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Real-time monitoring of photodynamic therapy (PDT) is essential for precision medicine, yet remains
hindered by microenvironmental interference and photobleaching of conventional mono-emissive
photosensitizers (PSs). Herein, inspired by the energy level gradients depicted in the Jablonski diagram,
we report a gradient donor—acceptor molecular design strategy to overcome Kasha's rule, achieving
intrinsic dual-emissive PSs. Combining femtosecond transient absorption spectroscopy with theoretical
calculations, we have verified the Kasha/anti-Kasha properties of the compounds: near-infrared (NIR)
emission peaking at 710 nm, exhibiting viscosity dependence stems, from the S;-to-Sp excited-state
decay of the primary acceptor—donor framework, whereas visible emission at 530-590 nm, significantly
enhanced upon DNA binding, originates from the S;-to-Sqo excited-state decay of the additional
acceptor—donor segment. A systematic comparison of the effects of additional acceptors on anti-Kasha
behaviors and photogenerated reactive oxygen species (ROS) performance has been conducted by
constructing two diketopyrrolopyrrole (DPP)-based isomers, namely DPP-F32 and DPP-F34. Both PSs

target the Golgi apparatus to activate NIR signals, but only DPP-F32 exhibits visible emission in the
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Accepted 31st July 2025 nucleus of apoptotic cells, enabling ratiometric tracking of the PDT process at two-/three-dimensional

cellular models via dual-channel imaging. This study provides a new paradigm for self-reporting PSs with
DOI: 10.1039/d55c03880d Kasha/anti-Kasha behaviors that combine precise targeting, efficient ROS generation, and real-time

rsc.li/chemical-science dynamic monitoring.

garnered significant attention.®*® However, current PDT proto-
cols lack capacity for early therapeutic response assessment,
relying instead on conventional imaging techniques such as

Introduction

Photodynamic therapy (PDT), characterized by its minimally

invasive nature, high spatiotemporal precision, and controlla-
bility, has emerged as a cutting-edge modality in tumor-targeted
precision medicine.’” The advancement of PDT hinges criti-
cally on the development of photosensitizers (PSs) that simul-
taneously achieve efficient tumor targeting, deep-tissue
penetration, and robust ROS generation.*® Conventional PSs
induce cell apoptosis through ROS production while enabling
lesion localization via fluorescence (FL) imaging.” Capitalizing
on the superior spatial resolution and real-time visualization
ability of FL imaging, FL imaging-guided PDT theranostics has
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magnetic resonance imaging (MRI) or computed tomography
(CT) to monitor tumor volume changes.’**> These methods
suffer from insufficient sensitivity/specificity and potential
radiation hazards,">'* underscoring the urgent need for FL-
based real-time in situ monitoring of cellular activity to opti-
mize light dosage regulation and prognostic evaluation.
Correspondingly, the development of self-reporting PSs to
achieve precise treatment and tumor stratification has drawn
widespread interest.”>*® For instance, Tang's group developed
PSs capable of translocating from mitochondria to the nucleus
during PDT-induced apoptosis.”® Zhang's group successfully
designed self-reporting PSs that migrate from the cell
membrane to the nucleus of drug-resistant tumors during PDT
and provided guidance for clinical chemotherapeutic drug
selection.”® Nevertheless, mono-emissive probes are prone to
being afflicted with microenvironmental interference, which
complicates signal interpretation.>** In contrast, dual-emissive
probes facilitate ratiometric imaging that not only dynamically
monitors cell viability changes but also eliminates staining/
experimental artifacts.”*>* Although Forster resonance energy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ratiometric monitoring of dynamic PDT.

transfer (FRET) probes and reactive unimolecular ratiometric
systems offer potential solutions, limitations such as excitation/
emission crosstalk and differential photobleaching hinder their
broad application.”®* Strategies for developing single-
molecular probes with intrinsic dual-emissive properties are
more promising.”®*®

Limited by Kasha's rule,* the overwhelming majority of all
the organic light-emitting materials exhibit only a single emis-
sion band originating from the lowest-energy electronic excited
state. Despite this, recent reports have revealed new
breakthroughs.**** From the perspective of molecular
assembly, by combining several emissive building blocks in one
molecule and hindering the energy transfer among them, it is
possible to break Kasha's rule and achieve multiple emissions
under ambient conditions.>® To achieve anti-Kasha emission
and reliable ratiometric bioimaging of biomolecules such as
glutathione (GSH) and cysteine (Cys), Guo's group enlarged the
S;-S; energy gap by integrating fluorescein and chromene
building blocks with dicyanomethylene-4H-pyran (DCM-IFC).*®

© 2025 The Author(s). Published by the Royal Society of Chemistry

Subsequently, Tang's group discovered that the introduction of
electron donors with varying strengths into the conjugated
system enables modulation of the internal conversion rates
among corresponding excited states, leading to the develop-
ment of anti-Kasha molecular probes capable of detecting the
polarity of the cellular microenvironment.*” Based on the D-7t—
A design, Feng's group successfully constructed PSs with anti-
Kasha characteristics, achieving lipid droplet- and
mitochondria-targeted  dual-fluorescence  imaging-guided
PDT.*® Inspired by a series of studies on organic luminescent
materials exhibiting anti-Kasha behavior and their biological
applications (Table S1), PSs with anti-Kasha behaviors perhaps
enable real-time monitoring of cellular dynamics during PDT
through dual-emissive functionality, wherein one emission
provides subcellular localization references and the other
indicates target interactions correlated with cell death
progression. However, self-reporting PSs integrating these
functionalities still remain unexplored.
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Although D-A-D or A-D-A molecular architectures enhance
photosensitization efficiency, the linear mode of charge transfer
makes them typically exhibit mono-emission characteristics
and encounter fundamental challenges in overcoming Kasha's
rule.***® To address this limitation, herein, we have developed
a gradient D-A (ie., dA'-D-A-D-dA’, where dA’ denotes an
additional electron acceptor, D denotes the electron donor, and
A denotes the primary electron acceptor) engineering strategy
that integrated both D-A-D and A’-D-A’ configurations into
a single molecule, in which the electron-withdrawing capacity of
A’ should be significantly weaker than that of A.

This integration aims to preserve their photosensitization
capabilities and achieve double excited-state emissions through
a spatially separated charge transfer pathway (Scheme 1A). As
a proof of concept, two diketopyrrolopyrrole (DPP)-based
isomers, DPP-F32 and DPP-F34 (Scheme 1B), were constructed
using the 3,6-divinyl-substituted diketopyrrolopyrrole derivative
as the core backbone and methylquinolinium as functional units
and additional acceptors.** Photophysical characterization
revealed that DPP-F32 and DPP-F34 display distinct dual
absorption and dual emission properties in high-polarity
solvents, with their anti-Kasha behaviors being corroborated by
femtosecond transient absorption spectroscopy and theoretical
calculations. Notably, the Kasha emission in the NIR region
exhibited viscosity-dependent behavior, while the anti-Kasha
emission in the visible region showed significant enhancement
upon DNA binding. These observations were further verified by
a series of theoretical calculations, including density functional
theory calculations, molecular docking, and molecular dynamics
simulations. Cellular imaging demonstrated NIR emission
localization in the Golgi apparatus of living cells for both
compounds, with negligible visible emission. In dead cells, DPP-
F32 specifically illuminated nuclei with visible emission while
maintaining cytoplasmic NIR emission. In addition, compared
with DPP-F34, DPP-F32 exhibited a stronger ability to generate
ROS, due to the stronger spin-orbit coupling (SOC) and more
efficient electron transfer process in the type-I PDT pathway of
para-substituted methylquinolinium. Most importantly, DPP-F32
enabled dual-emissive ratiometric monitoring of the dynamic
PDT process (Scheme 1C).

Results and discussion
Molecular design and synthesis

Vinyl DPP demonstrated superior type-I ROS generation capa-
bility compared to aryl DPP, with emission extending into the
NIR region.**> Molecules containing multiple methyl-
pyridinium groups can intercalate into DNA grooves and
translocate from the cytoplasm to the nucleus during
apoptosis.**?**¢ To combine the advantages of the above two,
we designed and synthesized two isomeric compounds, ie.,
DPP-F32 and DPP-F34 (Fig. 1A), incorporating triphenylamine
as an electron donor as well as a bridge to connect vinyl DPP
(primary acceptor) and methylquinolinium units (additional
acceptors). Compared to methylquinolinium, vinyl DPP has
a stronger electron-withdrawing capacity, and the distorted
aniline structure spatially separates the charge transfer pathway
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between the two types of acceptors, which promotes the delo-
calization of dA’-D-A-D-dA’ into A-D-A and D-A-D structures.
This is likely to facilitate the formation of PSs with enhanced
multiple absorption and emission bands. The rationale for
selecting para- and meta-substituted methylquinolinium units
as two isomeric additional acceptors lies in their identical
formula but distinct electron push—pull effects stemming from
the position of substitution.

The synthetic routes to DPP-F32 and DPP-F34 are detailed in
the SI (Scheme S1). Initially, the two substituted quinoline
groups were conjugated to the triphenylamine group via
Suzuki-Miyaura coupling. Subsequently, the quinoline-
substituted TPA and the methyl DPP moieties were coupled
through Knoevenagel condensation catalyzed by piperidine.
Finally, the cationic products were obtained via nucleophilic
substitution with methyl iodide. The targeted compounds and
some key intermediates were fully characterized by "H NMR, *C
NMR and high-resolution mass spectrometry (Fig. S1-S18).

Photophysical properties

To evaluate the solubility of DPP-F32 and DPP-F34, the lipophilic-
hydrophilic partition coefficient (log P) was determined using the
direct measurement method. The log P values were found to be
—2.19 for DPP-F32 and -1.32 for DPP-F34 (Fig. S19 and S20),
indicating that their lipophilicity is higher than their hydrophi-
licity. Given their high polarity, the absorption spectra of DPP-
F32 and DPP-F34 were subsequently measured in high-
polarity solvents. As shown in Fig. S21, DPP-F32 and DPP-F34
exhibited excellent dual-absorption performance in the visible
spectral range. Specifically, DPP-F32 displayed absorption
peaks at 480 nm (¢ = 4.76 x 10" L mol™" em™") and 620 nm
(e = 6.97 x 10" L mol™" em™") in water. In contrast, DPP-F34
exhibited a weaker first absorption peak at 470 nm
(e =2.41 x 10* L mol ™" em™") and a second absorption peak at
620 nm (& = 5.74 x 10* L mol * cm ') in water. Considering the
dual-absorption capability of DPP-F32 and DPP-F34 in highly
polar solvents, we measured their fluorescence spectra at two
excitation wavelengths (1. = 450 nm and 610 nm). As shown in
Fig. S22 and S23, both DPP-F32 and DPP-F34 exhibited
quenching in water and distinct dual-emission in dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF), while merely
mono-emission in ethanol (EtOH) and methanol (MeOH), sug-
gesting that the two emission bands were affected by different
factors.

Consequently, we chose DMSO as a solvent to more carefully
investigate the absorption and emission performance of DPP-
F32 and DPP-F34. As depicted in Fig. 1B and E, the two emission
bands observed in the fluorescence spectra corresponded to the
two excitation peaks at 480 nm (S, — S,) and 625 nm (S, — S),
respectively, which aligned with the shape of the absorption
peaks. Notably, DPP-F32 and DPP-F34 did not follow the clas-
sical empirical rule of emission, which is called Kasha's rule.
Additionally, the dual-emission with anti-Kasha characteristics
was also strongly supported by femtosecond time-resolved
transient absorption spectroscopic (fs-TAS) experiments
(Fig. S24). As shown in Fig. 1C and F, two ground-state

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Synthetic routes to DPP-F32 and DPP-F34. Excitation spectra (dotted lines, monitored at A¢, = 520 and 700 nm) and emission spectra

S,—S,

(solid lines, excited at Aex = 450 and 610 nm) of DPP-F32 (B) and DPP-F34 (E) in DMSO. Representative selection of fs-TAS of DPP-F32 (C) and
DPP-F34 (F) at different delay times after excitation at 450 nm in DMSO. A comparison of the transient absorption kinetics at different wave-
lengths of DPP-F32 (D) and DPP-F34 (G). Quantum chemical calculations and electron—hole analysis involved during the photoexcitation of

DPP-F32 (H) and DPP-F34 (I).

bleaching (GSB) peaks at 480 nm and 625 nm were observed in
the fs-TAS spectra of DPP-F32 and DPP-F34, indicating that the
two excited states originated from the same compound rather
than impurities. The GSB peak of DPP-F34 at 480 nm was
weaker than that of DPP-F32 due to a lower population in the
second excited state. It is worth noting that the inflection point
observed at 510 nm could be attributed to the offset of excited-
state absorption (ESA) and stimulated emission (SE) from the
second excited state (S,), while the stronger negative peak at
680 nm arises from the superposition of GSB and SE from the

© 2025 The Author(s). Published by the Royal Society of Chemistry

first electronically excited singlet state (S;), conclusively
implying that DPP-F32 and DPP-F34 each have two emission
states. More detailed information was obtained by monitoring
the ultrafast kinetics dynamics of the compounds at 490 nm (for
DPP-F32) or 475 nm (for DPP-F34), and 680 nm under excitation
at 450 nm (Fig. 1D, G and Table S2). The negative amplitudes on
both time scales exhibited by S, could be attributed to the
ground state recovery (¢; = 33.8 ps for DPP-F32, 23 ps for DPP-
F34) and the fast relaxation process (¢, = 0.2 ps), whereas the
positive amplitudes in S; exhibited the same lifetime as in S,,

Chem. Sci,, 2025, 16, 16168-16179 | 16171
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which is perhaps attributed to the energy transfer process
(internal conversion, IC) from the S, to the S; state. Importantly,
the absolute values of the amplitudes of the higher excited
states reflected the effective competition between S, — S,
(~0.22) and S, — S; (~0.78).

To gain a deeper insight into the principles underlying anti-
Kasha versus Kasha emissions for DPP-F32 and DPP-F34 in
DMSO, we conducted systematic quantum chemical calcula-
tions (Table S3). The theoretical calculations demonstrated
strong agreement with the experimental data, as evidenced by
the two emission bands from the S; state (about 680 nm) and
the S, state (about 490 nm), respectively. Notably, the two
excited states were characterized by a large energy gap. The
value of AEs, g, for DPP-F32 and DPP-F34 is 0.6463 eV (around
5200 cm™ ') and 0.7463 eV (around 6000 cm™ '), respectively.
Such significant energy differences effectively suppress IC from
the S, state to the S, state. Additionally, as shown in Fig. 1H and
I, electron-hole analysis revealed that the electron distribution
in the S, state was significantly localized within the methyl-
quinolinium fragment, whereas the electron in the S; state
primarily resided in the vinyl DPP fragment. Based on these
observations, it can be inferred that the D-A-D configuration
exhibited the Kasha emission (FL,, NIR region), while the A’-D-
A’ configuration conformed to the anti-Kasha emission (FL,,
visible region). Among them, the S, — S, decay for DPP-F32
exhibited a greater vibronic intensity (f = 0.3864), suggesting
that stronger localized electron push-pull effects are more
favorable for anti-Kasha behavior.

Luminescence behaviors and mechanism of DNA recognition

To date, regulating anti-Kasha behavior and effectively
controlling emission from higher excited states are still great
challenges, which substantially hinder the application of such
molecules in optical imaging and biosensing. Considering
multiple rotatory groups and D-A effects of DPP-F32 and DPP-
F34, which may give rise to the viscosity-responsiveness,*”** we
conducted the verification experiments in the glycerol/DMSO
mixtures. The FL intensity of DPP-F32 and DPP-F34 in the
NIR region increased with the rising proportion of glycerol
under excitation at both 450 nm and 610 nm (Fig. 2A, B, and
S25), indicating that their NIR emission was predominantly
modulated by viscosity. The intensity ratios of FL; excited by the
two different wavelengths were equivalent and significantly
higher than those of FL, (Fig. S26), suggesting that a high-
viscosity environment facilitates Kasha emission. To verify
whether the interaction between positively charged methyl-
quinolinium salts and negatively charged substances could lead
to the emission enhancement, we screened a series of negatively
charged macromolecules including bovine serum albumin
(BSA), heparin, polyacrylic acid (PAA), polyinosinic:polycytidylic
acid (Poly I:C), polyinosinic acid (Poly I), polycytidylic acid (Poly
C), yeast RNA, and CT DNA with identical molar masses
(Fig. S27 and S28). Delightedly, the addition of CT DNA resulted
in the strongest fluorescence signal. As illustrated in Fig. 2C, D,
and S29, the FL intensity of DPP-F32 and DPP-F34 in the visible
region gradually increased with increasing amount of CT DNA,

16172 | Chem. Sci.,, 2025, 16, 16168-16179
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while only weak signals of FL; were exhibited at both excitation
wavelengths. Notably, upon the addition of CT DNA at
a concentration of 120 pg mL ™', the FL intensity of DPP-F32 in
the visible region was enhanced by 19.6-fold (only 3.9-fold for
DPP-F34), and the maximum emission peak red-shifted from
535 to 595 nm. In contrast, the intensity ratios of FL,; hardly
changed at both excitation wavelengths, indicating that the
radiation attenuation from S; to S, was inhibited upon adding
CT DNA. The above results suggested that, through rational
molecular design, we successfully grafted two distinct
modules—Kasha emission (FL;, S;-to-S, transition) and anti-
Kasha emission (FL,, S,-to-S, transition) onto a single molecule.
Importantly, these two modules exhibited significant advan-
tages (Fig. 2E): (1) the two emission bands exhibit remarkable
spectral separation, with Kasha emission in the NIR region
facilitates deep-tissue imaging; (2) the intensity of FL, is
enhanced upon DNA binding, whereas the intensity of FL;
depends on the ambient viscosity, which facilitates the
orthogonal detection of two or more biological species. To the
best of our knowledge, these are the molecules of choice for
engineering advanced molecular probes.

Unlike the single emission with a consistent Stokes shift
observed for conventional dyes upon increased viscosity or DNA
addition,**° the anti-Kasha emissions of DPP-F32 and DPP-F34
were dramatically enhanced upon DNA binding, which piqued
our interest. When CT DNA was added at a concentration of 120
pug mL™', the absorption spectra of DPP-F32 and DPP-F34
showed a decrease in intensity and a red shift in the wavelength,
indicating structural alterations in these compounds following
DNA binding (Fig. S30). The circular dichroism (CD) spectra
revealed that after introducing 10 pM of DPP-F32 and DPP-F34
(Fig. S31), the positive peak at 276 nm (attributed to base
stacking) and the negative peak at 247 nm (indicative of helicity)
of CT DNA were significantly intensified, suggesting that both
PSs can intercalate into the DNA groove.** When an excessive
amount of DPP-F32 and DPP-F34 (30 uM each) was added, the
positive and negative CD bands of CT DNA were markedly
reduced, likely due to base destacking and unwinding caused by
electrostatic interactions with polycationic molecules. To deci-
pher the interaction mechanism between DPP-F32 (or DPP-F34)
and DNA, we retrieved the X-ray crystal structure data of nuclear
DNA (PDB ID: 4awl) from the Protein Data Bank and performed
molecular docking calculations using AutoDock 4.2 software. In
Fig. 2F and S32, it was observed that DPP-F32 and DPP-F34
could embed within the DNA groove via electrostatic interac-
tions between the methylquinolinium unit and DNA bases,
together with hydrogen bonding between the imide unit and
ribose, which agrees well with the experimental data of CD
spectroscopy. The calculated binding energy of DPP-F32 to 4awl
(—10.62 kecal mol ") was lower than that of DPP-F34 (—8.80 kcal
mol '), suggesting that DPP-F32 exhibited greater targeting
capability to DNA (Table S4).

To acquire a profound understanding of the significant
differences caused by the isomeric methylquinolinium, we
conducted further molecular dynamics (MD) simulations. The
conformations of DNA-ligand complexes, derived from molec-
ular docking using AutoDock 4.2 software, along with the free

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DPP-F32 and molecular dynamics simulation snapshots of DNA-ligand complexes. The innermost molecules are shown in a space-filling model,
while the other molecules are shown as rods. (G) Distributions of the representative dihedral angle of para-substituted or meta-substituted
methylquinolinium groups. HOMO-LUMO distribution and the energy levels of DPP-F32 (H) and DPP-F34 (I) before and after binding to DNA.

ligands (DPP-F32 and DPP-F34), were subjected to MD simula-
tions in aqueous solution. The dihedral angles between the
isomeric methylquinolinium unit and the adjacent benzene
ring were calculated for comparison (Fig. 2G). In their unbound
state, the wide distribution of dihedral angles for DPP-F32 and
DPP-F34 indicated their free rotational flexibility. However,
upon binding to DNA, the distribution of dihedral angles
between the two methylquinolinium moieties and their adja-
cent phenyl rings became much narrower and shifted to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

larger angle region, suggesting that the intramolecular motions
of the methylquinolinium moiety were significantly restricted to
induce the enhancement of FL,. Notably, the dihedral angle
distribution of DPP-F32 changed dramatically from 60°-120° to
90°-150°, which is probably the reason for the red-shift of the
anti-Kasha emission. Additionally, we calculated the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels of DPP-F32 and DPP-F34
before and after binding to DNA (Fig. 3H and I). Compared to
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Fig. 3 Dual-channel flow cytometry dot-plot images of Hela cells stained with DPP-F32 (A) and DPP-F34 (B) after incubation for different
durations at a concentration of 10 uM. (C) Colocalization CLSM images of Hela cells stained with DPP-F32 (10 uM, Aey/em = 638 nm/680-850
nm) and different commercial probes including Hoechst 33342 (Aex/em = 405 Nm/420-480 nm), ER-Tracker, Lyso-Tracker, and Golgi-Tracker
(Aex/em = 561 Nnm/580-650 nm). CLSM images of Hela cells stained with DPP-F32 (D) and DPP-F34 (E) at a concentration of 10 uM under
conditions of oxidative stress, ultraviolet irradiation, and no treatment. DIC: differential interference contrast. Scale bar: 10 pm.

the free state, the HOMO-LUMO energy gaps of DPP-F32 and
DPP-F34 were significantly reduced upon DNA binding, facili-
tating electron transitions to higher excited states. Specifically,
the electron clouds of the LUMO appeared to migrate from the
main acceptor (A) to the auxiliary acceptor (dA’), promoting the
population of the Sy-to-S, transition, which was consistent with
the aforementioned electron-hole analysis. The smaller
HOMO-LUMO gap of DPP-F32 upon DNA binding (0.56 eV) as
compared to that of DPP-F34 (0.81 eV) under the parallel
conditions also expounded the red-shift of the anti-Kasha
emission of DPP-F32. In a word, the intramolecular motions of
the methylquinolinium moiety were greatly hampered after
binding to DNA, which propelled the population transfer from
So to S, while diminishing the population transfer from S, to S,
thereby enhancing the anti-Kasha emission. This novel DNA
recognition mode may surmount the limitations of nucleic acid
dyes in biological applications.

Wash-free cell imaging

The half inhibitory concentrations (ICs,) of DPP-F32 and DPP-
F34 to Hela cells determined by CCK-8 were 35.74 and 52.32 uM
(Fig. S33), respectively. To minimize potential harm to the cells,

16174 | Chem. Sci., 2025, 16, 16168-16179

a concentration of 10 uM was selected as the primary experi-
mental concentration. Flow cytometry and confocal laser scan-
ning microscopy (CLSM) were then employed to investigate
cellular uptake and subcellular localization via dual channels
(visible and NIR). As illustrated in Fig. 3A, B, S34, and S35, the
mean intensity at 690 nm of DPP-F32 and DPP-F34 incubated
with HeLa cells increased in a time-dependent manner but
reached a plateau after 24 hours, indicating that cellular uptake
had reached equilibrium at this point. However, the change at
585 nm was small, suggesting that it was difficult for live cells to
activate anti-Kasha emission. To confirm the subcellular
distribution of these two compounds, co-localization experi-
ments were conducted using four commercial subcellular
organelle-specific probes, namely Hoechst 33342, Golgi-
Tracker, ER-Tracker, and Lyso-Tracker (Fig. 3C and S$36).
Despite the excellent DNA binding ability in solution, colocali-
zation experiments revealed that DPP-F32 and DPP-F34 did not
target the nucleus in living cells, with Pearson's correlation
coefficients (PCCs) as low as 0.21 and 0.16, respectively. Simi-
larly, these compounds also exhibited limited colocalization
with Lyso-Tracker and ER-Tracker, displaying PCCs of 0.50 and
0.40 for DPP-F32, and 0.46 and 0.37 for DPP-F34, respectively. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Comparison of the FL intensity ratio (//l) at 525 nm of DCFH alone and DCFH with PS upon irradiation. (B) Comparison of the //1 at

525 nm of DHR123 alone and DHR123 with PS for *O,~ detection upon irradiation. (C) Comparison of the I/l at 515 nm of HPF alone and HPF
with PS for *OH detection upon irradiation. (D) Plausible mechanism for the type-1 PDT pathway. (E) Cell viability of HelLa cells stained with various
concentrations of DPP-F32 or DPP-F34 exposed to irradiation for 10 minutes under normoxic conditions (t-tests, n = 5, mean + SD, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001). (F) Calcein-AM/PI co-staining imaging of Hela cells stained with DPP-F32 (10 pM) under different
conditions. Scale bar: 100 pm. Light source: 660 nm laser (100 mW cm™2).

contrast, the PCCs for colocalization with Golgi-Tracker were
significantly higher, with values of 0.81 and 0.90 for DPP-F32
and DPP-F34, respectively, indicating that these compounds
predominantly localized to the Golgi apparatus in living cells.
Given their structural similarity and identical positive charge,
DPP-F32 and DPP-F34 exhibited comparable organelle-targeting
abilities in live cells. The Golgi apparatus plays a crucial role in
transporting and secreting important proteins such as
cyclooxygenase-2 (COX-2) and other enzymes in cancer cells.*
To elucidate the mechanism of Golgi apparatus specificity,
molecular docking studies were conducted to investigate the
specific binding of DPP-F32 or DPP-F34 to COX-2 (PDB: 3nt1). As
shown in Fig. S37, S38, and Table S4, the docking results indi-
cated that DPP-F32 and DPP-F34 could penetrate into the
hydrophobic cavity of COX-2, with the binding energies of
—10.04 keal mol " and —10.18 kecal mol ', respectively. Owing
to the hindering effect of the nuclear membrane, DPP-F32 and
DPP-F34 were preferentially adsorbed onto COX-2, whose
hydrophobic cavity immobilized the vinyl DPP moiety, thereby
facilitating the enhancement of NIR emission.

The two compounds only exhibited single-channel imaging
in living cells, prompting us to investigate their behaviors in
dead cells. Apoptosis is a prevalent form of programmed cell
death and the primary mechanism by which PDT induces cell
death.’® In this study, HeLa cells were subjected to oxidative
stress and UV stimulation, two widely used methods for
inducing apoptosis. As displayed in Fig. 3D, compared with
living cells, visible emission was clearly observed in the nuclei
of dead cells after DPP-F32 staining. Specifically, in HeLa cells
treated with oxidative stress, the residual cytoplasm and

© 2025 The Author(s). Published by the Royal Society of Chemistry

nucleolus displayed faint NIR emission. Meanwhile, following
the UV stimulation, HeLa cells retained a relatively intact cyto-
plasmic matrix, with clear dual staining by a single probe
observed: NIR emission brightened the cytoplasm, while the
visible emission lit up the nucleus. In sharp contrast, DPP-F34
exhibited only limited ability to illuminate the nucleus in both
the cells subjected to oxidation stress and the UV-induced
apoptotic cells (Fig. 3E). This might be because DPP-F34 has
a higher binding affinity for COX-2 compared to DNA, and once
it is ensnared by free COX-2, release becomes difficult. These
results demonstrated that the dual-emissive DPP-F32 is capable
of effectively distinguishing living and dead cells by fluorescing
in the cytoplasm with NIR emission and illuminating the
nucleus of dead cells with visible emission.

In vitro photodynamic properties

Considering their superior water dispersity and high molar
absorption coefficients at 660 nm, the photogenerated ROS
performance of DPP-F32 and DPP-F34 in PBS buffer was studied
under 660 nm laser irradiation (100 mW cm™?). The total ROS
production capability, singlet oxygen (*0,) generation capacity,
superoxide anion radical ('O, ) production ability, and hydroxyl
radical ("OH) generation ability were assessed using 2',7'-di-
chlorohydrofluorescein (DCFH), 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA), dihydrorhodamine 123
(DHR123), and hydroxyphenyl fluorescein (HPF), respectively
(Fig. S39). After two minutes of irradiation, the absorption
intensity of ABDA remained almost unchanged both with and
without PSs, indicating that neither DPP-F32 nor DPP-F34
exhibited significant 'O, generation. However, the FL intensity

Chem. Sci., 2025, 16, 16168-16179 | 16175
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(A) CLSM images of Hel a cells stained with DPP-F32 (10 uM) under light irradiation (the light is from the laser of a confocal microscope;

scanning interval: 15 seconds per picture; scan size: 512 x 512). Scale bar: 10 pm. (B) Flow cytometry analysis of FL intensity at 585 nm in
Hela cells stained with DPP-F32 under different conditions, as well as the mean of FL intensity at 585 nm (t-tests, n = 3, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). (C) The time-dependent emission intensities of the visible (red) and near-infrared (blue) light channels, and the
ratio of visible to NIR intensities, as well as the fitting curve. (D) 3D confocal images of Hela cells stained with DPP-F32 or DPP-F34 after
20 minutes of light exposure. Scale bar: 10 um. (E) The dual-emissive self-reporting mechanism of DPP-F32 for PDT in Hela cells.

of DCFH increased upon irradiation in the presence of DPP-F32
or DPP-F34, suggesting their capability to produce total ROS. As
expected, the FL intensities of DHR123 and HPF were signifi-
cantly enhanced after the addition of DPP-F32 and DPP-F34,
confirming their ability to generate ‘O, and "OH (type-I ROS).
Moreover, the detection results obtained by three indicators
showed that the ROS (including total ROS, ‘O, , and 'OH)
generation capacity of DPP-F32 was superior to that of DPP-F34
(Fig. 4A-C).

To uncover the underlying cause of the difference in the ROS
production of these two isomers, theoretical calculations were
conducted. The energy gaps (AEgy) between the S; and the T,
states for DPP-F32 and DPP-F34 were equal, which were calcu-
lated to be 0.14 eV (Fig. S40). Owing to the larger SOC constant &
(S4, T,) of DPP-F32, a larger intersystem crossing rate constant
(ksc) was derived, which was 2.7 times higher than that of DPP-
F34. Furthermore, it was discovered that DPP-F32 produced
more carbon radical signals compared to DPP-F34 when
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used as a free

16176 | Chem. Sci,, 2025, 16, 16168-16179

radical indicator (Fig. S41). Accordingly, we speculated that
para-substituted methylquinolinium had a more efficient elec-
tron transfer pathway that promotes ‘O, ", and "OH generation
(Fig. 4D).

To evaluate the intracellular ROS generation ability of
DPP-F32 and DPP-F34 in HeLa cells under laser irradiation, we
utilized 2/,7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
as the ROS indicator. As shown in Fig. S42, a bright green FL
signal was clearly observed within cells stained with DCFH-DA
upon 660 nm laser irradiation (100 mW c¢cm™?) for 10 minutes,
indicating that DPP-F32 possessed superior intracellular ROS
production capability compared to DPP-F34. As manifested by
Fig. 4E, both DPP-F32 and DPP-F34 demonstrated dose-
dependent photocytotoxicity against HeLa cells, with ICs,
values of 5.34 pM and 37.13 puM, respectively. It means that DPP-
F32 had a profoundly higher photoactivated cell-killing effect
than DPP-F34. The phototoxicity of DPP-F32 under hypoxic
conditions was evaluated using CCK-8 assays and live/dead cell
staining with Calcein-AM (green fluorescence for live cells) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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propidium iodide (PI, red fluorescence for dead cells). Under
hypoxic conditions, a dose-dependent cell death pattern similar
to that obtained under normoxic conditions was observed, with
an ICs, value of 5.60 uM, suggesting that the photogenerated
ROS performance of DPP-F32 was minimally affected by O,
concentration (Fig. 4F, S43, and S44). Taken together, these
results suggested that DPP-F32 is an effective type-I PS.

Dynamic self-reporting of PDT

Building on the above findings, we further explored the poten-
tial of DPP-F32 and DPP-F34 to monitor real-time cell death
dynamics during PDT, with experimental results systematically
presented in Fig. 5A and S45. As expected, dual-channel CLSM
images revealed that only the Golgi apparatus was lit up by NIR
emission, while the nucleus remained dark after HeLa cells
were incubated with DPP-F32 and DPP-F34 for 24 hours. The
middle section of the scanning area was then zoomed in, and
continuous irradiation with the confocal laser was applied to
simulate the PDT process. Simultaneously, a series of images
was captured every 15 seconds to monitor the fluorescence
changes. Notably, within 15 seconds, visible emission of DPP-
F32 was activated, attributed to the ROS-induced protein
denaturation. As can be seen from the magnified images, the
visible emission steadily increased over time, expanding its
luminescence region beyond that of the NIR region and trans-
locating from the Golgi apparatus to the nucleus. In contrast,
unirradiated cells exhibited only weak visible emission, indi-
cating that the increase of visible emission was light-dependent.
Bright-field images of DPP-F32 staining showed that cells
underwent morphological changes indicative of cell death,
including shrinkage and blistering, as the irradiation time
increased, further confirming that the extent of cell death
correlated with irradiation duration. Under identical treatment
conditions, no similar phenomenon was observed for DPP-F34,
likely due to its low phototoxicity and weak DNA binding ability.
To confirm that the FL in the visible channel originates from the
PDT process rather than the physical effects of the laser, we
collected quantitative data in the visible region after laser irra-
diation for different durations (2, 5, and 10 minutes), as well as
after incubation with vitamin C (VC, a ROS inhibitor) and
irradiation for 10 minutes using flow cytometry (Fig. 5B). The FL
intensity at 585 nm increased in a time-dependent manner,
consistent with the CLSM data, while VC-pretreated cells
exhibited marked suppression, with the FL signal being 13-fold
higher than those of the non-irradiated controls. The above
results show that the changes in visible emission are closely
related to the production of ROS.

Subsequently, the changes in both the visible and NIR
channels of CLSM images were quantified (Fig. 5C). The
intensity of the NIR channel decreased slightly after being
irradiated for 450 seconds, indicating that DPP-F32 dissociated
from COX-2 due to protein denaturation caused by the accu-
mulation of free radicals. The intensity of the visible light
channel did not increase significantly after 750 seconds of laser
irradiation, suggesting that the translocation process from the
Golgi apparatus to the nucleus was ongoing. The fitted curve of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the ratio (visible/NIR channel) offered a more intuitive and
more accurate illustration of the dynamic process of PDT: (1)
there is a sharp increase in the time range of 0 to 450 seconds,
indicative of the early cell apoptosis; (2) the rate of increase
decelerated between 450 and 900 seconds, suggestive of late cell
apoptosis; (3) the increase rate become highly retarded between
900 and 1200 seconds, marking the endpoint of PDT. Such
a strong nonlinear correlation with illumination time (R*> =
0.99) could be utilized to generate a calibration curve to monitor
PDT dynamic processes and determine the endpoint of
apoptosis by virtue of reliable ratiometric imaging. Further-
more, based on the two-dimensional imaging, three-
dimensional CLSM imaging was conducted. As shown in
Fig. 5D, the three-dimensional images of DPP-F34-stained cells
showed poor resolution, and DPP-F34 did not light up the
nucleus.

In particular, the three-dimensional images of DPP-F32-
stained cells exhibited that the visible emission illuminated the
nuclei overlaying the NIR emission, whereas the unirradiated
cells mainly showed NIR emission. Together with the analysis of
two-dimensional images, the visible emission at the three-
dimensional imaging level could reflect the diffusion range of
ROS as well as the area of cellular damage, indicating that DPP-
F32 holds the ability to monitor PDT in real time at a three-
dimensional level.

Based on the above results, we extrapolated that DPP-F32, as
a self-reporting PS, operated through the following mechanism
(Fig. 5E): prior to the initiation of PDT, DPP-F32 localizes at the
Golgi apparatus of cancer cells with NIR emission; during the
early phase of PDT, free radicals generated by DPP-F32 under
photoirradiation induce denaturation of adjacent proteins and
trigger the visible emission; in the late phase of PDT, DPP-F32
translocates to the nucleus from the proteins, binds to DNA,
and then enables the nuclear visualization through bright
visible emission.

Conclusions

In summary, based on the gradient D-A molecular engineering
strategy, we successfully developed two dual-emissive PS
isomers, ie., DPP-F32 and DPP-F34, where the divinyl-
substituted DPP moiety serves as the core electron acceptor,
the TPA units act as the electron donors, and the methyl-
quinolinium groups function as the additional electron accep-
tors. Comparative study on the introduction of two positionally
isomeric additional electron-acceptors, ie., para- and meta-
substituted methylquinolinium units, revealed that the para-
substituted isomer exhibited enhanced performance in this
strategy, attributed to a stronger local electron push-pull effect.
Moreover, the twisted triphenylamine unit effectively decoupled
the charge transfer between the core electron acceptor and
additional acceptor, thereby preserving their respective func-
tions and photophysical properties. Notably, the TPA-divinyl-
decorated DPP fragment exhibited viscosity responsiveness
with NIR emission enhanced upon viscosity increase, while the
methylquinolinium-TPA promoted the S,-to-S, excited-state
decay with the visible emission enhanced upon DNA binding.
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In addition, DPP-F32 with the para-substituted methyl-
quinolinium was more favorable for the type-I PDT pathway due
to its more efficient electron transfer pathway and larger SOC
constant. Importantly, DPP-F32 not only demonstrated
a remarkable ability to distinguish live and dead cells but also
achieved dual-emissive ratiometric monitoring of the PDT
process at both two- and three-dimensional levels.

This work provides inspiration for the development of novel
anti-Kasha fluorescent molecules, where the combination of
new forms of primary and additional electron acceptors will
burst with new vigor. Moreover, it has opened up new avenues
for the development of anti-Kasha PSs and laid a solid foun-
dation for the advancement of next-generation PSs with real-
time therapeutic feedback capabilities. Such intelligent PSs
are expected to bridge the gap between therapeutic intervention
and diagnostic monitoring, thereby promoting the develop-
ment of personalized cancer theranostics. Our future research
will focus on optimizing these compounds for clinical trans-
lation, exploring synergistic effects with other therapeutic
modalities, and evaluating their long-term safety and efficacy in
vivo. It can be anticipated that these innovations will contribute
to the field of precision medicine, enhancing patient outcomes
and paving the way for more effective cancer treatments.
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