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Supramolecular host—guest chemistry can tune the photophysical behavior of organic emitters by
confining them within well-defined nanoscale environments. Here we report a straightforward strategy
to modulate the thermally activated delayed fluorescence (TADF) properties of organic emitters in
aqueous media through complexation with the macrocyclic host cucurbit[7]uril (CB[7]). Upon formation
of the TADF-CB[7] complex, the photoluminescence quantum yield is enhanced due to the suppression
of non-radiative decay pathways within the rigid host cavity. Furthermore, host—guest encapsulation was
found to accelerate both forward and reverse intersystem crossing, resulting in improved access to the
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singlet oxygen, thereby boosting the efficacy of photodynamic therapy (PDT). These findings provide
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Introduction

Photodynamic therapy (PDT) has emerged as a promising
cancer treatment modality since its first clinical approval in
1993. Compared with conventional clinical approaches
including chemotherapy, radiotherapy and surgery, PDT is less
invasive and offers spatiotemporal specificity, low systemic
toxicity, and minimal drug resistance.>® In this light-driven
process, photosensitizers (PSs) are first excited by photons
from the ground state to the lowest singlet excited state (S,),
followed by population of the lowest triplet excited state (T,) via
intersystem crossing (ISC). The T, state then interacts with the
surrounding ground state oxygen (*0,) to generate cytotoxic
reactive oxygen species (ROS), such as singlet oxygen (‘0,),
leading to irreversible cellular damage in the targeted region.**
The efficient generation of long-lived triplet states is thus
essential for PDT.

Thermally activated delayed fluorescence (TADF) materials
have recently attracted significant attention as prospective
candidates for PDT, owing to their long-lived triplet states, high
photoluminescence efficiency, and tunable photophysical
properties.*” Due to the minimal overlap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), TADF emitters typically exhibit
a small singlet-triplet energy gap (AEsr, generally = 0.2 eV).
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This facilitates efficient reverse ISC (rISC) from T; to S,, driven
by ambient thermal energy, resulting in delayed
fluorescence.®** Meanwhile, the narrow AEgy also promotes
efficient ISC, which facilitates triplet generation and enhances
interaction with oxygen molecules, thereby boosting ROS
production. Accordingly, TADF materials have recently emerged
as efficient PSs for PDT.">™*

However, the inherent hydrophobicity of most TADF emit-
ters limits their applicability in biological systems. To introduce
them into aqueous media, various strategies inspired by
nanomaterials have been employed, including the self-assembly
of TADF molecules into nanoaggregates,'>'**® encapsulation
with amphiphilic surfactants,">* and incorporation into poly-
mer dots.”*® Despite their utility, these approaches often suffer
from aggregation-caused quenching, dye leakage, and limited
oxygen permeability. To address these issues, our group has
developed nanoparticles from amphiphilic block copolymers
incorporating both a TADF imaging probe and a distinct BOD-
IPY PS to yield a theranostic platform for image-guided PDT.>”
This approach, however, is synthetically complex, and requires
a secondary dye to act as the PS. A simpler approach that
enables the direct use of the TADF material for PDT in water
would thus be highly desirable.

Supramolecular systems based on hydrophilic macrocyclic
hosts, such as cucurbiturils and cyclodextrins, provide one such
option for encapsulating hydrophobic dyes in water.”®* The
supramolecular host-guest interaction can suppress non-
radiative decay by restricting molecular motion, while also
minimizing the quenching of triplets by isolating the dye from
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CBI[7]

Scheme 1 Schematic illustration of supramolecular host CB[7]
modulated TADF for mitochondria-targeted photodynamic therapy.

the surrounding medium.**** These features lay the foundation
for productive 'O, generation in PDT.>**

Among the various types of TADF materials, multi-resonance
TADF (MR-TADF) compounds stand out for their exceptional
photophysical properties. Owing to their rigid molecular
structures and localized excited states, MR-TADF materials
feature narrow emission bands, high photoluminescence
quantum yields (®p.), and improved photostability.***” This
unique combination of photophysical properties make MR-
TADF emitters highly attractive for biological applications,
particularly in high-resolution bioimaging.***

Herein, we describe a water-soluble MR-TADF material
QAOPy and its host-guest complexation with curcurbit[7]uril
(CB[7]) in water (Scheme 1). Upon complexation with (CB[7]) in
a 1:1 molar ratio, the resulting QAOPy-CB[7] host-guest
complex exhibited a significantly enhanced ®p;, of 52.1% in
degassed water, compared to 36.1% for the unbound QAOPy.
Both QAOPy and its CB[7] complex displayed clear delayed
fluorescence in degassed water, with lifetimes (z4) of 59.4 ps and
45.1 ps, respectively. We also demonstrate how encapsulation in
CB[7] leads to improved 'O, generation and therapeutic effi-
ciency relative to the unbound QAOPy molecule. To the best of
our knowledge, this is the first demonstration of PDT using
supramolecular host-guest TADF materials.

Results and discussion
Synthesis and host-guest study

The synthesis and characterization of QAOPy are detailed in the
SI (Fig. S1-S4). Owing to the presence of a pyridinium group,
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QAOPy is water soluble, and can act as a suitable guest for
complexation with CB[7].° The host-guest interaction was first
investigated using proton nuclear magnetic resonance (‘H
NMR) spectroscopy. As shown in Fig. 1a, S5 and S6, the addition
of an equimolar amount of CB[7] to QAOPy caused notable
upfield shifts in the proton signals associated with the benzyl
moiety (H;-H,) and the pyridinium group (Hs), suggesting deep
encapsulation within the CB[7] cavity. Meanwhile, protons Hg-
H,, exhibited downfield shifts, indicating their positioning near
the portal region of the macrocycle.*"*?

Next, the formation of the 1:1 QAOPy-CB[7] complex was
further confirmed by electrospray ionization mass spectrometry
(ESI-MS). A peak with a mass-to-charge ratio (m/z) of 1627.5022
was found, corresponding to the intact QAOPy-CB[7] complex
(Fig. 1b and S7). To quantify the binding affinity between QAOPy
and CB[7], UV-vis titration was performed. As CB[7] was grad-
ually added to a QAOPy solution, a continuous decrease in
absorbance at 400 nm was observed, along with the emergence
of isosbestic points (Fig. 1c), indicating a clean conversion
between the free and complexed states. The absorbance
changes were fitted to a direct binding assay model,* yielding
a binding constant of (2.71 & 0.06) x 10° M " (Fig. S8).

Photophysical characterization

The photophysical properties of QAOPy and its supramolecular
complex QAOPy-CB[7] were investigated in Milli-Q water. As
depicted in Fig. 1c, both compounds feature two main absorp-
tion peaks below 400 nm and an additional peak beyond
450 nm, corresponding to locally excited (LE) m—-mc* and short-
range charge transfer transitions, respectively.> In the aerated
state (Fig. 2a and Table S1), QAOPy displays green fluorescence
with an emission maximum (Ae,) at 509 nm, a full width at half
maximum (FWHM) of 67 nm, and an absolute ®p;, of 32.2%.
Upon complexation with CB[7], QAOPy-CB[7] exhibits a slightly
red-shifted Ao, at 509 nm, a narrower FWHM of 65 nm, and
a significantly enhanced ®p;, of 38.9%. Under nitrogen atmo-
sphere, QAOPy shows a modest redshift to 512 nm with an
unchanged FWHM and an increased ®p;, of 36.1%, while
QAOPy-CB[7] maintains its emission maximum at 506 nm with
a FWHM of 63 nm and a further enhanced ®p;, of 52.1%. The
encapsulation within the CB[7] cavity partially restricts intra-
molecular rotations, thereby suppressing non-radiative decay
pathways and enhancing ®py.

Time-resolved photoluminescence measurements revealed
that the prompt fluorescence lifetimes (z,) of QAOPy were 8.20
ns in air and 8.51 ns under nitrogen atmosphere. Similarly, the
QAOPy-CB[7] complex exhibited prompt lifetimes of 8.71 ns and
8.73 ns in air and nitrogen, respectively (Fig. S9). In contrast,
delayed fluorescence lifetimes (t4) measured in degassed water
showed a 14 of 59.4 us for QAOPy and 45.1 ps for QAOPy-CB([7],
while under aerated conditions, the lifetimes shortened to 4.14
us and 6.20 ps, respectively (Fig. 2b and S10), reflecting the
quenching effect of molecular oxygen on triplet states. The
optical bandgaps of both QAOPy and QAOPy-CB[7] were deter-
mined to be 2.64 eV (Fig. S11).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) 'H NMR (600 MHz, D,0O, 298 K) spectra of QAOPy (0.5 mM) and the QAOPy-CBI[7] host—guest complex (1:1, 0.5 mM), showing
characteristic chemical shift changes upon complexation. D,O peaks were omitted for clarity; (b) ESI-MS spectrum of QAOPy-CB[7]; (c) UV-vis
absorption spectra of QAOPy (20 uM) upon titration with increasing concentrations of CB[7] (0—33.0 uM) in aqueous solution at 298 K; (d)
nonlinear least-squares fitting of the absorbance changes at 400 nm against the concentration of CB[7] for determining the binding constant

between QAOPy and CB[7].
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Fig. 2

(a) PL spectra of QAOPy (10 pM) and the QAOPy-CBI7] host—guest complex (1:1, 10 uM) in aerated and degassed Milli-Q water. Inset:

photographs of QAOPy and QAOPy-CBI7] under UV illumination (365 nm); (b) time-resolved PL decay profiles of QAOPy (10 uM) and QAOPy-CBI[7]
(1:12, 10 uM) in degassed Milli-Q water (Aexe = 375 nm); (c) time-resolved PL decay spectra of QAOPY and QAOPy-CB[7] in 1 wt% HA film at 298 K (Aexc
=375 nm); (d) prompt and phosphorescence emission spectra of QAOPy and QAOPy-CBI[7] in 1 wt% HA film at 77 K (Aexc = 375 nm), recorded over 1—
100 ns and 1-10 ms time windows, respectively; (e) temperature-dependent time-resolved PL decay profiles of QAOPy and QAOPy-CB[7] in 1 wt%
HA film (Aexe = 375 nm); (f) schematic illustration of host—guest complexation-enhanced ISC facilitated by CB[7] encapsulation.
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(a) Photodynamic activity assessed via ABMM degradation assay: decomposition rate constants of ABMM (2

QAOPy
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QAOPy-CB[7] MitoTracker Red

Merged
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Rose Bengal, QAOPy and QAOPy-CB([7]; cell viability assays of Hela cells treated with varying concentrations of (b) QAOPy and (c) QAOPy-CB[7] for
24 h, measured under darkness and white light conditions (30 min irradiation after 2 hour incubation); (d) confocal laser scanning microscopy images
of live/dead staining of Hela cells treated with QAOPy and QAOPy-CBI7] for 2 h and followed by 30 min white light irradiation, using FDA (green, live
cells) and PI (red, dead cells); confocal live cell images of Hela cell incubated with (e) QAOPy and (f) QAOPy-CBI[7] (1 uM) for 2 h, followed by
MitoTracker Red CMXRos for 30 min (Aexc = 448 nm for QAOPy and QAOPy-CBI[7], and 561 nm for MitoTracker Red, respectively).

To further investigate the solid-state photophysical behavior
of QAOPy and its host-guest complex QAOPy-CB[7], hyaluronic
acid (HA) was employed as an inert matrix to fabricate thin
films. A doping concentration of 1 wt% was chosen to avoid
aggregation-caused quenching,” which can occur at higher
concentrations of QAOPy. Time-resolved PL decay profiles of the
films revealed multiexponential decay kinetics. At room
temperature, the 7, were measured as 6.74 ns for QAOPy and
6.59 ns for QAOPy-CB[7]. The delayed lifetime t4 were found to
be 172.8 ps for QAOPy and 140.9 us for QAOPy-CB[7], with ®py, of
17.6% and 36.5%, respectively (Fig. 2c and S12). These trends
are consistent with those observed in aqueous solution.

The singlet (S,) and triplet (T,) energy levels were estimated
from the onset of the prompt fluorescence and phosphores-
cence spectra collected at 77 K, revealing a small AEgy of 0.21 eV
for both systems (Fig. 2d). Furthermore, temperature-
dependent time-resolved PL measurements showed an
increase in delayed emission intensity with rising temperature,
a hallmark feature of TADF (Fig. 2e). The intersystem crossing
rate constant (kgc) and reverse intersystem crossing rate
constant (k.sc) were determined to be 1.32 x 10” s~ ' and 1.89 x
10* s for QAOPy, respectively. For QAOPy-CB[7], the corre-
sponding values were calculated as 2.91 x 107 s~ for k¢ and
2.97 x 10" 57 for kysc (Table $1). These findings indicate that
the presence of CB[7] enhances the ISC and rISC processes
(Fig. 2f). Since both the rate of ISC and the ISC/rISC ratio®® are

Chem. Sci.

higher for the supramolecular complex, it should provide
a higher concentration of triplets under irradiation than the
uncomplexed TADF molecule. Encapsulation of the TADF dye
(QAOPy) within the CB[7] cavity significantly modifies its
excited-state dynamics though the AEsr remains
unchanged. The confined environment rigidifies the molecular

even

framework and reduces nonradiative decay pathways, thereby
increasing the population available for ISC. In addition, the
electrostatically rich carbonyl portals of CB[7] stabilize the
charge-transfer character of the excited states, enhancing spin—-
vibronic coupling and promoting both ISC and subsequent
rISC. These effects collectively increase the utilization efficiency
of triplet excitons.

Photodynamic therapy and cellular imaging

Encouraged by these promising photophysical properties, we
evaluated the 'O, generation efficiency of QAOPy and QAOPy-CB
[7], using Rose Bengal (RB), a well-established photosensitizer
with a 0, quantum yield ('O, QY) of 75% in H,0, as a ref. 57.
The singlet oxygen probe o,¢’-(anthracene-9,10-diyl)
bis(methylmalonate) (ABMM) was employed, which reacts
rapidly and specifically with '0,. Upon light irradiation, the
characteristic absorption peak of the anthracene moiety in
ABMM at 401 nm gradually decreased (Fig. S14), allowing
quantification of 'O, production by monitoring its decomposi-
tion kinetics. Using this approach, the '0, QY for QAOPy and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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QAOPy-CB[7] were determined to be 78.1% and 92.1%, respec-
tively (Fig. 3a, S15 and S16).

These results support our hypothesis that host-guest encap-
sulation with CB[7] facilitates ISC, thereby enhancing the
generation of triplet states and boosting "0, generation (Fig. 2f),
which is a desirable trait for PDT. Moreover, photostability tests
showed that both QAOPy and QAOPy-CB[7] exhibit good stability
for up to 60 min of continuous irradiation with a 4.55 mW Xe
lamp, (Fig. S17), with the latter benefiting from improved stability
due to the protective effect of CB[7]'s confined cavity.

Given the efficient '0, generation observed for QAOPy and
QAOPy-CB[7], their photodynamic therapeutic potential was
further assessed in vitro using HeLa cells. As shown in Fig. 3b
and ¢, both compounds exhibited negligible cytotoxicity under
dark conditions, confirming their biocompatibility in the
absence of light. Upon white light irradiation, however, signif-
icant phototoxicity was observed, with IC5, of 3.61 pM for
QAOPy and 2.70 uM for QAOPy-CB[7], respectively, which indi-
cates enhanced PDT efficacy upon host-guest encapsulation.

Fluorescence-based live/dead cell assays using fluorescein
diacetate (FDA) and propidium iodide (PI) further corroborated
these results (Fig. 3d). FDA stains live cells via esterase-
mediated hydrolysis to green-fluorescent fluorescein, while PI
labels dead cells by intercalating with nuclear DNA.*®* Confocal
microscopy imaging revealed strong colocalization of both
QAOPy and QAOPy-CB[7] with MitoTracker Red, indicating
a clear preference for mitochondrial accumulation. This was
further supported by high Pearson's correlation coefficients of
0.893 for QAOPy and 0.890 for QAOPy-CB[7], confirming their
efficient mitochondrial targeting capabilities (Fig. 3e and f).
This subcellular targeting likely contributes to the elevated
photodynamic therapeutic efficiency observed.*®

Conclusions

In summary, we report a supramolecular strategy for the use of
TADF compounds in aqueous media by encapsulation with CB
[7]. Host-guest complexation enhances ISC and rISC, improving
access to the triplet state of the TADF material. As a result, the
TADF-CB[7] system exhibits a higher 'O, QY and improved
photodynamic therapeutic efficiency compared to the uncom-
plexed molecule. This approach provides a new strategy for
designing high-performance TADF-based photosensitizers for
theranostic and biomedical applications, particularly in PDT, as
well as a method for tuning the photophysical properties of
TADF materials via supramolecular chemistry.
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