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Abstract: We have developed an activatable photosensitizer
capable of specifically inducing the death of b-galactosidase-
expressing cells in response to photoirradiation. By using
a selenium-substituted rhodol scaffold bearing b-galactoside as
a targeting substituent, we designed and synthesized
HMDESeR-bGal, which has a non-phototoxic spirocyclic
structure owing to the presence of the galactoside moiety.
However, b-galactosidase efficiently converted HMDESeR-
bGal into phototoxic HMDESeR, which exists predominantly
in the open xanthene form. This structural change resulted in
drastic recovery of visible-wavelength absorption and the
ability to generate singlet oxygen (1O2). When HMDESeR-
bGal was applied to larval Drosophila melanogaster wing
disks, which express b-galactosidase only in the posterior
region, photoirradiation induced cell death in the b-galactosi-
dase-expressing region with high specificity.

To understand the function of a specific cell type within
a complex network, such as the nervous system, or during
biological development, an efficient method of ablating cells
of interest is needed. Several methods for conditional cell
ablation in a spatiotemporally controlled manner have been
reported. One approach is to use genetically encodable
photosensitizer proteins, such as KillerRed and its variants.[1]

Upon light irradiation, these photosensitizer proteins gener-
ate reactive oxygen species (ROS), such as singlet oxygen
(1O2), which cause oxidative stress and induce cell death.

Furthermore, the selective ablation of target cells is relatively
straightforward, since photosensitizer proteins can be genet-
ically expressed only in the cells of interest by the use of
suitable promoters. However, these methods have several
limitations. For example, the induction of phototoxicity is
inefficient as compared to that with small-molecule-based
photosensitizers,[2] so that a high dose of light is needed to
induce cell death. Also, the protein expression level is
generally limited owing to the large protein size. To overcome
these limitations, we are interested in developing small-
molecule-based photosensitizers as an alternative tool for
conditional cell ablation. However, it is quite difficult to
control the distribution of small-molecular photosensitizers,
so nonspecific phototoxicity is an issue. Furthermore, it is
technically difficult to localize photoirradiation only on target
cells. Therefore, to minimize nonspecific photoinduced
damage and to obtain the maximum effect in the region of
interest, we focused on an “enzyme-activation” strategy. In
other words, we required a probe that would initially have
very low phototoxicity, but that would become strongly
phototoxic after activation by a target enzyme. An expected
advantage of this approach was that the phototoxicity would
be strongly amplified by enzymatic turnover.

We have previously attempted to develop activatable
photosensitizers whose photosensitizing ability can be
switched by b-galactosidase,[3] but we found that they were
not able to induce cell death specifically in regions of interest
in living tissues, probably owing at least in part to their
relatively low activation ratio. Therefore, to design an
activatable photosensitizer that shows drastic activation of
photosensitizing ability, we focused on the spirocyclization of
xanthene-based dyes. We have already reported several
fluorescent probes for detecting the activity of various
hydrolases on the basis of precise control of the spirocycliza-
tion reaction of fluorescent xanthene dyes.[4] These probes are
mainly present in their colorless nonfluorescent spirocyclic
form, but are converted by the enzyme into the colored
fluorescent open form. Since the initial process of light
absorption (to form the excited-state molecule) is common to
fluorophores and photosensitizers, and the critical difference
is the major relaxation process from the singlet excited state
S1, the spirocyclization-based approach should also be
applicable to the design of photosensitizers. Furthermore,
on the basis of the report that a xanthene-based fluorophore
can be converted into a photosensitizer simply by replacing
the oxygen atom at the 10-position with a selenium atom,[5] we
decided to develop an activatable photosensitizer by intro-
ducing selenium at the 10-position of our previously reported
rhodol derivative HMDER, which is a suitable scaffold for
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a b-galactosidase fluorescent probe. We chose a hydroxy-
methyl group as an intramolecular nucleophile to stabilize the
spirocyclized structure.[4, 6] Accordingly, we synthesized
HMDESeR and its methylated derivative (HMDESeR-Me)
as pilot compounds (Figure 1a), and examined their photo-
chemical properties.

By measuring absorption at various pH values (pH 2–12),
we confirmed that HMDESeR has three possible forms,
depending on the pH value (Figure 1a; see also Figure S1 in
the Supporting Information), as was the case for the parent
compound HMDER. The calculated pKa value of the phe-
nolic hydroxy group was 5.2, and the pKcycl value (pH value at
which the extent of spirocyclization is sufficient to reduce the
absorbance of the compound to one-half of the maximum
absorbance) was 10.3 (Figure 1b), thus indicating that
HMDESeR exists mainly in the open xanthene form at the
physiological pH value of 7.4. The open form of HMDESeR
exhibits an absorption in the visible region (maximum at
558 nm), however, the fluorescence quantum yield is sup-
pressed (Ffl = 0.006, Table 1). Furthermore, it was shown (by
measurement of the luminescence of produced 1O2 in the
infrared region) to have a high ability to produce 1O2 upon
laser irradiation at 532 nm (FD = 0.99), which was superior to
that observed for the original compound HMDER (Fig-
ure 1c; see also Figure S2). This result indicates that the
replacement of the oxygen atom in the fluorescent rhodol

scaffold with a selenium atom indeed makes this compound
an effective photosensitizer. On the other hand, the methy-
lated derivative, HMDESeR-Me, exists as an equilibrium
mixture of two forms. Its pKcycl value was determined to be
5.3, thus indicating that HMDESeR-Me is present predom-
inantly as the colorless spirocyclic form under physiological

conditions (Figure 1b). Therefore,
HMDESeR-Me shows little visible-
light absorption at pH 7.4 and there-
fore does not function as a photosen-
sitizer, since it cannot be excited
readily to the S1 state by visible light
to generate 1O2 (Figure 1c, Table 1;
see also Figure S2).

These differences in pH depend-
ency between HMDESeR and
HMDESeR-Me suggest that the alky-
lation of the phenolic hydroxy group
stabilizes the spirocyclic form, as was
also the case for the original rhodol
derivative HMDER.[4a] Interestingly,
replacement of the oxygen atom at
the 10-position with selenium shifted
the pKcycl value to the acidic side. As
a consequence, HMDESeR-Me is
completely in the closed form at the
physiological pH value of approxi-
mately 7.4 (Figure 1b; see also Fig-
ure S1). This difference in configura-
tion seems consistent with the shift in
the calculated LUMO energy levels,
since the fluorophores act as electro-
philes in the spirocyclization reaction:
HMDESeR-Me (�0.10126 hartree)
has a lower LUMO energy level
than HMDER-Me (�0.09674 har-
tree).

To apply this finding to the selec-
tive photoablation of specific cell

types, we selected b-galactosidase, a widely used reporter
enzyme, as the activating enzyme.[7] It has been shown that the

Figure 1. a) Structures of HMDESeR and HMDESeR-Me at various pH values. The highlighted
structures are the putative forms predominant at physiological pH values. b) pH dependence of
the absorbance of the dyes. c) Luminescence spectra of 1O2 generated by excitation of the dyes
(3 mm in phosphate buffered saline, pH 7.4) with a 532 nm laser.

Table 1: Photochemical properties of rhodol derivatives and selenium-
substituted rhodol derivatives.

labs

[nm]
lem

[nm]
emax

at pH 7.4[a]
Ffl pKa pKcycl

HMDESeR 558[b] 590[b] 92000 0.006[c] 5.2 10.3
HMDESeR-Me 537, 574[d] n.d. 120 n.d. – 5.3
HMDESeR-bGal 543, 580[d] n.d. 420 n.d. – 5.8
HMDER[e] 525 543 79000 0.141 5.4 11.3
HMDER-bGal[e] 493, 525 536 8300 0.009 – 6.9

[a] The e value was calculated from the absorbance at pH 7.4 or from the
maximum absorbance and the pKcycl value. [b] The labs and lem values
were measured in 100 mm sodium phosphate buffer (pH 7.4). [c] The
absolute fluorescence quantum yield was measured in 100 mm sodium
phosphate buffer (pH 7.4). [d] The labs values were measured in 100 mm

sodium phosphate buffer (pH 2.0). [e] The values for HMDER and
HMDER-bGal were determined in a previous study.[4a] n.d. = not
detectable.
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expression of b-galactosidase in many organisms, including
Drosophila, Caenorhabditis elegans, zebrafish, and mice, can
be restricted to a specific region, organ, or cell line by
genetically placing it under specific promoters/enhancers.
Thus, the selective ablation of b-galactosidase-expressing cells
with a b-galactosidase-activatable photosensitizer is expected
to have a great impact in biological research, since it would be
directly applicable to well-established lines. To develop
a photosensitizer activatable by b-galactosidase, we replaced
the methyl group of HMDESeR-Me with a b-galactoside
group, which should be cleaved by b-galactosidase. The
incorporation of such an enzyme-reactive moiety into
HMDESeR should result in the suppression of background
phototoxicity owing to the spirocyclic, non-phototoxic form of
the unactivated molecule, whereas reaction with the enzyme
should release phototoxic HMDESeR.

Indeed, the visible-light absorption and 1O2 productivity
of the b-galactoside-substituted analogue, HMDESeR-bGal,
were suppressed (Figure 2a–c; see also Figure S2), as we had
expected. The pH dependency resembled that of HMDESeR-
Me, and the pKcycl value was calculated to be 5.8 (Table 1; see
also Figure S1). We also found that HMDESeR-bGal reacted
rapidly with b-galactosidase to produce HMDESeR (see
Figure S3).

Next, we examined whether HMDESeR-bGal could
induce the cell death of only b-galactosidase-expressing
cells. We applied HMDESeR and HMDESeR-bGal to two
cultured cell lines of HEK293 cells with or without b-
galactosidase expression (HEK/lacZ cells and HEK cells),
and exposed the cells to light irradiation. Whereas
HMDESeR induced cell death equally in both cell lines,
HMDESeR-bGal induced dose-dependent cell death only in
HEK/lacZ cells (Figure 2d; see also Figure S4). Although
HMDESeR tends to accumulate mainly in mitochondria and
partially in lysosomes (see Figure S5), we consider that the
activation site of HMDESeR-bGal is predominantly the
cytosol, since b-galactosidase is expressed in the cytosol of
HEK/lacZ cells[4a] and we did not observe any phototoxic
effect in cells without lacZ expression. Furthermore, as
compared to our previously reported activatable photosensi-
tizer based on the photoinduced intramolecular electron
transfer (PeT) mechanism, which showed only 20-fold
activation of phototoxicity,[3a] spirocyclization-controlled
HMDESeR-bGal showed much greater activation (> 100-
fold). We believe that this activatability is the main reason
why it is able to effectively induce cell death specifically in
cells expressing b-galactosidase.

We further tested our photosensitizer in cultured tissue of
Drosophila melanogaster, which is one of the most widely
used model organisms for genetic studies.[8] For this purpose,
we used wing disks, a precursor structure of a part of the adult
thorax, including the wing. In the en-lacZ reporter line, b-
galactosidase is expressed only in the posterior region of the
wing disks. Our photosensitizer was applied to a culture of
wing disks from third instar larvae, and whole wing disks were
then exposed to light with a wavelength of 561 nm under
a confocal microscope equipped with a diode-pumped solid-
state (DPSS) laser. After incubation for 3 h at room temper-
ature, we observed morphological changes, such as loss of

asperity and obscured cellular boundaries, only in the
posterior region, where b-galactosidase is expressed (Fig-
ure 3b; see also Figure S6). When we examined cell viability
by live/dead fluorescence staining (CalceinAM for live cells,
EthD-1 for dead cells), the pattern of dead cells was similar to
that for b-galactosidase immunostaining; that is, dead cells
were observed only in the posterior region (Figure 3a,c).

In the middle of the tissue, there was a region where no
fluorescence signal was observed, although the cells were
clearly stressed in terms of morphological changes (see
Figure S6). The lack of a fluorescence signal may be explained
by insufficient distribution of EthD-1 to the middle region.
Furthermore, dead cells were not observed in either of
the control samples without irradiation with light or incuba-
tion with HMDESeR-bGal (Figure 3c), and HMDESeR
induced cell death in all regions of the wing disk, regardless
of b-galactosidase expression (see Figure S7). These results

Figure 2. a) Enzymatic reaction of HMDESeR-bGal with b-galactosi-
dase. b) Absorption spectra of 1 mm HMDESeR-bGal and HMDESeR in
100 mm sodium phosphate buffer (pH 7.4). c) 1O2 production upon
laser irradiation at 532 nm. d) Photoinduced cytotoxicity to HEK/lacZ
cells and HEK cells. Cells were incubated with HMDESeR-bGal for 4 h
and then irradiated with light (510–555 nm, 6 Jcm�2). Cell viability was
measured by using a CCK-8 assay at 24 h postirradiation. Bars indicate
the viability of cells as compared with untreated cells; means
�standard deviation (n = 4).
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strongly indicate that HMDESeR-bGal can efficiently trigger
cell death/stress only in b-galactosidase-expressing regions
upon exposure to photoirradiation.

In conclusion, we have designed, synthesized, and eval-
uated HMDESeR-bGal as a novel activatable photosensitizer
on the basis of the precise control of spirocyclization. This
simple strategy has several advantages: 1) HMDESeR-bGal
can be activated to induce cell death only in cells of interest,
that is, those expressing b-galactosidase, 2) undesired photo-
toxicity is suppressed, since HMDESeR-bGal is not activated
until it has reacted with the target enzyme. An ex vivo analysis
of a larval Drosophila wing disk confirmed that HMDESeR-
bGal induced cell death specifically in the b-galactosidase-
expressing region. To our knowledge, cell death has not
previously been induced specifically in target cells of living
tissue with a small-molecular photosensitizer by the use of
nonlocalized photoirradiation. Finally, we expect that this
design strategy can be extended to the development of
activatable photosensitizers directed at other types of cells.

For example, it should be possible to develop a new strategy
for tumor-selective photodynamic therapy (PDT)[9] by target-
ing enzymes that are overexpressed in tumors. We anticipate
that a range of activatable photosensitizers based on the
present strategy will be versatile tools for cellular manipu-
lation (cell ablation) and also for tumor therapy.
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Figure 3. a) Immunostaining of b-galactosidase (yellow) in an en-lacZ
Drosophila larval wing disk. b) Bright-field image of a wing disk
pretreated with HMDESeR-bGal before (left) and after irradiation with
a DPSS laser (561 nm, 100%, 3 min; right). After irradiation with light,
a morphological change was observed in the posterior region high-
lighted in red (see Figure S6 for magnified images). c) Live/dead
fluorescence staining of the wing disks with CalceinAM (for live cells,
green) and EthD-1 (for dead cells, red) 3 h after treatment. A similar
pattern of living and dead cells was observed in the haltere disk (the
smaller area of tissue seen below the wing disk), in which b-
galactosidase is expressed in the posterior region. Scale bars: 100 mm.
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