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Photosensitizers (PSs) are critical substances with considerable potential for use in non-invasive photomedicine.
Type I PSs, which generate reactive radical species by electron transfer from the excited state induced via photoirradiation, attracted
much attention because of their suitability for photodynamic therapy (PDT) irrespective of the oxygen concentration. However,
most organic PSs are type II, which activates only oxygen, generating singlet oxygen ('O,) via energy transfer from the triplet state.
Here, we proposed a strategy to form type I supramolecular PSs (SPSs) utilizing the charge-separated state induced by self-assembly.
This was demonstrated using a supramolecular assembly of fluorescein, which is a type II PS in the monomeric state; however, it
changes to a type I SPS via self-assembly. The switching mechanism from type II to I via self-assembly was clarified using
photophysical and electrochemical analyses, with the type I SPS exhibiting significant PDT effects on cancer cells. This study
provides a promising approach for the development of type I PSs based on supramolecular assemblies.

supramolecular assembly, fluorescein, type I photosensitizer, reactive oxygen species (ROS), charge separation

enabling PDT under hypoxic conditions are required. In
contrast to type II PSs, type I PSs generate various active
radical species [e.g, superoxide (O,°”), hydroxy radical
(*OH)] via electron transfer from the excited state even in a
hypoxic environment and hence exhibit potential for non-
oxygen-dependent PDT.'" Therefore, research regarding the
development of type I PSs has accelerated.*™"
Supramolecular assemblies are of considerable interest in the
field of nanomedicine because they may be prepared using
facile “bottom-up” methods and tuned at the molecular
level.'®™"® Nano-sized supramolecular assemblies, such as
porphyrin-peptide assembled nanodots® and pillararene,”'

Photodynamic therapy (PDT) is a promising approach for
treating cancer and microbial infections." ™ The photo-
sensitization reaction in PDT proceeds only in the region
irradiated with light, generating reactive oxygen species (ROS)
and radical species.” As the chemical process occurs within a
few tens of nanometers, PDT exhibits spatiotemporal
selectivity and is minimally invasive. However, due to the
lack of an ideal photosensitizer (PS) and methods of selective
transport and/or activation at the disease site, PDT is only
applied in treating a limited number of diseases.”® One of the
problems is the low PDT efficiency toward cancer cells.”
Most PSs proceed with type II photosensitization reactions
that activate only oxygen, generating 102 via energy transfer April 19, 2022
from the triplet state. Type II PDT is oxygen-dependent and May 12, 2022
thus ineffective for cancer cells under hypoxic conditions.’ May 13, 2022
Cancer cells exhibit significantly high proliferative capacities May 24, 2022
and use excessive amounts of oxygen, resulting in a hypoxic

microenvironment surrounding the tumor.'® Therefore, PSs
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demonstrated the potential in photomedicine. Numerous
supramolecular assemblies based on small molecules were
designed to overcome the various limitations of PDT.*~*’
These materials exhibit cancer-selective, biocompatible, and
light-absorbing properties due to the molecular-level design of
the constituents and functional molecule hybridization via non-
covalent bonds. However, type 1 supramolecular PSs (SPSs)
are still rare. To the best of our knowledge, there is only one
method for their preparation. Yoon and co-workers showed
that phthalocyanines with electron-donating amine groups self-
assembled to function as type I SPSs.”® The proximity of the
electron-donating group to the triplet state PS enables rapid
reductive quenching, yielding a radical anion that induces
electron transfer to oxygen or substrates. Therefore, the
hybridization of PSs and electron-donating groups may give
type I SPSs.>'™*® However, this strategy requires the
introduction of electron-donating substituents onto the PS
backbone, which may result in a complex synthesis and
challenges in further functionalization. The development of
another method for producing a type I SPS without such
limitations may result in more efficient PDT.

In this study, we proposed a simple strategy to prepare a
type 1 SPS via a charge-separated (CS) state of a PS and
showed that fluorescein which is a type II PS in the monomeric
state changes to a type I SPS via self-assembly (Figure 1). The
CS state induced by self-assembly is crucial for the generation
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Figure 1. (a) Chemical structures of FI-C2 and FI-C18. (b,c) (b)
Type I and (c) Type I photosensitization mechanisms of (b) FI-C2
(monomer state) and (c) FI-C18 (assembly state), respectively. The
radiative decay processes from excited states are omitted for clarity.
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of a type I SPS. Generally, in the excited triplet states of
organic molecules, type II photosensitization reactions proceed
preferentially. We assumed that if the CS state, which is prone
to electron transfer, is somehow stabilized over the triplet state,
the type II reaction is suppressed, and the type I reaction
preferentially proceeds (Figure 1). Inspired by our previous
studies of rhodamine and cyanine dyes forming a CS state via
self-assembly and acquiring photosensitizing function,”*> we
speculated that in various molecules, CS states could be
stabilized in the self-assembly states. Furthermore, certain type
II organic PSs could be transformed into type I SPSs via self-
assembly. In fact, the supramolecular assembly of fluorescein,
which is a typical type II PS in the monomer state, functions as
a type I PS (Figure 1) exhibiting significant PDT effects on
cancer cells.

Fluorescein was used as a representative constituent of a type I
SPS (Figure la). It is a typical fluorescent dye used as a
chemical probe.*”*” Fluoresceins generally exhibit type II
photosensitizing functions and are used in chromophore-
assisted light inactivation.”®*” The energy level of the CS state
of fluorescein may be lower than that of the T state, and the
CS state can be generated by symmetry-breaking charge
separation (SB—CS) and charge carrier migration in the
assembly.*” Amphiphilic FI-C18 was synthesized to form the
self-assembly of fluorescein in water (Figure la and Scheme
S2). For comparison, hydrophilic FI-C2, with a short ethyl
chain, was also synthesized (Scheme S1). The absorption and
fluorescence spectra of FI-C2 and FI-C18 in the monomer
state in dimethyl sulfoxide (DMSO) revealed that FI-C2 and
F1-C18 are suitable for evaluating the changes in photophysical
properties via self-assembly in water. The absorption and
fluorescence spectra of FI-C2 and FI-C18 are almost identical
[Figure S1, A 530 (F1-C2) and 531 (FI-C18) nm, A,: 556
(FI-C2) and 556 (FI-C18) nm], indicating that the difference
in alkyl chain length hardly affects the photophysical
properties.

To evaluate the self-assembly properties in water, absorption
and fluorescence spectra were measured (Figure 2a,b). The
absorption spectrum of FI-C2 exhibits a similar shape to that in
DMSO (Ap: 494 nm) whereas that of FI-C18 reveals a
decrease in absorbance, with the maximal absorption band split
and broadening (4,,,;: 508 nm). This splittin$ is due to the H-
and J-type fluorescein aggregate mixtures,” and the broad-
ening suggests random aggregation. The fluorescence of Fl-
C18 is significantly lower than that of FI-C2 [4,,,: 520 (FI-C2)
and 517 (F1-C18) nm], with quantum yields of 0.75 and 0.008
for FI-C2 and FI-C18, respectively. The average aggregate size
of FI-C18 determined by dynamic light scattering (DLS) is
103 nm, and transmission electron microscopy (TEM)
observation reveals the formation of spherical aggregates
(Figure 2¢,d).

The photosensitizing functions of FI-C2 and FI-C18 were
evaluated using ROS detection probes such as 9,10-
anthracenediyl-bis(methylene)-dimalonic acid (ABDA)* and
dihydrorhodamine 123 (DHR123)* (Figure S2). First, we
performed studies using ABDA to detect singlet oxygen ('O,)
produced by energy transfer from the PS to molecular oxygen
(type II photosensitization reaction). Light irradiation (460
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Figure 2. (a) UV—vis and (b) PL spectra of FI-C2 and FI-C18.
Experimental conditions: [FI-C2] [FI-C18] = 5.0 uM, 1.0 mM
phosphate buffer solution, rt, excitation wavelength: 460 nm. (c) Size
distribution of the supramolecular assembly of FI-C18 determined
using DLS (Z-average: 103 nm, PDI: 0.10). (d) TEM image of the Fl-
C18 supramolecular assemblies. Experimental conditions: [FI-C2] =
[FI-C18] = 1.0 uM, 1.0 mM phosphate buffer solution, rt.

nm, 300 W, Xe lamp) of the FI-C2/ABDA mixture results in a
time-dependent decrease in the fluorescence intensity of
ABDA, suggesting that monomeric FI-C2 functions as a type
II PS (Figure 3a). Time-dependent decrease in fluorescence
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Figure 3. Fluorescent spectra of the mixtures after photoirradiation
(Aex: 360 nm). (a) FI-C2 and ABDA and (b) FI-C18 and ABDA.
Experimental conditions: [FI-C2] = [FI-C18] = [ABDA] = 5.0 uM,
1.0 mM phosphate buffer solution, rt. Irradiation light: 460 nm, 300
W, Xe lamp.

intensity of ABDA did not occur without the Fl derivatives
(Figure S3). The generation of 'O, by FI-C2 was also
confirmed by phosphorescence emission of 'O, (d.,: 1270
nm) (Figure S4). Conversely, there is no decrease in the
fluorescence intensity of ABDA with FI-C18 (Figure 3b). The
residual ratios of ABDA after 30 min photoirradiation are
<0.01 and 1.0 for FI-C2 and FI-C18, respectively (Figure SS).
These results indicate that the type II photosensitization
reaction of FI-C18 is almost suppressed. Subsequently, the
ROS generated by FI-C18 were examined using DHR123,
which converts to emissive rhodamine 123 (Rh123) upon
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oxidation (Figure S2b) and superoxide dismutase (sOD),*
which is a quencher of superoxide (O,°”) generated by type I
photosensitization. As shown in Figure S6a,c,e, with FI-C2,
there is no change in the increasing Rh123 fluorescence
intensity regardless of the presence of SOD. Conversely, with
FI-C18, the rate of increase in the fluorescence intensity of
Rh123 is slightly decreased (Figure S6b,d,f), suggesting that
FI-C18 generates superoxides in an aqueous solution via a type
I photosensitization reaction. In addition, to confirm the
generation of O,°” by FI-C18, we examined the reduction of
cytochrome ¢ by photoirradiation (Figure S7). It is known that
cytochrome ¢ is reduced by O,° to afford reduced cytochrome
¢ whose characteristic absorption band is at 550 nm.*™ After
photoirradiation to the mixture of FI-C18 and cytochrome ¢,
the absorption band at 550 nm was increased (AAggom: 0.11).
However, under the existence of SOD, the absorption band
intensity was hardly changed (AAggnm: 0.04). These results
support the O,°” generation via FI-C18.

Electron spin resonance (ESR) spectroscopy was performed
using spin-trapping reagents 4-hydroxy-2,2,6,6-tetramethylpi-
peridine (4-OH-TEMP)*® and 1-hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine (CPH)*’ to examine 'O, and O,°~
generation. 4-OH-TEMP and CPH react with 'O, or O,*” to
generate ESR-detectable 4-hydroxy-2,2,6,6-tetramethylpiperi-
dine 1-oxyl (4-OH-TEMPO) and CP (CP®) radicals,
respectively (Figure S8). Figure 4a displays the ESR spectra
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Figure 4. ESR spectra of the mixtures with spin-trapping reagents
after photoirradiation. (a) 4-OH-TEMP or (b) CPH with FI-C2
(upper) or FI-C18 (lower). Experimental conditions: [FI-C2] = [FI-
C18] = 50 uM, [4-OH-TEMP] = [CPH] = 50 uM, 1.0 mM
phosphate buffer solution, rt.

of FI-C2/4-OH-TEMP and FI-C18/4-OH-TEMP mixtures
after 1 min of photoirradiation, which show clear and no ESR
signals, respectively. Therefore, FI-C2 generates 'O, after
photoirradiation, but FI-C18 does not. Subsequently, we
examined the spin-trapping reagent CPH for O,°” detection.
The distinct triplet ESR signal of CP® is observed for the Fl-
C18/CPH mixture after photoirradiation (Figure 4b). The
supramolecular assembly of FI-C18 promotes electron transfer
to molecular oxygen, and the CS state would be generated.
The ESR spectra are consistent with the results obtained using
the ROS chemical probes. Therefore, the photosensitization
mechanism of fluorescein is clearly altered by self-assembly.

Nanosecond laser flash photolysis was performed to elucidate
the mechanistic details of the FI-C2 and FI-C18 photosensitiz-
ing reactions.”® The nanosecond transient absorption (TA)
spectra of FI-C2 and FI-C18 were measured after nanosecond
laser excitation at 460 nm in a deaerated aqueous buffer

https://doi.org/10.1021/jacsau.2c00243
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solution (Figure S9). For FI-C2, a TA band at 550 nm with a
relatively long lifetime (t,,, = 7.2 ps) is observed (Figure Sa),

(a) (b)

2 1.0 - % 6.0

x 08 I FI-C2 — Ar x | FI-C18

E 1 — E 40

Q 0.6} 3

© <

® ®

§ 0.4 § 20

g 0.2 g

[e} [e}

2 0 MM 20 . .

5 0 6.0 12.0 18.0 5 0 3.0 6.0 9.0
Time delay (us) Time delay (us)

Figure 5. TA decay profiles of (a) FI-C2 and (b) FI-C18 at (a) 550
and (b) 430 nm. (a) Black and blue lines are TA decay profiles under
Ar and O, atmospheres, respectively. Experimental conditions: [FI-
C2] = 50 uM, [FI-C18] = 100 uM, 1.0 mM phosphate buffer solution
(pH 7.4), rt. Excitation light: 460 nm.

and the lifetime is significantly shortened in the presence of
oxygen (t%{2 = 1.1 us), which is attributed to the triplet state of
FI-C2."”°" Conversely, the spectrum of FI-C18 showed no TA
band at S50 nm (Figure S10a). Instead of triplet formation, the
spectrum of FI-C18 exhibits a new TA band at 430 nm (Figure
Sb), which is not observed for FI-C2 (Figure S10b). The
lifetime (>10 us) is sufficient for chemical reactions, and the
transient species may be in a CS state involving the
photoreaction. The signal is assigned to the intermolecular
CS state (neutral radical or radical dianion species) of FI-C18
in the supramolecular assembly. To directly observe the Fl-
C18 CS state, the ESR spectroscopy of the photo-irradiated FI-
C18 at 173 K was performed. The ESR spectrum showed a
clear signal corresponding to the FI-C18 radical at 3420 G
(Figure S11).°" Therefore, the CS state is generated in FI-C18,
which is critical in the switching of the photosensitizing
mechanism via self-assembly.

The energy levels of the triplet and CS states of FI-C2 and
FI-C18 were estimated using spectroscopic and electro-
chemical techniques to confirm our hypothesis. The
phosphorescence spectra of FI-C2 and FI-C18 at 77 K are
shown in Figure S12. The 0—0 bands of phosphorescence were
observed at 621 and 626 nm for FI-C2 and FI-C18,
respectively, with energy levels of the triplet states of 2.0 eV
for FI-C2 and FI-C18. The energy levels of CS states were
determined by electrochemical analysis (Figures S13 and S14)
to be 1.6 and 1.3 eV for FI-C2 and FI-C18, respectively. The
energy level of the CS state is lower than that of the triplet
state (Table 1). The proposed energy diagram of FI-C18 is
shown in Figure S15. FI-C18 forms the S, state after
photoirradiation and converted into the CS state directly or
via a triplet state through SB—CS. Conversely, FI-C2 mainly
loses the absorbed energy via fluorescence and proceeds via
intersystem crossing to the triplet state.

Table 1. Optical and Electrochemical Properties of FI-C2
and FI-C18

on Ered S1 Tl AE::s

Compound (V vs Ag/AgCl) (V vs Ag/AgCl) (eV) (eV) (eV)
FI-C2 0.70 —-0.85 2.2 2.0 1.6
FI-C18 0.54 —0.80 22 2.0 1.3

1475

We investigated the potential of FI-C18 as an anticancer PDT.
FI-C2 or FI-C18 and molecular probes (mitochondria and
lysosome trackers) were incubated with PC9-luc cells (human
adenocarcinoma lung cancer cells) with genes encoding firefly
luciferase®” to examine the cellular localization of FI-C2 and
FI-C18. Confocal laser scanning microscopy (CLSM) images
are shown in Figure 6. The CLSM images of FI-C2 (100 nM)

(a)

Hoechst

Merge Magnified view

FI-C2

Hoechst Merge Magnified view

Figure 6. CLSM images of PC9-luc cells with (a) FI-C2, FI-C18,
LysoTracker, and Hoechst and (b) FI-C2, FI-C18, MitoTracker, and
Hoechst. The images show differential interference contrast, dye (Fl-
C2 or FI-C18), tracker, Hoechst, merge, and the magnified view of
merged images from left to right. Scale bar: 20 ym. Experimental
conditions: [FI-C2] = [FI-C18] = 100 nM, [MitoTracker] = 250 nM,
[LysoTracker] = 75 nM, and [Hoechst] = 500 nM, 37 °C.

and MitoTracker (250 nM) are well matched, indicating that
FI-C2 localizes in mitochondria (Figure 6b). The CLSM
images of FI-C18 (100 nM) and LysoTracker (75 nM)
correspond, revealing FI-C18 localization in lysosomes (Figure
6a). Pearson correlation coefficients of F1-C2/Lysotracker, FI-
C2/Lysotracker, FI-C18/Mitotracker, and FI-C18/Mitotrack-
er images are summarized in Figure S16. The average Pearson
correlation coefficients of FI-C2/Lysotracker and FI-C18/
Lysotracker images are 0.39 and 0.64, respectively. The good
correlation between FI-C18 and Lysotracker images indicates
that FI-C18 tends to localize in lysosomes. The average
Pearson correlation coefficients of FI-C2/Mitotracker (0.79)
and Fl-C2/Mitotracker (0.44) images also indicate the
localization of FI-C2 in mitochondria. FI-C18 would enter
cells via endocytosis and localize in the lysosomes. Indeed,
dynasore, an inhibitor for clathrin-mediated endocytosis,
decreased the mean fluorescence intensity of PC9-luc cells
[dynasore(—): 1.05 X 10% dynasore(+): 0.63 x 10*] (Figure
S17). Lysosomes are an emerging target for PDT due to their
close relationship with apoptosis and necrosis.””** Both the
localized organelles with the PSs (FI-C2: mitochondria, Fl-
C18: lysosome) are effective targets in PDT.>> The cellular
uptake of FI-C2 and FI-C18 after 12 h incubation (5.0 M)
was evaluated by Fl spectra. 20% FI-C2 and 9% FI-C18
entered the cells after incubation (Figure S18). The intra-
cellular concentration of FI-C18 was estimated to 2.2-fold
smaller than that of FI-C2.
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Subsequently, the PDT effects of FI-C2 (1.0 uM) and FI-
C18 (1.0 uM) were evaluated based on the luciferase activity
of the PC9-luc cells (Figure 7). Without photoirradiation, the
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Figure 7. Luciferase activity in PC9-luc cells PDT-treated with FI-C2
and FI-C18 in relative light units: the activities decrease depending on
the light irradiation [n = 3, *p < 0.001, **p < 0.0S, ***p < 0.005,
#EEEp < 0,0001 vs control, *p < 0.05, #p < 0.0005 (two-tailed
unpaired t-test)].

luciferase activities hardly decrease (FI-C2: 89.4 + 4.3%, Fl-
C18: 109.7 + 4.1%), indicating that these compounds show no
cytotoxicity. In addition, photoirradiation of the PC9-luc cells
without the PSs, using a high-power light-emitting diode
(LED) at a wavelength of 490—500 nm (3 W cyan high-power
LED, 10 min), also shows no cytotoxicity (109.5 + 7.1%). FI-
C2 and FI-C18 exhibited light-intensity-dependent PDT
effects. After light irradiation (120 J/cm?®) of PC9-luc cells
with FI-C2, the luciferase activity decreased to 62.4 + 3.9%.
The rate of the decrease is light intensity-dependent, indicating
the PDT effect of FI-C2 on the cells. The effect is insufficient
and almost saturated at 90 J/cm® light intensity (luciferase
activity: 64.1 + 13.8%). Conversely, the PDT effect of FI-C18
increases depending on the power of light irradiation at < 120
J/em?®. After irradiation with 120 J/cm?® light, the luciferase
activity decreased to 8.3 + 2.7%, indicating that most PC9-luc
cells were dead. The CCK-8 assay of PC9-luc cells showed the
same tendency with the luciferase assay (Figure S19). Under
the hypoxic condition (O, concentration 2—5%), FI-C18 also
showed a higher PDT effect than FI-C2. The cell viability using
FI-C2 and FI-C18 was 70 and 43% after photoirradiation (90
J/cm?), respectively (Figure S20), under the O, depletion
condition. The PDT effect of FI-C18 is significantly improved
compared to that of FI-C2 under both normoxia and hypoxia
conditions despite the low intracellular concentration.
Although the localization organelles of FI-C2 and FI-C18
differ,”® the significant improvement would be due to the
change in the type of photosensitization reaction as FI-C18
functioned as a type I SPS in PC9-luc cells. Finally, we
conformed the intracellular O,°” generation by FI-C2 and Fl-
C18 using dihydroethidium (DHE) which specifically detects
of 0,°" and hydrogen peroxide (H,0,).”” The mean
fluorescence intensity of the PC9-luc cells treated with Fl-
C18 (1.0 uM) was increased after photoirradiation (before:
2.44 X 10%, after: 1.02 X 10%) (Figure S21). This indicates that
FI-C18 generated O, inside PC9-luc cells. On the other
hand, in the case of FI-C2, the mean fluorescence intensity was
hardly changed after photoirradiation (before: 1.79 X 10°,
after: 1.27 X 10°). These results support that FI-C2 and FI-
C18 functioned as type II and type I PSs in the cells,
respectively.
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In this study, we proposed a development strategy for type I
SPSs based on the induction of charge separation via self-
assembly. Fluorescein, a conventional dye, functioned as a type
II PS in the monomer state, with self-assembly switching the
type of photosensitization observed. Spectroscopic and
electrochemical analyses showed that the supramolecular
assembly formed the CS state via photoirradiation, with the
transition reasonable in terms of energy levels. Furthermore,
FI-C18 showed a light-intensity-dependent PDT effect on
human adenocarcinoma lung cancer cells, which was
sufficiently improved compared with that of FI-C2. As there
are numerous molecules that exhibit the potential to form a CS
state during assembly, molecules without type I photosensitiz-
ing properties in the monomer state may function as type I
SPSs. This phenomenon implies that various organic dyes
function as a type I PS by simple self-assembly. This strategy
using the CS state for the development of a type I PS may be
applied not only in supramolecular assembly but also in
monomeric organic PSs. This study provides a novel strategy
for developing type I SPSs and contributes to efficient PDT.
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