,O-based PBS in the presence of 2 mM BSA (open circles)
and in the absence of BSA (filled circles). Absorbance changes in the
respective data sets were normalized to facilitate comparison.

oxidative degradation: the fluorinated porphyrin TDFPPS and
the protein-encapsulated FMN (miniSOG). Again, experiments
were performed under conditions in which the total energy
absorbed by FMN in miniSOG was large enough to result in a
degradation-dependent increase in the singlet oxygen quantum
yield above the value of ¢, = 0.03 £ 0.01 recorded under “mild”
irradiation conditions (vide supra).

The data shown in Fig. 15A indicate that, under these condi-
tions in aerated D,O-based PBS, miniSOG is clearly less tolerant
of prolonged irradiation than TDFPPS. This result speaks
well for TDFPPS because it makes singlet oxygen in high yield
(¢a = 0.71 = 0.09). However, given that these respective sensitizers
respond differently to the presence of an added protein (vide supra),
data recorded in the presence of BSA show a remarkable “inver-
sion” effect (Fig. 15B). Specifically, TDFPPS photobleaches more
readily in the presence of BSA, whereas miniSOG becomes more
photostable in the presence of BSA.

The data shown in Fig. 15B provide compelling support for
the continued development of protein-encased sensitizers for
use in studies involving live cells.

Conclusions

It remains challenging to use basic concepts of functional group
reactivity to design a singlet oxygen sensitizer that is sufficiently
stable under the photooxidative conditions currently employed
to study singlet oxygen, and its effects, in mammalian cells.
Reasonable predictions about the way a given sensitizer will
behave in a cell can sometimes be made using model solutions
(e.g., solution phase experiments performed in the presence of a
protein such as bovine serum albumin). However, the principal
prohibitive complication that must be overcome is that the
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Fig. 15 Changes in the absorbance of the miniSOG band at 447 nm (filled
circles) and TDFPPS at 407 nm (open circles) recorded as a function of the
total energy absorbed through irradiation (~420 nm with a 1 kHz fs laser).
(A) Data were recorded in D,O-based PBS. (B) Data were recorded in D,O-
based PBS containing 2 mM BSA, and sample absorbance was monitored
at a wavelength where any potential changes in the extent of light
scattering due to BSA bleaching would not interfere (see discussion on
Fig. 5). In each case, absorbance changes in the respective data sets were
normalized to facilitate comparison.

intracellular conditions to which a sensitizer is exposed present
a plethora of oxidative reaction environments and reactive
intermediates.

On the other hand, basic concepts of molecular architecture can
be used to control encounter probabilities between a sensitizer
and reactive intermediates that would otherwise contribute to a
bleaching reaction. In this way a “physical” rather than “chemical”
approach is exploited. Specifically, a viable solution appears to be
the encapsulation of the sensitizing chromophore in a “shell”
that allows singlet oxygen to escape but that also (1) precludes
re-encounter between the sensitizer and singlet oxygen, and
(2) inhibits collision-dependent interactions between the sen-
sitizer and other reactive species that might be produced.

This journal is © The Royal Society of Chemistry 2016
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Finally, it is important to recognize that any mechanistic study
of singlet oxygen behavior in a cell that relies on the photosensi-
tized production of singlet oxygen will benefit appreciably through
the use of a complementary and independent method by which
this particular ROS can be selectively produced. To this end, our
recent report that singlet oxygen can be produced simply by the
direct excitation of oxygen at 765 nm in sensitizer-free systems™'"
indicates that yet another tool can be added to the arsenal used to
elucidate the role(s) played by singlet oxygen in cell signaling.

Acknowledgements

This work was supported by grants from the Danish National
Research Foundation, the EU Marie Curie Training Program
(TopBio PITN-GA-2010-264362), Fundacdo para a Ciéncia e
Tecnologia, FCT, (Portugal), and FEDER (Portugal) (Project no.
PTDC/QUI-QUI/120182/2010). EFFdS gratefully acknowledges
FCT for support (grant BD/46658/2008).

References

1 J. R. Sheats, H. Antoniadis, M. Hueschen, W. Leonard,
J. Miller, R. Moon, D. Roitman and A. Stocking, Organic
Electroluminescent Devices, Science, 1996, 273, 884-888.

2 B. H. Cumpston and K. F. Jensen, Photooxidation of
Electroluminescent Polymers, Trends Polym. Sci., 1996, 4,
151-157.

3 R. P. Haugland, Handbook of Fluorescent Probes and
Research Products, Molecular Probes, Inc., Eugene, Oregon,
2002.

4 F. Wilkinson, W. P. Helman and A. B. Ross, Quantum
Yields for the Photosensitized Formation of the Lowest
Electronically Excited Singlet State of Molecular Oxygen in
Solution, J. Phys. Chem. Ref. Data, 1993, 22, 113-262.

5 R. W. Redmond and J. N. Gamlin, A compilation of singlet
oxygen yields from biologically relevant molecules, Photo-
chem. Photobiol., 1999, 70, 391-475.

6 C. S. Foote, Definition of Type I and Type II Photosensi-
tized Oxidation, Photochem. Photobiol., 1991, 54, 659.

7 O. Planas, E. Boix-Garriga, B. Rodriguez-Amigo, J. Torra,
R. Bresoli-Obach, C. Flors, C. Viappiani, M. Agut,
R. Ruiz-Gonzalez and S. Nonell, Newest Approaches to
Singlet Oxygen Photosensitisation in Biological Media,
Photochemistry, 2015, 42, 233-278.

8 J. D. Lambeth and A. S. Neish, NOX Enzymes and New
Thinking on Reactive Oxygen: A Double-Edged Sword
Revisited., Annu. Rev. Pathol.: Mech. Dis., 2014, 9, 119-145.

9 L.-O. Klotz, K.-D. Kroncke and H. Sies, Singlet Oxygen-
Induced Signaling Effects in Mammalian Cells, Photochem.
Photobiol. Sci., 2003, 2, 88-94.

10 J. Piette, Signalling Pathway Activation by Photodynamic
Therapy: NF-kB at the Crossroad between Oncology
and Immunology, Photochem. Photobiol. Sci., 2015, 14,
1510-1517.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

11 P. D. Ray, B.-W. Huang and Y. Tsuji, Reactive Oxygen Species
(ROS) Homeostasis and Redox Regulation in Cellular
Signaling, Cell. Signalling, 2012, 24, 981-990.

12 J. Boonstra and J. A. Post, Molecular Events Associated
with Reactive Oxygen Species and Cell Cycle Progression in
Mammalian Cells, Gene, 2004, 337, 1-13.

13 A. Blazquez-Castro, T. Breitenbach and P. R. Ogilby, Singlet
oxygen and ROS in a new light: low-dose subcellular photo-
dynamic treatment enhances proliferation at the single
cell level, Photochem. Photobiol. Sci., 2014, 13, 1235-1240.

14 R. Bonnett, Chemical Aspects of Photodynamic Therapy,
Gordon and Breach Science Publishers, Amsterdam, 2000.

15 D. Phillips, Light relief: photochemistry and medicine,
Photochem. Photobiol. Sci., 2010, 9, 1589-1596.

16 J. M. Dabrowski and L. G. Arnaut, Photodynamic therapy
(PDT) of cancer: from local to systemic treatment, Photo-
chem. Photobiol. Sci., 2015, 14, 1765-1780.

17 P. R. Ogilby, Singlet Oxygen: There is Indeed Something
New Under the Sun, Chem. Soc. Rev., 2010, 39, 3181-3209.

18 M. ]. Paterson, O. Christiansen, F. Jensen and P. R. Ogilby,
Overview of Theoretical and Computational Methods
Applied to the Oxygen-Organic Molecule Photosystem,
Photochem. Photobiol., 2006, 82, 1136-1160.

19 E. L. Clennan and A. Pace, Advances in Singlet Oxygen
Chemistry, Tetrahedron, 2005, 61, 6665-6691.

20 C. S. Foote, Photosensitized Oxygenations and the Role of
Singlet Oxygen, Acc. Chem. Res., 1968, 1, 104-110.

21 R. v. Treba and T. H. Koch, DABCO Stabilization of
Coumarin Dyes, Chem. Phys. Lett., 1982, 93, 315-317.

22 E. Skovsen, J. W. Snyder, J. D. C. Lambert and P. R. Ogilby,
Lifetime and Diffusion of Singlet Oxygen in a Cell, J. Phys.
Chem. B, 2005, 109, 8570-8573.

23 J. W. Snyder, E. Skovsen, J. D. C. Lambert, L. Poulsen and
P. R. Ogilby, Optical Detection of Singlet Oxygen from
Single Cells, Phys. Chem. Chem. Phys., 2006, 8, 4280-4293.

24 A. Gollmer, F. Besostri, T. Breitenbach and P. R. Ogilby,
Spatially resolved two-photon irradiation of an intracellular
singlet oxygen photosensitizer: Correlating cell response to
the site of localized irradiation, Free Radical Res., 2013, 47,
718-730.

25 M. K. Kuimova, G. Yahioglu and P. R. Ogilby, Singlet Oxygen
in a Cell: Spatially Dependent Lifetimes and Quenching
Rate Constants, J. Am. Chem. Soc., 2009, 131, 332-340.

26 E.F.F. Silva, B. W. Pedersen, T. Breitenbach, R. Toftegaard,
M. K. Kuimova, L. G. Arnaut and P. R. Ogilby, Irradiation-
and Sensitizer-Dependent Changes in the Lifetime of Intra-
cellular Singlet Oxygen Produced in a Photosensitized Process,
J. Phys. Chem. B, 2012, 116, 445-461 (see correction: J. Phys.
Chem. B 2012, 116, 14734).

27 F. M. Pimenta, R. L. Jensen, L. Holmegaard, T. V. Esipova,
M. Westberg, T. Breitenbach and P. R. Ogilby, Singlet-
Oxygen-Mediated Cell Death Using Spatially-Localized
Two-Photon Excitation of an Extracellular Sensitizer,
J. Phys. Chem. B, 2012, 116, 10234-10246.

28 P. R. Ogilby and C. S. Foote, The effect of solvent, solvent
isotopic substitution, and temperature on the lifetime of

Integr. Biol., 2016, 8, 177-193 | 189


http://dx.doi.org/10.1039/c5ib00295h

Published on 21 January 2016. Downloaded by Aarhus University Library on 16/02/2016 08:24:05.

Paper

29

30

31

32

33

34

35

36

37

38

39

40

41

42

190

singlet molecular oxygen, J. Am. Chem. Soc., 1983, 105,
3423-3430.

T.-L. To, M. J. Fadul and X. Shu, Singlet oxygen triplet
energy transfer-based imaging technology for mapping
protein—protein proximity in intact cells, Nat. Commun.,
2014, 5, 4072.

S. K. Pedersen, ]J. Holmehave, F. H. Blaikie, A. Gollmer,
T. Breitenbach, H. H. Jensen and P. R. Ogilby, Aarhus
Sensor Green: A Fluorescent Probe for Singlet Oxygen,
J. Org. Chem., 2014, 79, 3079-3087.

F. M. Pimenta, J. K. Jensen, M. Etzerodt and P. R. Ogilby,
Protein-encapsulated bilirubin: paving the way to a useful
probe for singlet oxygen, Photochem. Photobiol. Sci., 2015,
14, 665-677.

L. A. Patito, C. Rothmann and Z. Malik, Nuclear Transport
of Photosensitizers during Photosensitization and Oxida-
tive Stress, Biol. Cell, 2001, 93, 285-291.

A. Rick, T. Kollner, A. Dietrich, W. Strauss and
H. Schneckenburger, Fluorescence Formation during
Photodynamic Therapy in the Nucleus of Cells Incubated
with Cationic and Anionic Water-Soluble Photosensiti-
zers., J. Photochem. Photobiol., B, 1992, 12, 403-412.

J. W. Snyder, J. D. C. Lambert and P. R. Ogilby, 5,10,15,20-
Tetrakis(N-Methyl-4-Pyridyl)-21H,23H-Porphine (TMPyP) as a
Sensitizer for Singlet Oxygen Imaging in Cells: Characterizing
the Irradiation-Dependent Behavior of TMPyP in a Single
Cell, Photochem. Photobiol., 2006, 82, 177-184.

M. Alvarez, A. Villanueva, P. Acedo, M. Cafnete and
J. C. Stockert, Cell death causes relocalization of photo-
sensitizing fluorescent probes, Acta Histochem., 2011, 113,
363-368.

T. Breitenbach, M. K. Kuimova, P. Gbur, S. Hatz,
N. B. Schack, B. W. Pedersen, ]J. D. C. Lambert,
L. Poulsen and P. R. Ogilby, Photosensitized Production
of Singlet Oxygen: Spatially-Resolved Optical Studies in
Single Cells, Photochem. Photobiol. Sci., 2009, 8, 442-452.
M. K. Kuimova, S. W. Botchway, A. W. Parker, M. Balaz,
H. A. Collins, H. L. Anderson, K. Suhling and P. R. Ogilby,
Imaging Intracellular Viscosity of a Single Cell During
Photoinduced Cell Death, Nat. Chem., 2009, 1, 69-73.

A. Minta, J. P. Y. Kao and R. Y. Tsien, Fluorescent indicators
for cytosolic calcium based on rhodamine and fluorescein
chromophores, J. Biol. Chem., 1989, 264, 8171-8178.

L. Song, E. J. Hennik, I. T. Young and H. J. Tanke, Photo-
bleaching Kinetics of Fluorescein in Quantitative Fluores-
cence Microscopy, Biophys. J., 1995, 68, 2588-2600.

L. Song, C. A. G. O. Varma, J. W. Verhoeven and
H. J. Tanke, Influence of the Triplet Excited State on the
Photobleaching Kinetics of Fluorescein in Microscopy,
Biophys. J., 1996, 70, 2959-2968.

G. H. Patterson and D. W. Piston, Photobleaching in
Two-Photon Excitation Microscopy, Biophys. J., 2000, 78,
2159-2162.

D. Thomas, S. C. Tovey, T. J. Collins, M. D. Bootman,
M. J. Berridge and P. Lipp, A comparison of fluorescent
Ca®" indicator properties and their use in measuring

| Integr. Biol., 2016, 8, 177193

43

44

45

46

47

48

49

50

51

52

53

54

55

View Article Online

Integrative Biology

elementary and global Ca®" signals, Cell Calcium, 2000,
28, 213-223.

A. Gollmer, J. Arnbjerg, F. H. Blaikie, B. W. Pedersen,
T. Breitenbach, K. Daasbjerg, M. Glasius and P. R. Ogilby,
Singlet Oxygen Sensor Green®: Photochemical Behavior in
Solution and in a Mammalian Cell, Photochem. Photobiol.,
2011, 87, 671-679.

L. Greenbaum, C. Rothmann, R. Lavie and Z. Malik, Green
Fluorescent Protein Photobleaching: A Model for Protein
Damage by Endogenous and Exogenous Oxygen, Biol. Chem.,
2000, 381, 1251-1258.

Q. Zheng, S. Jockusch, Z. Zhou and S. C. Blanchard, The
Contribution of Reactive Oxygen Species to the Photo-
bleaching of Organic Fluorophores, Photochem. Photobiol.,
2014, 90, 448-454.

P. P. Mondal, Minimizing photobleaching in fluorescence
microscopy by depleting triplet states, Appl. Phys. Lett.,
2008, 92, 013902.

M. Levitus and S. Ranjit, Cyanine dyes in biophysical
research: the photophysics of polymethine fluorescent dyes
in biomolecular environments, Q. Rev. Biophys., 2011, 44,
123-151.

Q. Zheng, S. Jockusch, Z. Zhou, R. B. Altman, J. D. Warren,
N. J. Turro and S. C. Blanchard, On the Mechanisms of
Cyanine Fluorophore Photostabilization, J. Phys. Chem.
Lett., 2012, 3, 2200-2203.

R. Bonnett and G. Martinez, Photobleaching of Sensitizers
used in Photodynamic Therapy, Tetrahedron, 2001, 57,
9513-9547.

M. K. Kuimova, H. A. Collins, M. Balaz, E. Dahlstedt, J. A.
Levitt, N. Sergent, K. Suhling, M. Drobizhev, N. S. Makarov,
A. Rebane, H. L. Anderson and D. Phillips, Photophysical
properties and intracellular imaging of water-soluble
porphyrin dimers for two-photon excited photodynamic
therapy, Org. Biomol. Chem., 2009, 7, 889-896.

M. K. Kuimova, M. Balaz, H. L. Anderson and P. R. Ogilby,
Intramolecular Rotation in a Porphyrin Dimer Controls Singlet
Oxygen Production, J. Am. Chem. Soc., 2009, 131, 7948-7949.
S. P. Mcllroy, E. Clo, L. Nikolajsen, P. K. Frederiksen,
C. B. Nielsen, K. V. Mikkelsen, K. V. Gothelf and
P. R. Ogilby, Two-photon photosensitized production of
singlet oxygen: Sensitizers with phenylene-ethynylene-
based chromophores, J. Org. Chem., 2005, 70, 1134-1146.
N. Dam, R. D. Scurlock, B. Wang, L. Ma, M. Sundahl and
P. R. Ogilby, Singlet Oxygen as a Reactive Intermediate in
the Photodegradation of Phenylenevinylene Oligomers,
Chem. Mater., 1999, 11, 1302-1305.

B. R. Renikuntla, H. C. Rose, ]J. Eldo, A. S. Waggoner and
B. A. Armitage, Improved Photostability and Fluorescence
Properties through Polyfluorination of a Cyanine Dye, Org.
Lett., 2004, 6, 909-912.

N. I. Shank, K. J. Zanotti, F. Lanni, P. B. Berget and
B. A. Armitage, Enhanced Photostability of Genetically
Encodable Fluoromodules Based on Fluorogenic Cyanine
Dyes and a Promiscuous Protein Partner, J. Am. Chem. Soc.,
2009, 131, 12960-12969.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5ib00295h

Published on 21 January 2016. Downloaded by Aarhus University Library on 16/02/2016 08:24:05.

Integrative Biology

56

57

58

59

60

61

62

63

64

65

66

67

68

M. M. Pereira, C. J. P. Monteiro, A. V. C. Simoes, S. M. A.
Pinto, A. R. Abreu, G. F. F. Sa, E. F. F. Silva, L. B. Rocha,
J. M. Dabrowski, S. J. Formosinho, S. Simoes and
L. G. Arnaut, Synthesis and photophysical characterization
of a library of photostable halogenated bacteriochlorins:
an access to near infrared chemistry, Tetrahedron, 2010, 66,
9545-9551.

R. Gerdes, L. Lapok, O. Tsaryova, D. Wohrle and S. M.
Gorun, Rational design of a reactive yet stable organic-
based photocatalyst, Dalton Trans., 2009, 1098-1100.

A. M. S. Silva, M. G. P. M. S. Neves, R. R. L. Martins,
J. A. S. Cavaleiro, T. Boschi and P. Tagliatesta, Photo-
oxygenation of meso-Tetraphenylporphyrin Derivatives:
The Influence of the Substitution Pattern and Character-
ization of the Reaction Products, J. Porphyrins Phthalo-
cyanines, 1998, 2, 45-51.

C. M. S. Yauy, S. L. Pascu, S. A. Odom, ]J. E. Warren, E. J. F.
Klotz, M. J. Frampton, C. C. Williams, V. Coropceanu,
M. K. Kuimova, D. Phillips, S. Barlow, J].-L. Bredas,
S. R. Marder, V. Millar and H. L. Anderson, Stabilisation
of a heptamethine cyanine dye by rotaxane encapsulation,
Chem. Commun., 2008, 2897-2899.

S. Zaiba, F. Lerouge, A.-M. Gabudean, M. Focsan, J. Lerme,
T. Gallavardin, O. Maury, C. Andraud, S. Parola and
P. L. Baldeck, Transparent Plasmonic Nanocontainers
Protect Organic Fluorophores against Photobleaching,
Nano Lett., 2011, 11, 2043-2047.

E. Arunkumar, C. C. Forbes and B. D. Smith, Improving the
Properties of Organic Dyes by Molecular Encapsulation.,
Eur. J. Org. Chem., 2005, 4051-4059.

M. Gonzalez-Bejar, P. Montes-Navajas, H. Garcia and
J. C. Scaiano, Methylene Blue Encapsulation in
Cucurbit[7]uril: Laser Flash Photolysis and Near-IR Lumi-
nescence Studies of the Interaction with Oxygen, Langmuir,
2009, 25, 10490-10494.

M. Krieg and D. G. Whitten, Self-Sensitized Photooxidation
of Protoporphyrin IX and Related Free-Base Porphyrins in
Natural and Model Membrane Systems. Evidence for Novel
Photooxidation Pathways Involving Amino Acids, J. Am.
Chem. Soc., 1984, 106, 2477-2479.

M. J. Davies, Reactive species formed on proteins exposed
to singlet oxygen, Photochem. Photobiol. Sci., 2004, 3, 17-25.
B. W. Pogue, R. W. Redmond, N. Trivedi and T. Hasan,
Photophysical Properties of Tin Ethyl Etiopurpurin I
(SnET2) and Tin Octaethylbenzochlorin (SnOEBC) in
Solution and Bound to Albumin, Photochem. Photobiol.,
1998, 68, 809-815.

B. W. Pogue, B. Ortel, N. Chen, R. W. Redmond and T. Hasan,
A Photobiological and Photophysical-based Study of Photo-
toxicity of Two Chlorins., Cancer Res., 2001, 61, 717-724.

D. M. Benson, ]J. Bryan, A. L. Plant, A. M. Gotto and
L. C. Smith, Digital Imaging Fluorescence Microscopy:
Spatial Heterogeneity of Photobleaching Rate Constants
in Individual Cells, J. Cell Biol., 1985, 100, 1309-1323.

J. Arnbjerg, M. Johnsen, P. K. Frederiksen, S. E. Braslavsky
and P. R. Ogilby, Two-Photon Photosensitized Production

This journal is © The Royal Society of Chemistry 2016

69

70

71

72

73

74

75

76

77

78

79

80

View Article Online

Paper

of Singlet Oxygen: Optical and Optoacoustic Characteriza-
tion of Absolute Two-Photon Absorption Cross Sections for
Standard Sensitizers in Different Solvents, J. Phys. Chem. A,
2006, 110, 7375-7385.

E. Skovsen, J. W. Snyder and P. R. Ogilby, Two-photon
singlet oxygen microscopy: the challenges of working with
single cells, Photochem. Photobiol., 2006, 82, 1187-1197.
T. Keszthelyi, D. Weldon, T. N. Andersen, T. D. Poulsen,
K. V. Mikkelsen and P. R. Ogilby, Radiative Transitions
of Singlet Oxygen: New Tools, New Techniques, and New
Interpretations, Photochem. Photobiol., 1999, 70, 531-539.
B. W. Pedersen, L. E. Sinks, T. Breitenbach, N. B. Schack,
S. A. Vinogradov and P. R. Ogilby, Single Cell Responses
to Spatially-Controlled Photosensitized Production of
Extracellular Singlet Oxygen, Photochem. Photobiol., 2011,
87, 1077-1091.

B. W. Pedersen, T. Breitenbach, R. W. Redmond and
P. R. Ogilby, Two-photon irradiation of an intracellular
singlet oxygen photosensitizer: achieving localized sub-
cellular excitation in spatially-resolved experiments, Free
Radical Res., 2010, 44, 1383-1397.

S. Hatz, J. D. C. Lambert and P. R. Ogilby, Measuring the
Lifetime of Singlet Oxygen in a Single Cell: Addressing the
Issue of Cell Viability, Photochem. Photobiol. Sci., 2007, 6,
1106-1116.

J. Arnbjerg, M. ]J. Paterson, C. B. Nielsen, M. Jorgensen,
O. Christiansen and P. R. Ogilby, One- and Two-Photon
Photosensitized Singlet Oxygen Production: Characteriza-
tion of Aromatic Ketones as Sensitizer Standards, J. Phys.
Chem. A, 2007, 111, 5756-5767.

E. F. F. Silva, C. Serpa, J. M. Dabrowski, C. J. P. Monteiro,
S. J. Formosinho, G. Stochel, K. Urbanska, S. Simoes,
M. M. Pereira and L. G. Arnaut, Mechanisms of Singlet
Oxygen and Superoxide Ion Generation by Porphyrins and
Bacteriochlorins and their Implications in Photodynamic
Therapy, Chem. — Eur. J., 2010, 16, 9273-9286.

X. Shu, V. Lev-Ram, T. J. Deerinck, Y. Qi, E. B. Ramko,
M. W. Davidson, Y. Jin, M. H. Ellisman and R. Y. Tsien,
A Genetically Encoded Tag for Correlated Light and Elec-
tron Microscopy of Intact Cells, Tissues, and Organisms,
PLoS Biol., 2011, 9, €1001041.

M. Westberg, L. Holmegaard, F. M. Pimenta, M. Etzerodt
and P. R. Ogilby, Rational Design of an Efficient, Geneti-
cally Encodable, Protein-Encased Singlet Oxygen Photo-
sensitizer, J. Am. Chem. Soc., 2015, 137, 1632-1642.

F. M. Pimenta, R. L. Jensen, T. Breitenbach, M. Etzerodt
and P. R. Ogilby, Oxygen-Dependent Photochemistry and
Photophysics of “miniSOG”, a Protein-Encased Flavin,
Photochem. Photobiol., 2013, 89, 1116-1126.

J. D. Spikes, Quantum Yields and Kinetics of the Photo-
bleaching of Hematoporphyrin, Photofrin II, tetra(4-
Sulfonatophenyl)-Porphine, and Uroporphyrin, Photochem.
Photobiol., 1992, 55, 797-808.

C. Hadjur, N. Lange, J. Rebstein, P. Monnier,
H. van der Bergh and G. Wagnieres, Spectroscopic Studies
of Photobleaching and Photoproduct Formation of

Integr. Biol., 2016, 8, 177-193 | 191


http://dx.doi.org/10.1039/c5ib00295h

Published on 21 January 2016. Downloaded by Aarhus University Library on 16/02/2016 08:24:05.

Paper

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

192

meta(Tetrahydroxyphenyl)chlorin (m-THPC) used in
Photodynamic Therapy. The Production of Singlet Oxygen
by m-THPC, J. Photochem. Photobiol., B, 1998, 45, 170-178.
J. M. Dabrowski, L. G. Arnaut, M. M. Pereira, K. Urbanska,
S. Simoes, G. Stochel and L. Cortes, Combined Effects of
Singlet Oxygen and Hydroxyl Radical in Photodynamic Therapy
with Photostable Bacteriochlorins: Evidence from Intracellular
Fluorescence and Increased Photodynamic Efficacy In Vitro,
Free Radical Biol. Med., 2012, 52, 1188-1200.

G. P. Tegos, T. N. Demidova, D. Arcila-Lopez, H. Lee,
T. Wharton, H. Gali and M. R. Hamblin, Cationic Full-
erenes are Effective and Selective Antimicrobial Photosen-
sitizers, Chem. Biol., 2005, 12, 1127-1135.

J. Torra, A. Burgos-Caminal, S. Endres, M. Wingen,
T. Drepper, T. Gensch, R. Ruiz-Gonzalez and S. Nonell,
Singlet oxygen photosensitization by the fluorescent pro-
tein Pp2FbFP L30M, a novel derivative of Pseudomonas
putida flavin-binding Pp2FbFP, Photochem. Photobiol. Sci.,
2015, 14, 280-287.

D. Martin and H. G. Hauthal, Dimethyl Sulphoxide, Halsted
Press, New York, 1975.

A. W. Girotti, Translocation as a means of disseminating
lipid hydroperoxide-induced oxidative damage and effec-
tor action, Free Radical Biol. Med., 2008, 44, 956-968.

C. S. Foote, Photophysical and Photochemical Properties
of Fullerenes, Top. Curr. Chem., 1994, 169, 347-363.

J. W. Arbogast, A. P. Darmanyan, C. S. Foote, Y. Rubin,
F. N. Diederich, M. M. Alvarez, S. J. Anz and R. L. Whetten,
Photophysical Properties of Cgy, J. Phys. Chem., 1991, 95,
11-12.

R. D. Scurlock, S. Nonell, S. E. Braslavsky and P. R. Ogilby,
Effect of Solvent on the Radiative Decay of Singlet Mole-
cular Oxygen (a'A,), J. Phys. Chem., 1995, 99, 3521-3526.
J. L. Anderson, Y.-Z. An, Y. Rubin and C. S. Foote, Photo-
physical Characterization and Singlet Oxygen Yield of a
Dihydrofullerene, J. Am. Chem. Soc., 1994, 116, 9763-9764.
A. W. Jensen, S. R. Wilson and D. I. Schuster, Biological
Applications of Fullerenes, Bioorg. Med. Chem., 1996, 4,
767-779.

P. Mroz, A. Pawlak, M. Satti, H. Lee, T. Wharton, H. Gali,
T. Sarna and M. R. Hamblin, Functionalized Fullerenes
Mediate Photodynamic Killing of Cancer Cells: Type I
versus Type II Photochemical Mechanism, Free Radical
Biol. Med., 2007, 43, 711-719.

Y. Yamakoshi, N. Umezawa, A. Ryu, K. Arakane, N. Miyata,
Y. Goda, T. Masumizu and T. Nagano, Active Oxygen Species
Generated from Photoexcited Fullerene (Cy) as Potential Med-
icines: O, versus'O,, J. Am. Chem. Soc., 2003, 125, 12803-12809.
D. 1. Pattison, A. S. Rahmanto and M. J. Davies, Photo-
Oxidation of Proteins, Photochem. Photobiol. Sci., 2012, 11,
38-53.

R. Phillips, J. Kondev, J. Theriot and H. G. Garcia, Physical
Biology of the Cell, Garland Science, London, 2013.

R. Milo, What is the total number of protein molecules per
cell volume? A call to rethink some published values,
BioEssays, 2013, 35, 1050-1055.

| Integr. Biol, 2016, 8, 177-193

96

97

98

99

100

101

102

103

104

105

106

107

View Article Online

Integrative Biology

P. K. Frederiksen, S. P. Mcllroy, C. B. Nielsen,
L. Nikolajsen, E. Skovsen, M. Jorgensen, K. V. Mikkelsen
and P. R. Ogilby, Two-Photon Photosensitized Production
of Singlet Oxygen in Water, J. Am. Chem. Soc., 2005, 127,
255-269.

Y.-J. Tu, H. C. Cheng, 1. Chao, C.-R. Cho, R.-J. Cheng and
Y. O. Su, Intriguing Electrochemical Behavior of Free Base
Porphyrins: Effect of Porphyrin-meso-Phenyl Interaction
Controlled by Position of Substituents on meso-Phenyls,
J. Phys. Chem. A, 2012, 116, 1632-1637.

T. P. G. Sutter, R. Rahimi, P. Hambright, J. C. Bommer,
M. Kumar and P. Neta, Steric and Inductive Effects on the
Basicity of Porphyrins and on the Site of Protonation of
Porphyrin Dianions: Radiolytic Reduction of Porphyrins
and Metalloporphyrins to Chlorins or Phlorins., J. Chem.
Soc., Faraday Trans., 1993, 89, 495-502.

E. G. Azenha, A. C. Serra, M. Pineiro, M. M. Pereira,
J. Seixas de Melo, L. G. Arnaut, S. J. Formosinho and
A. M. d. A. R. Gonsalves, Heavy-atom effects on metallo-
porphyrins and polyhalogenated porphyrins, Chem. Phys.,
2002, 280, 177-190.

C. J. P. Monteiro, M. M. Pereira, S. M. A. Pinto, A. V. C.
Simoes, G. F. F. Sa, L. G. Arnaut, S. ]J. Formosinho,
S. Simoes and M. F. Wyatt, Synthesis of amphiphilic
sulfonamide halogenated porphyrins: MALDI-TOFMS
characterization and evaluation of 1-octanol/water parti-
tion coefficients., Tetrahedron, 2008, 64, 5132-5138.

L. G. Arnaut, M. M. Pereira, J. M. Dabrowski, E. F. F. Silva,
F. A. Schaberle, A. R. Abreu, L. B. Rocha, M. M. Barsan,
K. Urbanska, G. Stochel and C. M. A. Brett, Photodynamic
Therapy Efficacy Enhanced by Dynamics: The Role of
Charge Transfer and Photostability in the Selection of
Photosensitizers, Chem. — Eur. J., 2014, 20, 5346-5357.

C. J. P. Monteiro, J. Pina, M. M. Pereira and L. G. Arnaut,
On the singlet states of porphyrins, chlorins, and bacterio-
chlorins and their ability to harvest red/infrared light,
Photochem. Photobiol. Sci., 2012, 11, 1233-1238.

A. P. Wojtovich and T. H. Foster, Optogenetic Control of
ROS Production, Redox Biol., 2014, 2, 368-376.

Y. B. Qi, E. J. Garren, X. Shu, R. Y. Tsien and Y. Jin, Photo-
inducible cell ablation in Caenorhabditis elegans using the
genetically encoded singlet oxygen generating protein min-
iSOG, Proc. Natl. Acad. Sci. U. S. A., 2012, 109, 7499-7504.
R. Ruiz-Gonzalez, A. L. Cortajarena, S. H. Mejias, M. Agut,
S. Nonell and C. Flors, Singlet oxygen generation by the
genetically-encoded tag miniSOG, J. Am. Chem. Soc., 2013,
135, 9564-9567.

M. Salomon, J. M. Christie, E. Knieb, U. Lempert and
W. R. Briggs, Photochemical and Mutational Analysis of
the FMN-Binding Domains of the Plant Blue Light Recep-
tor, Phototropin, Biochemistry, 2000, 39, 9401-9410.

T. A. Schiittrigkeit, C. K. Kompa, M. Salomon, W. Riidiger
and M. E. Michel-Beyerle, Primary photophysics of
the FMN binding LOV2 domain of the plant blue light
receptor phototropin of Avena sativa, Chem. Phys., 2003,
294, 501-508.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5ib00295h

Published on 21 January 2016. Downloaded by Aarhus University Library on 16/02/2016 08:24:05.

Integrative Biology

108 P. Walrant and R. Santus, N-Formyl-Kynurenine, A Tryptophan
Photooxidation Product, as a Photodynamic Sensitizer,
Photochem. Photobiol., 1974, 19, 411-417.

109 Y. Fukunaga, Y. Katsuragi, T. Izumi and F. Sakiyama,
Fluorescence Characteristics of Kynurenine and N’-Formyl-
kynurenine. Their use as Reporters of the Environment of
Tryptophan 62 in Hen Egg-White Lysozyme, J. Biochem.,
1982, 92, 129-141.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

110 R. L. Jensen, J. Arnbjerg and P. R. Ogilby, Reaction of
Singlet Oxygen with Tryptophan in Proteins: A Pronounced
Effect of the Local Environment on the Reaction Rate,
J. Am. Chem. Soc., 2012, 134, 9820-9826.

111 M. Bregnhgj, A. Blazquez-Castro, M. Westberg, T. Breitenbach
and P. R. Ogilby, Direct 765 nm Optical Excitation of Mole-
cular Oxygen in Solution and in Single Mammalian Cells,
J. Phys. Chem. B, 2015, 119, 5422-5429.

Integr. Biol, 2016, 8, 177-193 | 193


http://dx.doi.org/10.1039/c5ib00295h



