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G-quadruplex (G4)-targeted photosensitizers (PSs) are advancing preci-
sion oncology by confining DNA damage to malignant cells while
sparing healthy tissue. Yet, molecular-level studies on the mechanisms
and dynamics of G4 structure damage under PSs light-activation are
limited. Here, we introduce DBI-POE, an activatable, heavy-atom-free
PS derived from the G4-specific sulfur-substituted dibenzothioxanthene
imide (S-DBI) and modified with a hydrophilic, bio-compatible polyox-
yethylene (POE) side chain. In aqueous solution, owing to its amphiphilic
character, DBI-POE self-assembles into nanoaggregates that disassem-
ble upon binding to G4 DNA. This disassembly switches its photophy-
sical behavior “turning on” its fluorescence while enabling two-photon
near-infrared (NIR) excitation. Moreover, while DBI-POE follows a type |
pathway in the aggregated state, producing superoxide anion (O,* ) and
hydroxyl (OH*) radicals, it shifts to a type Il mechanism that predomi-
nantly generates singlet oxygen (*O,) upon G4 binding. The generated
10, selectively oxidizes guanine residues, triggering G4 unfolding, a
mechanism validated through biophysical experiments, dot blot assay
and molecular dynamics (MD) simulations. Furthermore, biochemical
experiments at single-base resolution reveal that photoactivated DBI-
POE induces site-specific oxidative lesions at G4 sites, stalling DNA
polymerase, while non-G4 regions remain unaffected. This combination
of supramolecular disassembly, photophysical pathway switching, and
G4-selective oxidative damage underscores the high specificity of
DBI-POE, opening new avenues for the design of next-generation
G4-targeted PSs for photodynamic cancer therapies.
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New concepts

This pioneering study explores, for the first time, the mechanistic and
dynamic basis of photodamage in G-quadruplex (G4) DNA structures,
which are emerging as promising anticancer targets in photodynamic
therapy. To this end, we designed DBI-POE, a hydrophilic, sulfur-
substituted dibenzothioxanthene imide derivative derived from the most
potent G4-specific photosensitizer reported, strategically modified with a
neutral polyoxyethylene side chain to overcome the hydrophobic limita-
tions of its precursor. In aqueous solution, DBI-POE self-assembles into
aggregation-quenched nanostructures, with fluorescence restored upon
selective binding and monomerization to G4 structures, a phenomenon
termed disaggregation-induced emission. This transformation not only
amplifies fluorescence intensity and extends excited-state lifetimes but
also enables efficient two-photon excitation in the near-infrared region.
Notably, the G4-induced disassembly shifts its photochemical pathway
from a type I mechanism, characterized by superoxide and hydroxyl
radical generation, to a guanine-selective type II mechanism that yields
singlet oxygen exclusively. This precise switch triggers site-specific oxida-
tive guanine lesions and complete G4 unfolding, as mapped by high-
resolution DNA polymerase stop assays with single-base precision. Our
multidisciplinary approach, integrating photochemistry, biophysics, bio-
chemistry, quantum mechanical calculations, and molecular dynamics
simulations, provides unprecedented mechanistic insights that pave the
way for designing a brand-new generation of structure-specific, G4-
targeted photosensitizers in anticancer phototherapy.
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Introduction

Light-activated therapies have rapidly emerged as a transformative
approach in oncology, offering the unprecedented ability to con-
fine cytotoxic events with exquisite spatiotemporal control."~ This
precision minimizes systemic toxicity while maximizing therapeu-
tic efficacy.” Among these approaches, photodynamic therapy
(PDT) harnesses photosensitizers (PSs) that, upon illumination,
generate reactive oxygen species (ROS) to induce localized oxidative
stress and cell death.” Despite their promise, next-generation PSs
face significant challenges, including aggregation in physiological
media, suboptimal optical properties for deep-tissue penetration,
and undesirable off-target interactions.”® In particular, the
development of heavy-atom-free PSs with superior photostabil-
ity, selective accumulation, and robust ROS generation, prefer-
entially in the near-infrared (NIR) therapeutic window, remains
a critical objective.””®

A compelling strategy to overcome these challenges involves the
> While aggregation-
induced emission (AIE) strategies have enhanced the photophysical
performance of certain luminophores,'**® many conventional PSs
suffer from aggregation-caused quenching (ACQ),"*>* which
diminishes their optical output and therapeutic efficiency.
Recently, disaggregation-induced emission (DIE) approaches
have been advanced to reverse ACQ effects in biological settings,
thereby simultaneously amplifying fluorescence, improving
bioavailability, and increasing therapeutic potency.'®>>

Within this framework, G-quadruplex (G4) DNA has emerged
as a potent trigger for controlled disassembly.>**> Imaging
studies using G4-specific antibodies such as BG4,*** alongside
fluorescent reporters,®>*® have provided direct evidence of G4
DNA formation in living cells. These structures are particularly
enriched during the S phase of the cell cycle, suggesting a
functional role in DNA replication.*® Their formation is thought
to be facilitated by duplex unwinding, which helps relieve ther-
modynamic strain.*”

Computational analyses have predicted over 300000 potential
G4-forming sequences in the human genome,* while experimental
approaches such as G4-seq have identified more than 700 000 G4
DNA sites,* including many that are not computationally predict-
able. Chromatin immunoprecipitation with BG4 followed by high-
throughput sequencing (G4 ChIP-seq) has mapped G4 structures
in vivo, revealing strong concordance with G4-seq data.*’

Studies in immortalized human epidermal keratinocyte
HaCaT cells have shown increased G4 levels in certain tissues
compared to healthy controls.*® Furthermore, G4 abundance
has been reported to be significantly higher in cancer cells with
impaired DNA repair mechanisms, such as triple-negative
breast cancer (TNBC) cells, highlighting a potential link
between genomic instability and G4 accumulation.*® Overall,
these findings indicate that G4s are predominantly located in
regulatory regions, nucleosome-depleted zones, and promoters
of actively transcribed genes in cancer cells, highlighting their
key roles in gene regulation and genome organization.*™*>

The physiological relevance of G4s is further supported by
Gé4-interacting proteins, such as helicases.”® These helicases

use of supramolecularly responsive systems.
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unwind G4 structures to ensure proper DNA replication and
transcription.***> Mutations or loss of function in these heli-
cases disrupt G4 resolution, leading to transcriptional dysregu-
lation and genomic instability, hallmarks of cancer.**

The evidence that G4 DNA folds in a temporally regulated
manner in vivo, and that these structures are concentrated in
oncogenes and cancer-related genes, supports their relevance
as targets for anticancer therapeutics.*®™*’

Beyond their regulatory roles in oncogene regulation,
G4s are also inherently prone to oxidation.>*”>® Since, among all
nucleobases, singlet oxygen ('0,) preferentially oxidizes guanine
residues,”*® G4 motifs are ideal targets for selective oxidative
disruption.”® However, despite this promise, only a handful of G4
targeting-PS structures have been developed, primarily operating
via a type I mechanism.”*®* In those rare instances, the mole-
cular details of G4 oxidation remain unclear, as it is well
established that type I radicals such as hydroxyl (OH®), generally
react non-selectively with nucleobases.”®®> For example, Chen
et al. employed an acridinium derivative to target RNA G4s while
generating superoxide anion (0,* ) and OH* radicals.>® Similarly,
Holden et al. used a Ru(u) complex to induce photodamage in
mitochondrial G4s, although this compound failed to distinguish
between G4 and duplex DNA.®* In studies with supercoiled
pUC19 plasmid DNA, light-induced cleavage persisted even in
the presence of the 'O, trap sodium azide (NaNj), suggesting
involvement of multiple ROS.®®> Additionally, Zhang et al.
reported that a triazole-attached dibenzoquinoxaline targeting
G4 motifs produces O,*~ and OH® radicals, but not '0,.%°

Clearly, although previous studies have advanced our under-
standing of PS-mediated phototherapy at both cellular and
in vivo levels, they have not yet clarified the molecular mechan-
isms underlying selective G4 damage.

In our earlier work, we demonstrated that heavy-atom-free
mono-(BTI) and dibenzothioxanthene (DBI) PSs exhibited potent
phototherapeutic activity with negligible dark toxicity.®”* Nota-
bly, sulfur-substituted S-DBI showed exceptional G4-binding
affinity and nearly unitary 'O, generation quantum efficiency.®”
However, its intrinsic hydrophobicity resulted in significant
aggregation in aqueous solution, complicating detailed mecha-
nistic studies of its G4-mediated phototherapeutic action.®”

To address these challenges, gain deeper insights into
selective G4 targeting, and ultimately facilitate future clinical
translation, we developed DBI-POE, an amphiphilic, heavy-
atom-free PS derived from S-DBI and modified with a hydro-
philic polyoxyethylene (POE) side chain (Scheme 1). In aqueous
media, DBI-POE spontaneously self-assembles into well-
defined nanoaggregates that disassemble upon selective bind-
ing to G4 DNA. This disassembly not only activates the PS’s
emissive properties and two-photon absorption but also repro-
grams its photophysical behavior from a type I pathway, which
produces O,°~ and OH® radicals, to a type II pathway that
predominantly generates 'O,.

Comprehensive biophysical and theoretical studies, including
circular dichroism (CD), nuclear magnetic resonance (NMR),
molecular dynamics (MD) simulations and quantum mechanical
(QM) calculations, confirmed that the photoinduced 'O,

41,42,50-52
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selectively oxidized guanine residues, triggering precise unfold-
ing of the G4 structure. Moreover, primer extension assays at
single-base pair resolution revealed that photoactivated DBI-POE
induced site-specific oxidative lesions that stalled DNA poly-
merase exclusively at damaged G4 regions, while, critically,
non-G4 sequences remained unaffected.

Results and discussion
Photosensitizer design and characterization

Previously, we demonstrated that S-DBI exhibits exceptional G4-
binding affinity and potent photodynamic therapeutic effects
across 2D and 3D cancer cell models, as well as in a zebrafish
rhabdomyosarcoma model.®”””> However, the intrinsic propen-
sity of this compound to form highly stable nanoaggregates has
impeded detailed mechanistic investigations into its phototrig-
gered oxidative DNA damage at G4 sites (Scheme 1).

To overcome this limitation and, for the first time, elucidate the
molecular basis of G4-mediated photodynamic performance, we
designed and synthesized DBI-POE, a hydrophilic variant of S-DBI
modified with a polyoxyethylene (POE) side chain. DBI-POE was
synthesized via a straightforward route starting from the previously
prepared compound DBA (Scheme 1 and Fig. $1-S3, ESI{).%” As
expected, the introduction of the POE substituent significantly
enhances solubility by approximately 4.0-fold and reduces aggre-
gation under biologically relevant conditions (vide infia).

In organic solvents such as methanol (MeOH)**”?' and
dimethyl sulfoxide (DMSO0),?*?” both recognized for their strong
solubilizing and disaggregating properties, DBI-POE exhibited a
sharp absorption band at approximately 485 nm (Fig. S4 and S5,

View Article Online
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ESIT). This observation aligns with computational predictions
(S1(mm*) state of DBI-POE, oscillator strength of 0.59, at 2.99 eV
[413 nm], Table S4, ESIf) and closely mirrors the spectral
characteristics of its sulfur-substituted parent structure in
organic solvents, clearly indicating that the compound is well
dissolved in these high polarity solvents.®” Upon incremental
water addition, this absorption band gradually decreased in
intensity, broadened, and underwent a bathochromic shift
(Si(nm*) state of the dimer DBI-POE,, oscillator strength of
0.03, at 2.89 eV [429 nm], Table S4 (ESIt), being the spectro-
scopic state S,), indicative of a self-assembly process driven by
interchromophoric interactions reminiscent of slip-stacked
arrangement (Fig. S4 and S5, ESI).>**”® Concomitantly, fluores-
cence studies in pure MeOH revealed an emission band cen-
tered at 551 nm that experienced approximately a five-fold
quenching and a shift to 564 nm with increasing water content,
pointing to the existence of competitive less emissive or non-
radiative decay pathways (Table S5 and Fig. S4B, ESI).>?

The UV/vis and emission spectra of DBI-POE, recorded in
MeOH or in cell culture medium supplemented with 10% fetal
calf serum after exposure to 485 &+ 20 nm light for 1 hour at an
irradiance of 10 mW cm >, demonstrated excellent photostabil-
ity, an essential prerequisite for effective long-term photosen-
sitization (Fig. S6, ESIt).

Temperature-dependent UV/vis and emission experiments
further underscored the reversible nature of DBI-POE self-
assembly in aqueous media: at 25 °C, the dye exhibited broad
absorption and quenched emission, whereas at 95 °C, it
reverted to a well-defined absorption profile with progressively
enhanced emission (Fig. S7, ESIT).”® Moreover, the addition of
the anionic surfactant sodium dodecyl sulfate (SDS), widely
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used as a disaggregating agent to facilitate the dispersion and
solubilization of aggregated compounds, induced pronounced
changes in both the absorption and emission spectra, consis-
tent with the disassembly of DBI-POE aggregates into mono-
meric species (Fig. 1A).”°”° Dynamic light scattering (DLS)
measurements corroborated these spectroscopic findings by
revealing the formation of uniform DBI-POE nanoaggregates
with an average diameter of 190 nm in aqueous media (Fig. 1B).
Calculations predicted the formation of the most stable
dimeric species (DBI-POE,), with an aggregation free energy
of —4.6 kcal mol™" (Fig. 1C, Fig. S22 and Table S3, ESIf).

Collectively, these results confirm the reversible aggregation
behavior of DBI-POE and highlight its potential for further
sensing applications through modulation of its photophysical
properties.
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Fig. 1 (A) UV/vis absorption and emission spectral changes of DBI-POE
measured in the absence (blue line) and presence (black and red lines) of
SDS (DBI-POE = 10 pM and SDS = 0—-2.7 mM in 50 mM Tris, pH 6.8, Aexc =
450 nm). Insets show the emission spectral changes monitored at Aem =
557 nm as a function of SDS concentration, revealing a critical micelle
concentration (CMC) of 150 uM and the associated color changes resulting
from aggregate-to-monomer transitions under blue light irradiation. (B)
DLS measurements of DBI-POE (3.5 uM) in aqueous solution, demonstrat-
ing the formation of nanoaggregates. N = 3; error bars indicate the mean +
SD. (C) Optimized ground state structure for DBI-POE; species; carbon,
sulfur, nitrogen, oxygen, and hydrogen atoms are shown in grey, yellow,
blue, red, and white, respectively.
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G4-mediated molecular disassembly and enhanced optical
outputs

Encouraged by the activatable assembly-disassembly behavior
of DBI-POE, we investigated its molecular recognition capacity
toward G4 structures under physiologically relevant ionic con-
ditions (100 mM K"). In aqueous solution, DBI-POE exhibited
its characteristic broad absorption band and low-intensity emis-
sion, with a lowered fluorescence quantum yield (®5) of 4%
(~10% in organic solvents),”” which is indicative of dye self-
assembly (Fig. 2A, Table 1 and Table S1, ESIt). Upon incremental
addition of the ¢-MYC Pu22 sequence,””*®*' a well-established
intramolecular parallel G4 structure (Fig. S25, ESIt), located in
the MYC promoter and commonly used in structural studies to
investigate ligand-binding interactions,””*®”* we observed a gra-
dual increase in the absorption (S;(n*) state of DBI-POE:c-MYC
Pu22, oscillator strength of 0.41, at 2.89 eV, Table S4, ESIt)
accompanied by the emergence of two well-resolved isosbestic
points (Fig. 2A). These spectral transitions signified the for-
mation of a well-defined DBI-POE:c-MYC Pu22 complex that
mirrored the optical behavior of DBI-POE observed in organic
solvents (Fig. S4 and S5, ESIt), in the presence of SDS (Fig. 1A), or
at elevated temperatures (Fig. S7, ESIt), thereby corroborating
G4-mediated disaggregation.”®>° These results are consistent
with computational docking simulations, where the stacked
dimer disaggregates upon G4 intercalation of one of the mono-
mers, while the other monomer binds externally (see ESIT for
details and Fig. S27). Concurrent fluorescence measurements
revealed a progressive “turn-on” of emission, reaching a @r of
15% at 5.0 equiv., which confirmed the conversion of weakly
emissive nanoaggregates into emissive monomeric species
(Fig. 2A and Table S1, ESIt). Indeed, the QM results for DBI-
POE within the ¢-MYC Pu22 structure revealed the existence of
just one emissive minimum, similar to that of the monomeric
DBI-POE species (Table S5, ESIT).

Quantitative analysis using global nonlinear fitting of the
emission data supported a 1:1 binding model, yielding an
association constant (K;) of 2.7 x 10> M~" (Fig. 2B).”> This value
aligns with those reported for other G4 fluorescent probes,>”'*>
including our own works on related DBI derivatives.®”””" Job’s
plot analysis further confirmed the stoichiometry by showing
saturation at a mole fraction of approximately 0.5 (Fig. S8, ESIT).
This stoichiometry is preferred over higher-order complexes,
which can lead to multiple ligands binding to the G4 template
and uncontrolled photodamage.*® To probe the specificity of this
interaction, we expanded our studies to include a diverse panel of
previously characterized G4 structures, including parallel (c-MYC
Pu22; vascular endothelial growth factor, VEGF; hypoxia-
inducible factor 1-alpha, HIF-1x), hybrid (Telomeric, Tel-23),
and antiparallel (thrombin-binding aptamer, TBA) topologies,
as well as non-G4 controls such as single-stranded (ss) and
double-stranded (ds) DNA (Table S2, ESIf).>*®” These G4 DNA
structures were selected for their biological relevance and well-
characterized folding topologies, representing the broad struc-
tural diversity that G4s can adopt.*®”®”° Strikingly, only parallel
G4 structures, and to a lesser extent, the hybrid conformation,

Nanoscale Horiz., 2025, 10, 1660-1673 | 1663
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Fig. 2 (A) UV/vis absorption and steady-state fluorescence spectral changes upon complexation of DBI-POE (blue lines) with the parallel G4 DNA
structure c-MYC Pu22 (gray and red lines). Measurements were performed using DBI-POE = 10 uM for absorption experiments and 2 uM for emission
experiments, with c-MYC Pu22 titrated from 0 to 20 pM in 50 mM Tris (pH 6.8) containing 100 MM KCl (lexe = 485 nm). Solid arrows indicate the
emergence of isosbestic points. (B) Binding isotherms from spectrofluorimetric titration assays using parallel, hybrid, antiparallel, and non-G4 DNA
structures in 50 mM Tris, pH 6.8, 100 MM KCl (1exe = 485 nm). Dashed lines indicate 1: 1 nonlinear fits obtained with the BindFit program. Data for the
antiparallel and non-G4 DNA structures were not fitted due to the lack of a saturation profile even at high oligonucleotide concentrations. (C) Time-
dependent competitive binding assay employing the benchmark G4 compound PhenDC3 (DBI-POE = 2.0 uM, c-MYC Pu22 = 0.5,1.0, 1.5 or 2.0 uM and
PhenDC3 = 5 uM in 50 mM Tris, pH 6.8, 100 mM KCl, Aexc = 485 nm). (D) o, values calculated by TPEF for free DBI-POE (blue dots) and for the
DBI-POE:c-MYC Pu22 complex (DBI-POE = 5 uM and c-MYC Pu22 = 25 uM in 50 mM Tris, pH 6.8, 100 mM KCl). The black lines are for guidance only.

induced significant disassembly of DBI-POE aggregates, whereas
antiparallel G4, ssDNA, and dsDNA produced minimal or no
spectral changes (Fig. 2B, Fig. S9, S10 (ESIt) and Table 1). The
absorption spectral changes observed during the titration of
DBI-POE with either antiparallel G4 or non-G4 sequences likely
result from a reorganization of DBI-POE’s supramolecular state,
during which the oligonucleotides act as a crowder agent rather
than engaging in the specific interactions that lead to complex
formation (Fig. S9, ESIT).*****° This selectivity has also been
observed for other G4-selective probes operating via DIE and
likely arises from the accessible m-stacking surfaces of parallel
Gas, which lack lateral or diagonal loops.>***??*'*? This com-
pact architecture facilitates strong interactions with the aromatic
core of DBI-POE. Complementary steady-state and time-
dependent competition assays using the well-established G4
ligand PhenDC3%"® further confirmed the specific binding of
DBI-POE to ¢-MYC Pu22 (Fig. 2C, Fig. S11 and Scheme S1, ESIY).
In these assays, PhenDC3’s high affinity for the ¢-MYC Pu22 G4
directly competes with DBI-POE for the same binding site. As a
result, DBI-POE is displaced, leading to a significant drop in its
emission intensity. This observation reinforces the notion that
DBI-POE interacts specifically with the G4 structure and that its
binding is reversible and competitive, as evidenced by its dis-
placement by PhenDC3.

1664 | Nanoscale Horiz., 2025, 10, 1660-1673

Time-correlated single-photon counting (TCSPC) measure-
ments provided additional mechanistic insights. They revealed
that parallel G4 structures (c-MYC Pu22 or HIF-1¢) significantly
extended DBI-POE’s fluorescence lifetime by reducing non-
radiative decay (k,,) and enhancing radiative decay (k,) (Fig. S12
and Table 1, Table S1, ESIt). In contrast, antiparallel G4 and non-
G4 sequences had minimal effects, indicating that parallel G4
binding effectively suppresses non-radiative pathways and boosts
both emission intensity and excited-state lifetime.

Two-photon excited fluorescence (TPEF) studies demon-
strated that while unbound DBI-POE exhibited a modest two-
photon absorption cross section (g, = 15.8 GM at 760 nm), its
complexation with ¢-MYC Pu22 increased this value by a factor of
approximately 4.5, thereby enabling effective photosensitization
of the dye in the biologically favorable first NIR window (Fig. 2D
and Table 1).>® In line with our above mentioned disassembly
experiments, this enhancement was much less pronounced
(~two-fold) when DBI-POE was incubated with the antiparallel
G4 TBA or ds-DNA (Fig. S13 (ESIf) and Table 1). NIR light (700-
1000 nm) offers deeper tissue penetration, reduced scattering
and absorption, and minimal photodamage, while its confined
excitation minimizes off-target effects, potentially enhancing
tumor targeting when DBI-POE binds to ¢-MYC G4.** Although
promising, two-photon G4-interactive compounds are still in

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the binding constants and spectroscopic properties of DBI-POE either free or complexed with G4 and non-G4 DNA structures

System Topology” KMt Jem/NM %% (t)/ns k106 571 kn/10% 571 ¢/IGM DA%
DBI-POE — — 565 4° 3.4 13.0 281.5 15.8 848/728
¢-MYC Pu22 P 2.7 x 10° 566 11¢ 5.2 20.2 170.8 69.5 22"
HIF-10. P 2.7 x 10° 568 9° 4.3 24.4 206.6 — —
VEGF P 1.8 x 10° 567 — — — — — —
Tel-23 H 4.6 x 10* 565 — — — — — —
TBA AP ND* 566 6° 3.5 16.6 268.0 30.6 —
ss-DNA NG4 ND* 566 5¢ 3.3 15.4 287.0 ND -
ds-DNA NG4 ND* 566 6° 3.6 15.8 263.6 28.5 —

“ Topological structure, P = parallel, H = hybrid, AP = antiparallel, and NG4 = non-G4 structure. ” Data fitting to a 1:1 binding model on the
fluorimetric titration data was performed using Bindfit, which employed multiple global fitting methods (Nelder-Mead method). ¢ Not determined
(ND) due to the absence of a saturation binding profile. ¢ Fluorescein is used as the reference standard (0.1 M NaOH, &g = 0.93). ¢ & was
calculated in 50 mM Tris buffer (pH 6.8) containing 100 mM KCl at 25 °C. All values are reported for a 1: 1 DBI-POE/oligonucleotide ratio. See Table
S1 (ESI) for additional data./ Fluorescein is used as the reference standard (0.1 M NaOH). ¢ Determined by direct '0, phosphorescence method in
EtOH or MeOH using Rose Bengal in MeOH as the reference standard (®arg) = 0.76). " Determined by ABDA bleaching experiments using
Methylene Blue in water as the reference standard (®smg) = 0.52). Experiments are reported for a 1:1 DBI-POE/c-MYC Pu22 ratio in 50 mM Tris

buffer (pH 6.8) containing 100 mM KCl at 25 °C.

their infancy.**>%® Our data indicate that DBI-POE is a promis-
ing scaffold for two-photon PDT, as G4-triggered disaggregation
significantly enhances its emissive properties and o,, thereby
increasing its two-photon brightness (#y x ¢,)***” and enabling
advanced imaging and phototherapeutic strategies targeting
oncogene promoter regions.

G4-driven type I-to-type II photophysical conversion

The generation of reactive triplet states is an essential prere-
quisite for initiating either type I or type II photochemical
mechanisms. We have then estimated the intersystem crossing
(ISC) probability for DBI-POE, DBI-POE,, and DBI-POE:c-MYC
Pu22 complex by computing spin-orbit coupling (SOC) terms at
the position of the minimum-energy geometry in the S; electro-
nic state (Sjmin)- The DBI-POE:c-MYC Pu22 complex exhibits
larger SOCs for the closest triplet in energy from S; (Table S6,
ESIT), being almost double that of DBI-POE. Having established
that the triplets can be potentially populated, we systematically
evaluated the ROS-generating potential of DBI-POE by NIR 'O,
phosphorescence measurements in MeOH and ethanol (EtOH),
solvents in which DBI-POE is highly soluble (Fig. S14, ESI{).%”%
In EtOH, DBI-POE exhibited a high singlet oxygen quantum
yield (@5 = 84%), consistent with the almost unitary values
found for its lipophilic counterpart S-DBI in chloroform.®” In
comparison, a decreased yield is found in MeOH (@, = 72%). It
should be noted that direct detection of 'O, via its phosphor-
escence band is inherently limited by low sensitivity, particu-
larly in aqueous media. Consequently, DBI-POE alone or in its
complex with ¢-MYC Pu22 in aqueous solution did not yield a
sufficiently strong signal, making direct 'O, detection imprac-
tical and necessitating the use of alternative assays.

To overcome this limitation, we employed 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA) as a specific water-soluble
0, sensor.®® ABDA can be readily oxidized to an endoperoxide by
'0,, resulting in a decrease in its absorption that can be easily
tracked by UV/vis spectroscopy.®® Under our irradiation protocol,
ABDA alone or in the presence of either S-DBI or the S-DBL:c-MYC
Pu22 complex exhibited negligible spectral changes (Fig. S15,
ESIt). In contrast, exposure to DBI-POE led to progressive ABDA

This journal is © The Royal Society of Chemistry 2025

bleaching, indicating effective photoinduced ROS production
(Fig. 3A). Notably, the addition of the ¢-MYC Pu22 G4 sequence
resulted in a comparable ABDA bleaching profile, demonstrating
that DBI-POE retains good ROS-generating capability even when
bound to G4 structures (Fig. 3A). This effect was found to be
independent of the ¢-MYC Pu22 concentration (Fig. S16, ESIT).

Under oxygen-depleted conditions, neither free DBI-POE nor
its ¢-MYC Pu22 complex induced significant ABDA bleaching,
confirming the oxygen-dependent nature of the process, and its
dependency on ROS generation (Fig. S17, ESIt).

To determine the chemical nature of the generated ROS, we
introduced NaNj;, a well-established 'O, quencher.’* To our
surprise, NaN; completely suppressed ABDA bleaching only in
samples containing the DBI-POE:c-MYC Pu22 complex, whereas
it had no effect on free DBI-POE, even at elevated concentra-
tions, pointing to a predominant type I pathway (likely involving
0, or OH* species) for the free dye and a type II mechanism
(selective for '0,) upon G4 binding (Fig. 3B and Fig. S18, ESI{).
Based on this premise, we calculated a @, of 22% from ABDA
bleaching for the DBI-POE:c-MYC Pu22 complex, a significant
value for phototherapeutic applications.®® Substituting ds-DNA
for ¢-MYC Pu22 again led to NaN;-insensitive bleaching, as
observed for free DBI-POE, highlighting the critical role of the
G4 conformation in eliciting 'O, production (Fig. S19, ESI{).

To further investigate the generation of 'O, by DBI-POE when
bound to ¢-MYC Pu22, we conducted ABDA bleaching experi-
ments in a buffered solution containing 85% deuterium oxide
(D,0). Since, opposite to NaN3, D,O extends the lifetime of '0,,
we anticipate that it should amplify ABDA bleaching and thus
provide direct evidence of 'O, involvement.®® Indeed, in D,0, the
DBI-POE:c-MYC Pu22 complex exhibited a two-fold increase in
ABDA bleaching rate, which was completely suppressed by NaNj3,
whereas free DBI-POE remained robustly insensitive to both D,O
and NaNj (Fig. 3A and B). Together, these observations indicate
that complexation with ¢-MYC Pu22 shifts DBI-POE from a type I
to a type II photochemical pathway, which constitutes to the best
of our knowledge an unprecedented observation.

To explore the reversibility of G4 binding and its direct
influence on ROS generation, we conducted competitive

Nanoscale Horiz., 2025, 10, 1660-1673 | 1665
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Fig. 3

(A) ABDA bleaching experiments under various conditions. Samples contained ABDA = 30 uM, NaNz = 10 mM, DBI-POE = 5 uM, and c-MYC

Pu22 =5 uM in 50 mM Tris (pH 6.8) with 100 mM KCL. Where indicated, D,O was used in place of H,O. (B) ABDA bleaching at 380 nm expressed as a
percentage, showing that NaNsz had negligible effects on DBI-POE alone but fully scavenged the DBI-POE:c-MYC Pu22 complex. (C) SOSG fluorescence
enhancement under similar conditions: SOSG = 10 uM, NaNs = 10 mM, DBI-POE = 5 uM, and c-MYC Pu22 = 5 uM in 50 mM Tris (pH 6.8) with 100 mM
KCl, Aexc = 488 nm (D) SOSG fluorescence enhancement mediated by DBI-POE was quenched by MnTBAP = 50 uM. (E) DHR-123 fluorescence
enhancement under varying conditions: DHR-123 = 10 uM, MnTBAP = 0-50 uM, DBI-POE = 5 uM, c-MYC Pu22 = 5 uM, and ds-DNA = 5 uM in 50 mM
Tris (pH 6.8) with 100 MM KCl, Jexe = 488 nm. In all experiments, irradiation was performed at 485 + 20 nm at an irradiance of 10 mW cm™2 over various
time intervals. (F) Fluorescence enhancement of HPF (5 uM) in the presence of DBI-POE (5 uM), or in complex with c-MYC Pu22 (5 uM) as shown in the
inset. (G) Fold change in HPF fluorescence under different conditions: HPF = 5 uM, DBI-POE = 5 uM, c-MYC Pu22 = 5 uM, in 50 mM Tris (pH 6.8) with
100 mM KCl, Aexc = 490 nm. In all experiments, irradiation was performed at 485 + 20 nm at an irradiance of 10 mW cm™2 over various time intervals.

displacement assays using PhenDC3 (vide supra). Under
strongly competitive conditions (PhenDC3 = 25 uM), DBI-POE
was displaced from the ¢-MYC Pu22 template, restoring its self-
assembly and NaNj;-resistant photosensitization properties, as
seen from ABDA bleaching profile (Fig. S20A, ESIT). At lower

1666 | Nanoscale Horiz., 2025, 10, 1660-1673

PhenDC3 concentrations (1 pM), the complex remained largely
intact, and NaNj-sensitive bleaching persisted (Fig. S20B, ESIT).
Additionally, we performed scavenger studies using mannitol,”®

sodium pyruvate,’

" and the superoxide dismutase mimetic man-

ganese(m)tetrakis(4-benzoic acid)porphyrin (MnTBAP),”> which are

This journal is © The Royal Society of Chemistry 2025
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selective for OH* radicals,”® hydrogen peroxide (H,0,),”" and
0,°~,%* respectively. Among the tested scavengers, MnTBAP stood
out for its ability to significantly reduce ABDA bleaching induced
by free DBI-POE under conditions where NaN; had no effect,
confirming the involvement of O,* "~ in its photochemical pathway
(Fig. S21, ESIY).

Complementary experiments using Singlet Oxygen Sensor
Green (SOSG),” as an additional 'O, control probe, revealed
that both free DBI-POE and its ¢-MYC Pu22 complex activated
SOSG fluorescence, albeit to different extents (Fig. 3C). Notably,
only the fluorescence enhancement in the G4-bound state was
suppressed by NaNj, consistent with exclusive 'O, production
(Fig. 3C). Moreover, in agreement with the ABDA studies,
MnTBAP significantly reduced the SOSG emission enhance-
ment induced by DBI-POE, supporting the generation of O,*~
radicals (Fig. 3D).

It has been well documented that ABDA and SOSG exhibit
high specificity for 'O, compared to other ROS, with minimal
off-target interactions reported.®® However, our findings under-
score the importance of employing an extensive array of control
experiments when utilizing ROS probes. Such rigorous cross-
control is essential to accurately assess the specificity of the
generated ROS and to discard false-positive results.

Next, we hypothesized that free DBI-POE and its ¢-MYC
Pu22-bound complex would exhibit contrasting photophysical
responses when probed with O,° "~ -specific sensors. To test this,
we employed dihydrorhodamine-123 (DHR-123),
fluorescent compound that is oxidized to the highly fluorescent
rhodamine-123 upon exposure to O,*~ radicals."*** The DHR-
123 assays revealed that free DBI-POE induced a strong fluores-
cence response, indicative of robust O,*~ generation (Fig. 3E).
In contrast, the DBI-POE:c-MYC Pu22 complex elicited minimal
DHR-123 activation, suggesting that G4 binding suppresses
0,*~ production (Fig. 3E). Control experiments with ds-DNA
instead of ¢-MYC Pu22 produced DHR-123 activation levels
comparable to those of free DBI-POE (Fig. 3E). Furthermore,
the addition of increasing concentrations of MnTBAP resulted
in a dose-dependent decrease in DHR-123 fluorescence, thereby
confirming that free DBI-POE generates O,° radicals (Fig. 3E).

Further evidence was obtained using the OH®-selective
fluorescent probe hydroxyphenyl fluorescein (HPF), which spe-
cifically emits fluorescence upon reaction with OH® radicals."*
Free DBI-POE strongly induced HPF fluorescence, indicating
efficient OH® generation through a type I photochemical path-
way. In contrast, the DBI-POE:c-MYC Pu22 complex exhibited
minimal HPF fluorescence enhancement, highlighting the shift
toward a predominantly 'O,-mediated photochemical mecha-
nism (Fig. 3F and G).

Collectively, these findings establish DBI-POE as the first
example of a supramolecular, G4-specific PS capable of toggling
between two distinct photophysical pathways, type I and type I,
depending on its aggregation state and G4 binding. This G4-
induced disassembly not only enables robust 'O, production,
which preferentially oxidizes guanine residues, but also signifi-
cantly enhances the prospects for targeted PDT that exploit the
unique structural and electronic features of G4 motifs.

a non-

This journal is © The Royal Society of Chemistry 2025
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Light-mediated G4 unfolding and site-specific oxidative
guanine damage

To elucidate the effect of photogenerated 'O, by DBI-POE on the
G4 scaffold, we employed a multi-technique approach that inte-
grates spectroscopic, biochemical, and computational methods.

Initially, CD spectroscopy was used to monitor structural
changes in the ¢-MYC Pu22 sequence. In the absence of DBI-
POE, the G4 exhibited the expected CD spectral features char-
acterized by a positive peak at ~260 nm and a negative peak at
~240 nm (Fig. 4A).***>% When DBI-POE was added in the
dark, only minimal spectral alterations were observed, akin to
those induced by other uncharged G4-binding compounds.>®>®
However, exposure to light produced a dose-dependent
decrease in CD band intensity, ultimately yielding a spectrum
suggestive of an unfolded G4 (Fig. 4A).”° These results suggest
that photoactivation of DBI-POE leads to guanine oxidation and
subsequent G4 disruption.®’

Complementary "H NMR spectroscopy further corroborated
these findings. The free c-MYC Pu22 oligonucleotide displayed
the expected 12 imino proton resonances associated with G4
formation (Fig. 4B).*®*' While dark-incubated DBI-POE caused
only slight spectral changes, with a moderate broadening of the
peaks, light irradiation resulted in a progressive disappearance
of these imino signals, confirming a light-dependent unfolding
of the G4 structure (Fig. 4B).

Thermal stability assessments via temperature-dependent
CD melting assays provided additional insight on the photo-
degradation mechanism (Fig. 4C). Under control conditions, ¢-
MYC Pu22 demonstrated high thermal stability (Tycarvc puzz) =
69 °C). Notably, DBI-POE in the dark increased the melting
temperature by ~8 °C (Tppr-roE:c-mycpuzz) = 77 °C), reflecting
the stabilizing influence of S-DBL®” In stark contrast, light
activation of DBI-POE reduced the melting temperature by
~40 °C (T pBr-poE:c-myC Pu22 + Light) = 37 °C) decisively indicating
that photooxidative damage, most likely mediated by guanine
oxidation, disrupts the tetrad integrity essential for G4 stability.

Indeed, docking followed by MD simulations also support
these findings, as DBI-POE stabilizes the G4 structure in its
most favorable pose in the dark (Fig. 4D and S28, see ESIt for
details), while the oxidized G4 becomes disrupted upon light
exposure (Fig. S29, ESIt).

Control experiments, where ¢-MYC Pu22 was exposed to light
irradiation in the absence of DBI-POE, resulted in no spectral
alterations.

In line with our observations, previous studies have demon-
strated that oxidative lesions, such as 8-oxo-7,8-dihydroguanine
(8-0x0G), generally impair the hydrogen-bonding capacity of
guanine, often leading to a loss of G4 structure.”® However,
notable exceptions exist.”> For example, the Burrows group
reported that an additional guanine track in oncogene promo-
ter G4 sequences can serve as a ‘“‘spare tire,” helping to preserve
the G4 fold under oxidative stress.'® Similarly, the Opresko lab
showed that telomeric G4 sequences containing a single 8-oxoG
mutation retained their hybrid conformation, although the
binding affinity of the G4-specific antibody BG4** was reduced
depending on the lesion’s precise location.'**

Nanoscale Horiz., 2025, 10, 1660-1673 | 1667
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(A) CD spectra of c-MYC Pu22 recorded in the absence and presence of DBI-POE. Measurements were performed using c-MYC Pu22 = 2 uM and

DBI-POE = either O or 10 uM in 50 mM Tris buffer (pH 6.8) containing 100 mM KCL (B) *H NMR spectra of c-MYC Pu22 recorded in the absence and
presence of DBI-POE. Measurements were performed using c-MYC Pu22 = 200 pM and DBI-POE = either O or 40 uM in 50 mM Tris buffer (pH 6.8)
containing 100 mM KCL. (C) CD-based melting profiles of c-MYC Pu22 recorded in the absence and presence of DBI-POE, plotted at the CD maximum at
264 nm. Measurements were performed using c-MYC Pu22 = 2 uM and DBI-POE = either 0 or 10 uM in 50 mM Tris buffer (pH 6.8) containing 5 mM KCL.
(D) Representative MD structure of DBI-POE stable poses from the dbscan clustering of the last 1 pus of the MD production. (E) Dot blot assay was
performed using HIF-1o = 8 uM and DBI-POE = either 0 or 8 uM in 10 mM Tris buffer (pH 7.4) containing 100 mM KCL. (A-C) Irradiation was carried out at
485 + 20 nm at an irradiance of 10 mW cm™2 over various time intervals. (E) Irradiation was carried out at 460—~495 nm for 20 min. DMSO was used as a

control in all experiments.

Therefore, to further validate the impact of oxidative damage
mediated by DBI-POE, we performed immuno dot blot assays
using BG4 (Fig. 4E). In our hands, the ¢-MYC Pu22 sequence
was poorly recognized by BG4 resulting in a weak signal.
Therefore, we employed the HIF-1o G4 sequence, which is
effectively targeted by both BG4 and DBI-POE (Fig. 2B).*” Con-
trol samples maintained BG4 targeting capability, as evidenced
by a robust immunosignal in the dot blot assay, whereas light-
activated DBI-POE led to significant disruption of the G4
structure, accompanied by a marked decrease in BG4 binding,
a clear hallmark of oxidative damage.

Our experiments clearly demonstrate that DBI-POE’s ability
to generate 'O, efficiently damages the G4 structure, resulting
in its complete destabilization and unfolding.

To reconstitute in vitro DNA replication across a G4-containing
template, we used a primer extension assay that faithfully mimics
the natural progression of DNA synthesis.’®'%*'%® Our assay
employs DNA templates, either containing or lacking the G4
sequence, annealed to a fluorescently labeled primer, along with
a DNA polymerase, dNTPs, and essential cofactors like Mgz+

1668 | Nanoscale Horiz., 2025, 10, 1660-1673

(Fig. 5A and D). As synthesis proceeds, the extension of the
labeled primer is observed; when the polymerase encounters a
blockage, it pauses and ultimately dissociates, resulting in trun-
cated products compared to full-length extensions.>*'%*'% These
products are then separated via denaturing polyacrylamide gel
electrophoresis (PAGE) and visualized.

In the absence of DBI-POE, the polymerase efficiently synthe-
sized full-length products without interruption (Fig. 5B and C).
However, when DBI-POE was added in the dark, a prominent
pause site emerged at T20, immediately upstream of the first
guanine tract, consistent with the structural stabilization
observed via CD spectroscopy (Fig. 4C) and previously reported
for other G4 ligands (Fig. 5B and C).>”**'°> Under light irradia-
tion, additional pausing occurred at positions T11 and G10, and
after 20 minutes, polymerase processivity was almost completely
halted (Fig. 5B and C). We speculate that DBI-POE localizes near
G9 and G10 within the ¢-MYC G4 structure, thereby triggering its
oxidation.

To further explore the binding site of DBI-POE in ¢-MYC
Pu22, we conducted molecular docking and MD simulations

This journal is © The Royal Society of Chemistry 2025
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and investigated the intercalation of DBI-POE by opening the
3’-end and central tetrads, where G10 and G9 are located,
through a combination of MD and umbrella sampling techni-
ques (see ESIT for details). After equilibrating the final opened
G4 structure, docking calculations identified the most popu-
lated intercalated poses. As illustrated in Fig. S26 (ESIT), we
distinguish two main binding sites depending on the moiety of
DBI-POE that stacks between the tetrads: the hydrophobic core
(pose A) or the hydrophilic arm (pose B). The MD simulations
(Fig. S28, ESIt) showed that pose B is not stable, as it disrupted
the tetrad integrity in the G4 (Fig. S28B, ESIT), whereas pose A
remained stable (Fig. 4D and Fig. S28A, ESIT). This indicates
that pose A is the most probable DBI-POE binding site as, in
accordance with experimental studies, it stabilizes the G4 in
the dark.

The overall reduction in TET label fluorescence is attribu-
table to light-induced bleaching. To test our hypothesis that
these lesions resulted from guanine oxidation, we designed a c-
MYC Pu22 template with site-specific 8-0xoG substitutions at
positions G10 and G9, which are predicted to be the primary
oxidation targets (Fig. 5A). This modified template produced a
pausing pattern nearly identical to that observed with light-
activated DBI-POE, although with a more intense signal due to
the absence of light-mediated TET bleaching, ultimately lead-
ing to complete polymerase arrest at the corresponding sites
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(Fig. 5B). This conclusively demonstrates that DBI-POE induces
site-specific oxidative damage via the formation of 8-oxoG.

As control, we used a DNA template lacking any G4 motif
(Fig. 5D)."°% Under both dark and light conditions, no poly-
merase pausing was observed (Fig. 5E and F). Similarly to the G4
reaction, light-mediated bleaching of TET label caused an
overall decrease of the signal (Fig. 5E and F). These results
indicate that DBI-POE’s 'O,-induced damage is selective for G4
structures and does not cause nonspecific DNA damage when
DBI-POE remains in its unbound state.

We further evaluated the structural impact of 8-oxoG incor-
poration on the ¢-MYC Pu22 G4 scaffold using MD simulations.
While formation of a single 8-oxoG at G10 preserved the overall
G4 conformation, simultaneous substitution at G10 and G9
resulted in significant structural disruption (Fig. 6). These
computational insights suggest that multiple oxidative lesions
are required to compromise G4 stability and underscore the
importance of precise PS positioning for effective photother-
apeutic activity.

Collectively, these integrated studies reveal a novel, light-
mediated mechanism in which DBI-POE precisely oxidizes
and disrupts G4 structures. This strategy holds significant
promise for targeted PDT, as G4-targeted PSs can downregulate
cancer-associated genes by destabilizing their regulatory G4
elements.*>
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Fig. 5 Oxidative DNA photodamage mediated by DBI-POE revealed by primer extension assays at single-base pair resolution. (A) Sequence of the c-
MYC Pu22 template used in the assay. Guanine residues involved in G4 formation are underlined. Hash marks and asterisks denote the first and second
pausing sites, respectively, detected in panel (B), and chemically inserted 8-oxoG modifications are highlighted in red. (B) Representative primer
extension assay using the c-MYC Pu22 template. (C) Relative quantification of full-length products, 1st and 2nd pausing sites from panel (B). (D) Sequence
of the non-G4 DNA template used as a control. (E) Primer extension assay with the non-G4 template. (F) Relative quantification of full-length products
from panel (E). All experiments were performed using DBI-POE = 1 uM. Black arrows indicate the start of the reaction (non-extended primer), as well as
the pausing sites and full-length products. (B and E) Irradiation was carried out at 460-495 nm over various time intervals.
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Conclusions

G4 structures are significantly overrepresented in cancer cells,
making them appealing targets for precision therapy.®*041°
Their enrichment in the promoter regions of difficult-to-treat
oncogenes,*® such as MYC and HIF, suggests that small mole-
cule ligands that stabilize G4s can effectively hinder DNA and/
or RNA polymerase progression, thereby triggering replication
stress, DNA damage, and ultimately cell death.*®”*7778

Despite significant progress in developing light-activated
compounds that modulate G4 activity with high spatiotemporal
control, several challenges persist.'*®"'°® In particular, the lim-
ited bidirectional modulation of molecular photochromes calls
for more versatile photoregulation strategies.’'°*™'° Moreover,
while the susceptibility of G4s to oxidation presents an oppor-
tunity, it also poses a challenge, especially since current G4-
targeting PSs predominantly rely on highly reactive and poorly
selective type I mechanisms that have not adequately addressed
this vulnerability.>*"®* To overcome these limitations, we intro-
duce DBI-POE, a novel PS that transitions from a type I to a type
II mechanism upon binding to G4 structures, thereby combin-
ing both structure-specific and site-specific oxidative damage.

Our comprehensive studies revealed that DBI-POE binds
selectively to parallel and hybrid G4 conformations, triggering
supramolecular disassembly that “turns on” its fluorescence
and significantly enhances two-photon absorption in the NIR
region. Photophysical analyses showed that while free DBI-POE
predominantly generates ROS via a type I pathway (producing
0,*" and OH* species), its complexation with G4s reprograms
its photochemistry toward a highly selective type II mechanism
that yields '0,. This switching mechanism was rigorously
supported by multiple discriminant assays. In-depth biophysi-
cal studies confirm that light-activated DBI-POE induces selec-
tive oxidative damage and unfolding of the G4 scaffold.

Further validation came from primer extension assays, which
demonstrated site-specific stalling at oxidatively modified gua-
nine residues, as well as from MD simulations that highlighted
structural destabilization associated with 8-oxoG formation.
Importantly, the oxidative damage induced by DBI-POE was
confined to the DNA template containing the G4 structure,
leaving the non-G4 template unaffected, underscoring its excep-
tional selectivity.
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Collectively, these findings provide unprecedented mecha-
nistic insights into a G4-targeted PS and highlight the potential
of DBI-POE as a platform for developing next-generation agents
for precision photodynamic anticancer therapy.

Ongoing studies are actively investigating its photoactiva-
tion in cells, both as a standalone approach and in combi-
nation with delivery systems such as G4 aptamers. These
strategies are also being evaluated alongside DNA-damaging
agents and/or DNA damage response (DDR) inhibitors, with the
aim of further enhancing the overall phototherapeutic efficacy.
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