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ABSTRACT: Singlet oxygen (1O2), molecular oxygen in the
lowest excited state, has a critical role in the cell-killing mechanism
of photodynamic therapy (PDT). Although 1O2 phosphorescence
measurement has been mainly used to monitor 1O2 formation
during PDT, its intensity is far insufficient to obtain two-
dimensional images of intracellular 1O2 with the subcellular spatial
resolution using the currently available near-IR detector. Here, we
propose a new far-red fluorescence probe of 1O2, namely, Si-DMA,
composed of silicon-containing rhodamine and anthracene
moieties as a chromophore and a 1O2 reactive site, respectively. In the presence of 1O2, fluorescence of Si-DMA increases 17
times due to endoperoxide formation at the anthracene moiety. With the advantage of negligible self-oxidation by
photoirradiation (ΦΔ < 0.02) and selective mitochondrial localization, Si-DMA is particularly suitable for imaging 1O2 during
PDT. Among three different intracellular photosensitizers (Sens), Si-DMA could selectively detect the 1O2 that is generated by 5-
aminolevulinic acid-derived protoporphyrin IX, colocalized with Si-DMA in mitochondria. On the other hand, mitochondria-
targeted KillerRed and lysosomal porphyrins could not induce fluorescence change of Si-DMA. This surprising selectivity of Si-
DMA response depending on the Sens localization and photosensitization mechanism is caused by a limited intracellular 1O2
diffusion distance (∼300 nm) and negligible generation of 1O2 by type-I Sens, respectively. For the first time, we successfully
visualized 1O2 generated during PDT with a spatial resolution of a single mitochondrial tubule.

■ INTRODUCTION
Singlet oxygen (1O2) is molecular oxygen in the lowest excited
state.1 In biological and medical studies, 1O2 is of a particular
importance because of its key role in photodynamic therapy
(PDT), an emerging anticancer treatment using photo-
irradiation and photosensitizers (Sens).2 In PDT, 1O2 is the
first molecule immediately generated after photoirradiation in
the aerobic condition, resulting in direct oxidation of nearby
biomolecules, shutdown of the vascular system, and finally
inflammation or immune reaction to tumor tissue.3 Hence,
investigating the formation and diffusion dynamics of 1O2 is
highly necessary to understand anticancer mechanisms of PDT
at the molecular level.
Cytotoxic mechanisms of Sens in PDT can be explained as

type-I and type-II.1,2 Type-II photosensitization includes all
kinds of reactions where the excited Sens is quenched by a
collision with oxygen in the ground state (3O2). Meanwhile, in
type-I photosensitization, adjacent molecules (except 3O2)
quench the excited Sens often through electron transfer. Upon
photoirradiation of injected photosensitizers, a majority of 1O2
is produced via triplet−triplet intermolecular energy transfer
(TTEnT) from Sens in the triplet excited state (3Sens*) to 3O2
(eq 1).

* + → +Sens O Sens O3 3
2

1 1
2 (1)

This is a typical reaction of 1O2 formation via type-II
photosensitization. On the other hand, it is notable that the

superoxide anion can be generated by either type-I, type-II, or
secondary biological processes after photoirradiation, such as
mitochondrial damage. As summarized in previous reviews,2,4−6

the superoxide anion often acts as a “primary” reactive oxygen
species (ROS) because they can be further converted into other
ROS such as H2O2 and 1O2 through various biological
reactions.
To detect 1O2, phosphorescence measurement has been

generally used in PDT.1,7,8 From time-resolved phosphor-
escence measurement, intracellular 1O2 lifetime (τΔ) is found to
be varied from a few tens of nanoseconds to 3 μs, depending on
the experimental conditions.2,7,9 Undoubtedly, monitoring 1O2
with its luminescence provides the most direct information on
1O2 formation and further behaviors. Unfortunately, however,
the intensity of phosphorescence is typically much weaker than
that of fluorescence. In addition, to obtain time trajectories of
1O2 with good signal-to-noise ratio, the exchange of intra-
cellular liquid from H2O to D2O is mostly required. Thus, real-
time mapping (e.g., subsecond acquisition time) of 1O2
formation at the subcellular spatial resolution is extremely
challenging using the currently available near-IR detector and
under physiological conditions.10,11 Considering the current
problems, the fluorescence detection of 1O2 is ultimately
required to trace 1O2 formation and its dynamics at the
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subcellular level under physiological conditions (i.e., H2O-based
culture media).
Despite continuous efforts on the development of a

fluorescent probe for 1O2 detection (see examples in
Supporting Information Figure S1),12−15 merely a few cases
enabled imaging 1O2 in living cells.16−20 Moreover, Singlet
Oxygen Sensor Green (SOSG), a widely used commercial 1O2
probe, exhibits several critical weak points in live cell imaging:
self-oxidation upon photoirradiation, cell impermeability (or
nonspecific staining at the relatively high incubating concen-
tration; see Figure S2 and ref 21), and a necessity of green
excitation (λabs = 508 nm) where a cell autofluorescence signal
is induced.21,22 To the best of our knowledge, only Song et al.16

and Dai et al.17 have succeeded in monitoring intracellular 1O2
produced during photoirradiation of Sens using the fluorescent
probe based on europium complexes. Surprisingly, however,
there has been no adequate 1O2 fluorescence probe to monitor
intracellular 1O2 during PDT at the subcellular level. The
drawbacks of SOSG and lack of a suitable and successful
organic probe for 1O2 mapping have inspired us to develop a
new far-red fluorescent probe for the 1O2 detection.
In this study, we have synthesized a far-red fluorescent probe

of 1O2, composed of 9,10-dimethylanthracene (DMA) and
silicon-containing rhodamine (Si-rhodamine) moieties, namely,
Si-DMA (Figure 1). Recently, Si-rhodamine has been actively

applied for the detection of various biological substances23−26

and super-resolution imaging both in vitro and in vivo.27 In
light of the previous works, we affirmed that Si-rhodamine is a
promising far-red chromophore for the intracellular 1O2
mapping. Here, Si-rhodamine is found to exhibit 3 times
lower quantum yield of 1O2 generation (ΦΔ) than that of 2,7-
dichlorofluorescein, a chromophore of SOSG. Furthermore, Si-
DMA can selectively reside in mitochondria and provide an
instantaneous response to intracelluar 1O2. Compared to the
previously reported intracellular 1O2 probes,16−19 Si-DMA
shows outstanding results to visualize intracellular 1O2 in real-

time and to distinguish different localizations of Sens and
photosensitization mechanisms.

■ EXPERIMENTAL SECTION
Materials. All chemical reagents and solvents used for the synthesis

were purchased from Sigma-Aldrich Chemical Co., Tokyo Chemical
Industries, Nacalai Tesque, and Wako Pure Chemical, and used as
received. 2-Methylbenzene-substituted Si-rhodamine (Si-Me, Figure 1)
was synthesized according to the previous report by Koide et al.,23 and
Si-DMA was synthesized as described in Supporting Information. Si-
DMA and Si-Me were stored in dimethyl sulfoxide (DMSO) at −20
°C in the dark. We chose the following Sens for living cell
experiments: 5-aminolevulinic acid (5-ALA, Sigma-Aldrich), a
precursor of heme, and tetra-(N-methyl-4-pyridyl)porphyrin
(TMPyP4, Tokyo Chemical Industries). SOSG, CellROX Green,
MitoTracker Green FM, and Dextran 10000 MW labeled by Alexa
Fluor 488 or Alexa Fluor 647 (A488- and A647-dextran, respectively)
were purchased from Molecular Probes and used for 1O2 and ROS
detection, mitochondrial and lysosomal markers, respectively.

Ex Vivo Steady-State Measurements. Without a notation, all
bulk spectroscopic measurements were performed in methanol at the
spectroscopic grade or pH 7.5 phosphate buffered saline (PBS)
solution without Ca and Mg (both purchased from Nacalai Tesque).
Ground-state absorption and fluorescence emission spectra were
measured using a Shimadzu UV-3100 and Horiba FluoroMax-4,
respectively. Bulk irradiation was performed using a xenon source
(LAX-C100, Asahi Spectra) and band-pass filter (BA510-550,
Olympus).

Time-Resolved Phosphorescence Measurement. The samples
of Rose Bengal and Si-Me were prepared in 1:9 DMSO/MeOH
solution in a 1 × 1 × 4 cm3 quartz cell. The second-harmonic
oscillation (532 nm, 4 ns fwhm, 5.0 mJ cm−2 pulse−1) from a Q-
switched Nd:YAG laser (Continuum, Surelite II-10) was used for the
excitation light. The photoinduced luminescence from the sample cell
was collected with quartz lenses, passed through a monochromator,
and then introduced into a near-IR photomultiplier tube module
(Hamamatsu Photonics, H10330A-75). After being amplified by a 350
MHz amplifier unit (Stanford Research, SR445A), the output of the
photomultiplier was sent to a gated photon counter (Stanford
Research, SR400) under direct control from a PC via the GPIB
interface. To measure the lifetime of 1O2, the signals were accumulated
(five repetitions) by changing the delay time from 0 to 50 μs with a
gate width of 1.0 μs.

Cells and Cell Culture. HeLa cells and RAW 264.7 macrophages
were kindly provided by the RIKEN BRC through the National Bio-
Resource Project of the MEXT, Japan, and Prof. Tsuyoshi Nishi
(SANKEN, Osaka University), respectively. Without a notation, cell
experiments carried out in this study were performed using HeLa cells.
HeLa cells and RAW 264.7 macrophages were cultivated in Dulbecco’s
modified Eagle medium (D6429, Sigma) supplemented with 10% fetal
bovine serum (10099-141, Gibco) at 37 °C in a humidified incubator
under 5% CO2.

Live Cell Imaging. To monitor fluorescence increase of Si-DMA
during photoirradiation of Sens, an Olympus IX81 inverted
fluorescence microscope and a 640 nm CW laser (Coherent) were
used to irradiate Sens and monitor the probe simultaneously. A 35 mm
μ-dish with a glass bottom (ibidi) with HeLa cells was excited through
an oil objective (Olympus, PlanApo 100×/1.40 oil). The emission
image was collected with the same objective and recorded by an
EMCCD camera (Roper Scientific, Evolve 512) through a dichroic
beamsplitter (Semrock, Di02-R635) and a band-pass filter (Chroma,
HQ690/70). During data acquisition, the same environment as an
incubator (37 °C and 5% CO2) was maintained using a Chamlide TC
(Live Cell Instrument). Pseudocolor fluorescence images were
prepared by reprocessing the obtained movie file using OriginPro
9.1 (OriginLab) and ImageJ.

To confirm the localization of dyes, in particular, cellular organelles,
an objective scanning confocal microscope (PicoQuant, MicroTime
200) coupled with an Olympus IX71 inverted fluorescence microscope

Figure 1. Chemical structures of Si-DMA, its peroxidized product (Si-
DMEP), and Si-Me.
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was used. An 8-well μ-slide (ibidi) with HeLa cells was excited at two
wavelengths, 405/640 nm or 485/640 nm, using a pulsed laser
(PicoQuant) controlled by a PDL-800B driver (PicoQuant) through
an oil objective (Olympus, UPlanSAPo 100x/1.40 oil/0.17/FN26.5).
Subsequently, the emission was collected with the same objective and
detected by a single photon avalanche photodiode (Micro Photon
Devices, PDM 50CT and 100CT) through a beam splitter (90%
transmission, 10% reflection), suitable band-pass filters, and 75 μm
pinhole for spatial filtering to reject out-of-focus signals. Two images
for green and red channels were further processed to obtain a merged
image using OriginPro 9.1 (OriginLab) and ImageJ.

■ RESULTS AND DISCUSSION
Synthesis and Optical Properties of Si-DMA. As

proposed by Nagano et al.23 and Johnsson et al.,27 we first
synthesized Si-containing xanthone, and then connected it to 2-
bromo-9,10-dimethylanthracene, which is a reactive site for
1O2, resulting in Si-DMA (19% yield). 1O2-induced conversion
of Si-DMA to Si-DMEP is illustrated in Figure 1. Detailed
synthesis description and characterization can be found in
Supporting Information.
Figure 2 shows time-dependent changes in absorbance and

fluorescence of Si-DMA upon photoirradiation of coincubated
TMPyP4. In the absence of 1O2, the excited Si-rhodamine is
quenched by photoinduced electron transfer (PET) from
DMA, resulting in dim fluorescence (Φfl = 0.01 in methanol).
Polarity-dependent fluorescence quenching of Si-DMA sup-
ports that Si-DMA is indeed deactivated by PET (Figure S3).
This intramolecular PET and subsequent charge recombination
process in Si-DMA are considered to be similar to the
previously reported xanthene−anthracene dyads.22,28 Further-
more, Si-DMA converts into bright form (Si-DMEP, Φfl = 0.17

in methanol) by reacting with 1O2 and forming endoperoxide
on the center ring of DMA because PET from DMA to Si-
rhodamine is prohibited (Figure 1). Approximately, 18-fold
increase in fluorescence was observed in MeOH (Figure 2b,d,
red), accompanying a disappearance of anthracene absorbance
(black arrows, Figure 2a). Similar spectral changes were
observed when 1O2 was induced by a chemical catalyst (Figure
S4). In addition, it has been reported that some anthracene
derivatives, such as arylanthracene and alkynylanthracene,
undergo a reversible reaction with 1O2 upon increasing
temperature, that is, a formation of endoperoxide and release
of O2.

29 Nonetheless, the DMA moiety in Si-DMA does not
release O2 after endoperoxidation but is probably prone to be
decomposed at temperatures above 70 °C, which is much
greater than that at physiological conditions.21

Interestingly, Si-DMA is found to form H-aggregates in the
aqueous solution (Figure 2c). This is because substituting an
anthracene moiety reduces the hydrophilicity of Si-DMA as
compared to Si-Me, which is a monomer in PBS solution at the
same concentration (5 μM). A blue-shifted absorption peak at
625 nm is clear evidence to indicate the H-aggregates of
rhodamine chromophores.30−32 This blue-shifted shoulder
gradually decreases as Si-DMEP forms (Figure 2c, red
arrow), implying that endoperoxide formation at the
anthracene ring disrupts a stacking of rhodamine fluorophores.
In Figure 2d, the slower rate of Si-DMEP formation in the case
of H-aggregates compared to that of monomeric Si-DMA is
presumably caused by (1) a decrease in the absolute
chromophore concentration due to the aggregate formation
and (2) necessity of aggregate dissociation by (or for) reacting
with 1O2. A similar result is also obtained in the presence of

Figure 2. Absorbance and fluorescence changes of Si-DMA in methanol (a,b) and in PBS solution (c) upon photoirradiation of codissolved
TMPyP4 for 50 min (black to red). Black arrows in (a,c) indicate absorbance changes due to peroxidation of DMA (bold lines) and dissociation of
H-aggregates (dashed lines), while a red arrow in (b) shows fluorescence increase during 50 min irradiation. (d) Si-DMA fluorescence increase
during 50 min photoirradiation. [Si-DMA] = 50 μM, [TMPyP4] = 5 μM, and 510−550 nm irradiation at 0.07 W cm−2 with magnetic stirring was
used for 1O2 formation.
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chemically prepared 1O2 (Figure S5). Furthermore, a larger
fluorescence increment observed in PBS solution (22-fold)
than that in MeOH (18-fold) is probably due to additional
fluorescence quenching upon H-aggregate formation before
photoirradiation. Overall, both monomeric and H-aggregates of
Si-DMA can react to 1O2, while Si-DMEP does not favor the
aggregate formation due to a loss of anthracene planarity.
Evaluations of Si-DMA as a 1O2 Probe. Si-DMA is tested

to confirm whether it can respond to 1O2 quantitatively and
selectively without self-oxidation of the dye. First, both Si-DMA
monomer and H-aggregates show linear fluorescence increase
versus [1O2] generated by NaClO/H2O2 (Figure S5).
Furthermore, Si-DMA exhibits a good selectivity toward 1O2
out of other ROS, which agrees with the previous anthracene-
based 1O2 probes (Figure 3).12,13,16 In addition, no significant
fluorescence decrease was observed in various ROS solutions,
indicating chromophore stability of Si-DMA against ROS.

As briefly mentioned earlier, one critical weak point of SOSG
is its non-negligible 1O2 generation due to the excitation of the
chromophore moiety.22 Even though most of the SOSG
molecules are deactivated via ultrafast intramolecular PET (kPET
= 9.7 × 1011 s−1), trivial impurities of initially bright SOSG,
such as nonsubstituted fluorescein (∼0.3%)33 or peroxidized
SOSG molecules, cannot be deactivated via PET and are in
charge of 1O2 generation upon continuous photoirradia-
tion.21,22,33 To observe 1O2 produced during PDT that often
requires prolonged photoirradiation from a few minutes to
hours, self-oxidation of the dye by light excitation should be
avoided. In order to confirm that Si-rhodamine is an
appropriate chromophore as a 1O2 probe, ΦΔ of Si-Me was
determined using time-resolved phosphorescence measurement
(Figure 4). Using Rose Bengal as a reference (ΦΔ = 0.76 in
MeOH),34 ΦΔ of Si-Me is approximately 0.02. This value is
considered to reflect the possible maximum ΦΔ of Si-DMA and
Si-DMEP when deactivation pathways via PET is completely
blocked. Furthermore, ΦΔ of Si-Me is 3 times smaller than that
of 2,7-dichlorofluorescein, a fluorophore of SOSG (ΦΔ =
0.06).22

Finally, Si-DMA is considered to be fairly photostable, as
shown in Figure 2d (black). During 50 min irradiation, no
photobleaching is observed in the absence of photosensitizer.
In addition, this photostability is maintained when Si-DMA is
introduced to HeLa cells (Figure S6). This result is in
accordance with the previous study on Si-rhodamine.24

Mitochondrial Localization of Si-DMA. Positive net
charge of a dye, such as that of rhodamine 123 (R123)35,36 and
lipophilic cyanine cation, JC-1,37,38 facilitates its mitochondrial
accumulation due to mitochondrial membrane potential.39

Here, we found that Si-DMA can reside in mitochondria with
high selectivity (Figure 5). The long, thin, and branched fibrillar

fluorescence image of Si-DMA clearly proves its selective
localization in mitochondria.40 In addition, it does not have a
strong preference to reside in mitochondria around the nucleus
or edge of the cell, different from 5-ALA-derived PpIX
(discussed later). On the other hand, concentrations higher
than 1 μM seem to result in nonspecific localization and even
higher than 5 μM shows cytotoxicity determined by vacuole
formation and cell detachment (Figure S7). The latter effect is
due to the loss of mitochondrial membrane potential upon
excess loading of Si-DMA.39 Hence, in this study, we chose [Si-
DMA] less than 100 nM to ensure the homogeneous, selective,
and nontoxic staining of mitochondria (Figure 5a,b).

Figure 3. Selectivity of Si-DMA toward 1O2 among other ROS.
Maximum fluorescence intensity divided by the absorbance at 640 nm
was compared. [Si-DMA] = 5 μM and [ROS] = 10 mM in 1:1
MeOH/PBS solution, stirred for 10 min.

Figure 4. Time profiles of 1O2 phosphorescence intensity (P.I.) of
Rose Bengal (black) and Si-Me (red) observed at 1280 nm (λex = 532
nm at 5.0 mJ cm−2 pulse−1) in 1:9 DMSO/MeOH solution. Both
samples were prepared to have the same absorbance of 0.5 at 532 nm
(path length = 1 cm). [Rose Bengal] = 21.5 μM and [Si-Me] = 250
μM.

Figure 5. HeLa cells stained with [Si-DMA] = (a) 20 and (b) 100 nM
for 1 h. (c−e) Colocalization test of Si-DMA in mitochondria. (c)
MitoTracker Green and (d) [Si-DMA] = 100 nM. Clear
colocalizations of two dyes are observed in the merged image (e).
Intensities of each image have been adjusted to obtain a clear picture.
Scale bar = 10 μm.
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It is notable that connecting DMA to Si-rhodamine does not
affect its intrinsic localization, whereas azo-benzene-substituted
Si-rhodamine is mainly localized in the lysosome.26 Meanwhile,
SOSG, a trianionic molecule, stains HeLa cells in a nonspecific
and inefficient manner (Figure S2). More importantly,
mitochondria are the main target organelles in PDT because
mitochondrial actions and dysfunctions are closely related to
the programmed cell death.41−43 Thus, a selective mitochon-
drial staining of Si-DMA indeed takes advantage of visualizing
intracellular 1O2 particularly during PDT.
Fluorescence Detection of Intracellular 1O2: Depend-

ent on the Localization of Sens. To deliver Sens selectively
to mitochondria, we chose 5-ALA, which is a commercialized
PDT drug as a precursor for the biosynthesis of PpIX.2,42,44−46

The excess amount of biosynthesized PpIX, which could not be
bound to Fe to form heme, is accumulated in mitochondria,
and this phenomenon readily happens especially in cancer cells.
When the localization of PpIX derived by [5-ALA] = 150 μg
mL−1 was traced, the synthesized PpIX was found to be initially
localized in mitochondria and soon diffused to the cytoplasm
(Figure 6a). In particular, PpIX is predominantly localized in

the perinuclear region as reported previously.42,47,48 In light of
the previous reports, 5-ALA was incubated for 4 h in order to
maximize the amount of synthesized PpIX (Figure S8).44,45

Figure 7a shows reprocessed pseudocolor images of Si-DMA
fluorescence in HeLa cells during 640 nm irradiation of PpIX. It
is clearly shown that photoirradiation of PpIX induces an
increase of Si-DMA fluorescence rapidly (within 10 s) and
more significantly in the perinuclear region as compared to the
cell edge. The same tendency is observed when the incubation
concentration of Si-DMA is increased to 100 nM (Figure S9).
Here, an evident fluorescence increase along the mitochondria
structure provides a much clearer picture of intracellular 1O2
generation as compared to the previous 1O2 probes with 5-
ALA-derived PpIX.15,17

It should be confirmed that the fluorescence increase of Si-
DMA shown in Figures 7a and S7 is caused by 1O2 generation
and not by environmental changes of mitochondria upon PDT.
We have monitored approximately 4−6-fold deceleration in the
initial rates of fluorescence increase by the addition of a cell-
permeable 1O2 quencher, sodium azide (NaN3) (Figure 8).
Furthermore, mitochondrial environmental changes, such as
viscosity, did not influence the fluorescence of Si-DMA (Figure
S12a).
Subsequently, another type-II Sens that exhibits non-

mitochondrial localization is introduced to monitor fluores-
cence response of Si-DMA. TMPyP4 is one of the frequently

used type-II Sens in a model study of PDT because it is water-
soluble and can bind to a DNA aptamer, finally delivered to the
nucleus of cancer cells.49−51 Prior to coincubating with Si-
DMA, we confirm that TMPyP4 first resides in lysosomes after
24 h incubation (Figure 6b). Next, 640 nm irradiation triggers
lysosomal rupture, followed by relocalizations of TMPyP4 to
the cytoplasm and nucleus (Figure S10). Relocalization of Sens
in lysosomes is a well-known phenomenon in PDT, which
maximizes a cytotoxic effect of 1O2 from dispersed Sens
molecules.43,52

Since fluorescence of TMPyP4 is not intense enough (Φfl =
0.047 in H2O)

53 and Q-band absorbance at 640 nm is relatively
small, lysosomal rupture events cannot be monitored by
TMPyP4 fluorescence with the same photoirradiation and
detection conditions used to image Si-DMA. Thus, we
additionally stained lysosomes using A647-dextran to observe
intracellular events and fluorescence changes of Si-DMA
simultaneously with the excitation of TMPyP4. As depicted
by the white arrows in Figure 7b, lysosomes containing A647-
dextran and TMPyP4 are distinguishable due to their granular
structures and strong fluorescence. Upon 640 nm irradiation for
10 s, lysosomal rupture and TMPyP4 diffusion substantially
occur. However, fluorescence of Si-DMA does not increase
even after TMPyP4 relocalization (Figures 7b and S9).
In short, the heterogeneous fluorescence increase shown in

Figure 7a is considered to reflect the localization of PpIX
because Si-DMA is localized in mitochondria almost homoge-
neously over the cell body (Figure 5). In contrast, Si-DMA
does not react with 1O2 generated by TMPyP4 (Figure 7b),
which changes its location from lysosome to cytoplasm and
nucleus upon photoirradiation (Figure S10). Taken together,
Si-DMA can respond to only mitochondrial-originating 1O2.
This is because of the short diffusion distance of intracellular
1O2 (at longest, approximately 300 nm) in aqueous solution.9

Fluorescence Detection of Intracellular 1O2: Depend-
ent on the Type of Sens. We investigated Si-DMA responses
depending on the type of Sens. In the previous section, 5-ALA-
derived PpIX and TMPyP4 were used, and both are standard
type-II Sens with high ΦΔ (0.54 and 0.74, respectively).34 As a
comparison, KillerRed was chosen as an exemplary case of
photosensitizing protein, and it could be expressed selectively
in mitochondria (Figure 6c).54 Upon photoirradiation, the
chromophore of KillerRed, the N-acylimine group composed of
Gln-Tyr-Gly, is excited and subsequently quenched by one-
electron reduction from the adjacent amino acid residue,
resulting in the radical anion of the chromophore (type-I
photosensitization). Its characteristic phototoxicity originates
from the presence of a water-filled channel reaching the
chromophore of KillerRed.55,56 Thus, KillerRed can generate a
superoxide anion by electron transfer from the radical anion of
its chromophore to 3O2.
Pseudocolor images of Si-DMA and KillerRed fluorescence

(λem = 610 nm),54 collected by the same detection channel
(655−725 nm), are shown in Figure 7c. Since λabs of KillerRed
is 585 nm,54 two-color excitation at 532 and 640 nm is used to
excite KillerRed and Si-DMA, respectively. In fact, KillerRed
fluorescence is not negligible compared to that of Si-DMA (red
spots in the 0 s image of Figure 7c). During 10 min
photoirradiation, however, only photobleaching of both species
was observed without fluorescence increase of Si-DMA
(Figures 7c and S9). As shown in Figure 3, Si-DMA can only
respond to 1O2 but not superoxide, hydrogen peroxide, and
other ROS. Thus, this result implies that the amount of 1O2

Figure 6. Intracellular localizations of Sens. (a) Fluorescence of
MitoTracker Green, 5-ALA-derived PpIX, and merged points are
depicted in green, red, and yellow, respectively. (b) Fluorescence of
A488-dextran, TMPyP4, and merged points are depicted in green, red,
and yellow, respectively. (c) Fluorescence of KillerRed monitored after
24 h transfection of mitochondria-targeted KillerRed vector. Scale bar
= 10 μm.
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generated by KillerRed is far insufficient to induce a conversion
of Si-DMA to Si-DMEP even though KillerRed is colocalized in
mitochondria. On the other hand, photoirradiation of KillerRed
causes relocalization and DNA binding of CellROX Green,
which infers the generation of oxygen radical species (Figure
S13). Generation of a superoxide anion in a proportional
manner upon photoirradiation of KillerRed is in good accord
with the previous report.57

1O2 Diffusion Distance and Its Concentration Affect
Fluorescence Increase of Si-DMA. To understand different
responses of Si-DMA to three Sens (Figure 7), we first
considered the total cumulative [1O2] during photoirradiation
of Sens. The extent of PDT cytotoxic effects, so-called PDT
dose, is influenced by three factors: light, oxygen, and drug.7

Here, we used the same light intensity of 640 nm irradiation
(except KillerRed), and there is only a slight difference in Q-
band absorbance of PpIX and TMPyP4. Furthermore, the
previous study found merely a marginal difference of ΔpO2
between mitochondria or endosomes and air-saturated medium
in HeLa cells.44,58 Overall, nearly identical light doses and
homogeneous pO2 over a whole cell infer that light dose and
[3O2] are not conclusive factors to derive the different results in
Si-DMA fluorescence, as shown in Figure 7.
Next, we consider the effective area of 1O2 within its lifetime.

Time-resolved phosphorescence measurement is the most
direct method to study formation and decay of intracellular
1O2.

1,10 Although the reported lifetime of 1O2 varies depending
on the experimental conditions (a few tens of nanoseconds to 3
μs),2,7,9 the longest travel distance of intracellular 1O2 has been
reported to be ∼268 nm over a period t of twice its lifetime.7

Furthermore, a diameter of mitochondria fibril is ∼200−400
nm,40 and both Si-DMA and accumulated PpIX are considered
to be located inside the mitochondrial inner membrane.39,46

Such a complete colocalization within a diffusible area of 1O2 is
regarded as the main reason for a highly localization-selective
response of Si-DMA. On the other hand, 1O2 diffusion across

Figure 7. Pseudocolor fluorescence images of HeLa cells with Si-DMA and (a) 5-ALA-induced PpIX, (b) 24 h incubated TMPyP4 and lysosome
marker (A647-dextran), and (c) mitochondria-targeted KillerRed. Granular structures indicated by white arrows in (b) are lysosomes that are rapidly
ruptured by TMPyP4 irradiation. [Si-DMA] = 25 nM was incubated for 1 h in the HeLa cells containing corresponding Sens. (a,b) One-color
irradiation at 640 nm (0.6 W cm−2) was used to generate 1O2 and monitor Si-DMA fluorescence simultaneously. Meanwhile, two-color irradiation
was required to excite Si-DMA and KillerRed (c); 0.5 and 0.6 W cm−2 were used for 532 and 640 nm irradiation, respectively. Scale bar = 10 μm.

Figure 8. Fluorescence changes of Si-DMA during 15 s of 640 nm
irradiation at 0.6 W cm−2 with PpIX induced by 5-ALA (black), with
the addition of [NaN3] = 2 mM (red), 1 mM (blue), and Si-DMA
without Sens and NaN3 (green). All data are obtained by averaging
mean count changes monitored in 5−8 cells.
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different intracellular organelles is theoretically impossible as
proven by imaging of Si-DMA fluorescence (Figure 7b).
In the case of KillerRed, the inefficient 1O2 generation of

KillerRed is proven by its photocytotoxicity that is rather higher
in H2O than in D2O

59 and silence at 1270 nm upon
photoirradiaiton where 1O2 phosphorescence can be ob-
served.57 Instead, hydrogen peroxide and a superoxide anion
can form 1O2 as a byproduct of the Haber−Weiss reaction (i.e.,
H2O2 + O2

•− → 1O2 +
•OH + −OH). Vegh et al., however,

reported that KillerRed exhibits the quantum yield of hydrogen
peroxide generation less than 1% because the generated
superoxide anion is quenched inside of the protein by amino
acid residues.57 In fact, even if the superoxide anion is largely
generated in a living cell, various enzymatic systems such as
superoxide dismutase will quench superoxide to 3O2.

5,6 In
accordance with this result, we could not monitor the
fluorescence increase of Si-DMA under excessive ROS
generation in mitochondria induced by an oxidative burst in
RAW 264.7 macrophage (Figure S12c; the detailed discussion
can be found in Supporting Information). This finding further
supports that Si-DMA maintains its high selectivity to 1O2 in a
living cell, while it does not respond to the trace amount of
intracellular 1O2. Obtained results in this study are summarized
in Table 1.

Potential Usages of Si-DMA. To conclude, other potential
usages of Si-DMA are proposed in addition to visualization of
mitochondrial 1O2 during PDT. Using a newly designed far-red
fluorescence probe, Si-DMA, we succeeded in increasing the
spatial resolution of 1O2 detection up to a single mitochondrial
tubule (Figure 7a). This fluorescence increase was never
monitored in the case of TMPyP4 that resides in lysosomes,
nucleus, and cytoplasm. Considering this highly localization-
selective response, we first suggest that Si-DMA can be used as
mitochondrial markers of Sens to confirm its accurate
internalization. As mentioned above, mitochondria is the
main target organelle in the PDT study because dysfunction
of mitochondria exerts the strongest cytotoxicity.41−43 Practi-
cally, an infinitesimal addition of Si-DMA to the culture media
can quickly stain mitochondria (cf. [Si-DMA] = 20 nM and 30
min incubation was enough to stain). So far, R123 and other
cationic dyes have been used to visualize changes in the
mitochondrial structure and to confirm localization of a
particular substance in mitochondria. In addition to both
usages, Si-DMA can further provide information about whether
the mitochondria-targeted type-II Sens works properly in terms
of 1O2 generation.
Second, Si-DMA can be presumably used to indicate PDT

dose and cell viability. Upon prolonged photoirradiation at 640
nm (2−4 min), we could observe fragmentation of the
mitochondrial structure and cell shrinkage accompanied by

dimmer fluorescence of Si-DMA (Figure S14). Simultaneously,
vacuole formation and granular appearance of cell structures
were monitored (data are not shown here but are identical to
Figure 1 of ref 48). Moreover, fluorescence of Si-DMA upon
photoirradiation rarely increased in dying or dead cells. This is
considered to be due to (1) defocusing caused by cell
morphology change, (2) leak of Si-DMA upon a loss of
mitochondrial membrane potential,48 and (3) increase in
overall intracellular viscosity, making a collision between 1O2
and Si-DMA difficult.60 In this sense, slight fluorescence
decrease of Si-DMA shown in Figure 7b (Sens: TMPyP4) is
not caused by 1O2-derived photo-oxidation but rather by
intracellular environmental change as described above. With
further systematic and quantitative studies on the correlation
among the fluorescence change of Si-DMA, PDT dose, and cell
death pathways (e.g., apoptosis and necrosis), Si-DMA will
possibly work as a barometer to report acute cytotoxicity and
cell viability during PDT.

■ CONCLUSION
In this study, we have proposed a new and promising far-red
fluorescent probe, Si-DMA, for the intracellular 1O2 detection.
As a dyad of Si-rhodamine and DMA, Si-DMA is present as a
monomer and H-aggregates in organic solvents and neutral
buffered solutions, respectively, while both of the states can
react with 1O2. A cationic charge and adequate lipophilicity of
Si-DMA facilitate the selective mitochondrial localization. In
the cell experiment, fluorescence of Si-DMA increases only by
photoirradiation of colocalized and type-II Sens, PpIX. On the
other hand, type-II Sens with non-mitochondrial localizations,
mitochondria-targeted KillerRed, and an oxidative burst of the
macrophage fails to change Si-DMA fluorescence (Table 1).
This result confirms a short diffusion distance of 1O2 and
substantial generation of 1O2 by type-II Sens (ΦΔ of PpIX =
0.54). This is the first example of a 1O2 fluorescence probe to
suggest a clear image of 1O2 formation during PDT at the
subcellular level. To conclude, we would like to emphasize the
potential of Si-rhodamine derivatives to be exploited in the
single-molecule imaging of intracellular 1O2 during PDT.
Unfortunately Si-DMA exhibits a limitation in this application
because of its dim fluorescence before reacting to 1O2.
Prospective candidates of the new 1O2 probe are required to
exhibit a completely dark initial state, enough brightness
(extinction coefficient >50 000 M−1 cm−1; Φfl > 0.1),61 good
cell permeability, and water solubility.
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