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OS production of molecular
photosensitizers using bridge-assisted
superexchange coupling†

Lei Chen,‡ Shirong Yan,‡ Wu-Jie Guo, Lu Qiao, Xinyue Zhan, Bin Liu *
and Hui-Qing Peng *

Bridge-assisted superexchange coupling capable of long-range electron transfer proves to be effective for

charge separation. However, the exploitation of this photochemical process in engineering reactive oxygen

species (ROS) production remains unexplored. Herein, piperazine serves as a bridging unit to facilitate

a cascade electron transfer from the electron donor site (CO) to the acceptor site (CN) within the COCN

molecule, ultimately boosting the generation of superoxide radicals (O2
−c) and hydroxyl radicals (cOH).

Experimental and theoretical studies elucidate that the long-range electron transfer is enabled by

a superexchange interaction through the piperazine s*-bridge, which leads to an effective generation of

a radical ion pair CO+cBCN−c. The cationic radical CO+c can directly catalyze the oxidation of water,

while the anionic radical CN−c transfers one electron to oxygen (O2). Additionally, COCN has an excited

triplet state characterized by a 3(p–p*) electronic configuration, which further promotes sequential

electron transfer to O2. These reactions enable the efficient production of cOH and O2
−c, respectively,

thus completing a cascade electron cycling process. Based on these findings, nanoparticles of COCN

exhibit satisfying O2
−c and cOH production performance even under hypoxic environments and

demonstrate potent photodynamic activity in addition to a notably high fluorescence quantum yield of

62.8%, rendering them promising candidates for cellular imaging and ablation assessments. This study

contributes to the advancement of photosensitizers proficient in selectively generating ROS, offering

valuable insights into the underlying mechanisms that govern ROS production.
Introduction

Photosensitizers (PSs) that exhibit high efficiency in generating
strong oxidizing reactive oxygen species (ROS) upon light irra-
diation play crucial roles in the elds of photodynamic therapy
(PDT).1,2 Under light irradiation, these PSs undergo a photo-
physical transition from the ground singlet state (S0) to the
excited singlet state (Sn), followed by activation to the excited
triplet state (Tn) through intersystem crossing (ISC).3–5 Ulti-
mately, the triplet PSs interact with molecular oxygen (O2) via
electron transfer processes, leading to the generation of type-I
ROS such as hydroxyl radicals (cOH) and superoxide radicals
(O2

−c), and/or alternatively transfer energy to O2 resulting in the
production of singlet oxygen (1O2) as a type-II ROS. By har-
nessing these ROS, PDT has been widely recognized as
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a promising clinical treatment modality, offering advantages of
precise spatiotemporal control, minimal invasiveness, and non-
drug resistance.6,7 Normally, conventional PSs, comprising
methylene blue and Eosin Y, are capable of simultaneously
releasing type-I and type-II ROS through these two photosensi-
tization pathways.8 However, different ROS type exhibits
distinct reactive and transient characteristics that can fulll
diverse biological demands.9,10 For this reason, the development
of PSs possessing selective ROS-generating properties will offer
signicant advantages in optimizing ROS-mediated biological
applications. Concurrently, it is believed that the ability to
selectively produce specic ROS types is highly benecial to
simplifying the elucidation of underlying biological effects
associated with ROS.

Recently, PSs with efficient type-I ROS generation ability
(type-I PSs) have attracted increasing attention due to its low
dependence on O2, thereby overcoming the diminished thera-
peutic effect in tumor hypoxic microenvironments.11–15 More-
over, O2

−c, a highly cytotoxic ROS generated through the type-I
mechanism, can react with proteins, DNA, and lipids, leading to
irreversible cellular damage.16,17 And cOH, which can be gener-
ated through the cascade bioreaction of O2

−c or direct oxidation
of water, is considered the most reactive species due to its
Chem. Sci., 2024, 15, 16059–16068 | 16059
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extremely high chemical reactivity towards nearly all biological
molecules.18 The predominant strategy for facilitating charge
separation by enhancing donor–acceptor interactions within
a molecule has laid a solid foundation for the development of
type-I PSs.19,20 By introducing light-induced intermolecular
electron transfer between PSs and additional electron donors/
acceptors can further boost the electron transfer pathway of
PSs, which is able to overcome the rapid recombination of the
photogenerated charges during their redox reactions.21,22 These
previous studies have shown the viability of preparing type-I PSs
using an electron transfer cascade strategy. Nevertheless,
systems involving multiple components may be susceptible to
phase separation and component leakage, potentially under-
mining the stability and efficacy of the PSs and thereby
complicating their practical applications.

In the eld of photochemistry, a long-range intramolecular
electron transfer (>10 Å) can also occur from a specic electron
donor site (D) to a well-dened acceptor site (A) through the
intermediate linkage between D and A (Scheme 1a).23,24 For
instance, the wave functions of the bridge (B) structures' s*
orbitals enable effective propagation of electronically coupled
interactions between D and A fragments.25,26 Specically, the
LUMO of the D group overlaps with the LUMO of the s* orbital
located on the nearest bond within the bridge, promoting
electron transfer to the LUMO of the A unit and further resulting
in the formation of D+cBA−c species. Such bridge-assisted
superexchange coupling has been extensively investigated in
Scheme 1 (a) Schematic illustration of bridge-assisted superexchange co
of COCO, CNCN, and COCN.

16060 | Chem. Sci., 2024, 15, 16059–16068
quantum chemistry simulations due to its signicance as
a fundamental charge transfer process in chemical and bio-
logical systems, e.g., the primary charge separation in bacterial
photosynthesis.27 However, compared to intermolecular elec-
tron transfer, the demonstration of long-range intramolecular
electron transfer by superexchange coupling for facilitating the
cascade electron transfer to O2 remains unexplored. The triplet
state of O2 consists of two unpaired electrons occupying each of
the two antibonding p orbitals (p*

x and p*
y) at the same energy

level.28 Therefore, we hypothesized that O2
−c could be generated

by populating one of the p* orbitals with an electron from
D+cBA−c. Simultaneously, the resulting cationic radical (D+c)
captures an electron from the surrounding water, thereby
oxidizing the water to cOH. The utilization of bridge-assisted
superexchange coupling is anticipated to offer a highly desir-
able alternative approach for boosting type-I ROS production,
enabling the development of stable and efficient type-I PSs with
well-dened molecular structures and selective ROS-generating
abilities.

Herein, we exploit the superexchange mechanism to facili-
tate the separation of electron–hole pairs in PSs for augmenting
O2

−c and cOH generation (Scheme 1). As a proof of concept,
three homologous compounds COCO, COCN, and CNCN were
rationally designed, utilizing piperazine as the bridging unit,
benzophenone (CO) as the terminal D group, and 2-(diphenyl-
methylene)malononitrile (CN) as the A group (Scheme 1b). Both
CO and CN are presumed to be capable of readily accessing Tn
upling mechanism for type-I ROS generation. (b) Molecular structures

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for reacting with O2 based on the design principle of organic
phosphors.29 Among these compounds, COCO exhibits persis-
tent phosphorescence and shows minimal production of ROS,
whereas CNCN demonstrates a remarkable ability to generate
type-I and type-II ROS through two photosensitization path-
ways. In stark contrast, the asymmetric molecule COCN mani-
fests type-I ROS-generating property, resulting in signicantly
enhanced production of O2

−c and cOH while the generation of
1O2 is negligible. Analysis of the phosphorescence lifetime and
uorescence spectra reveals that the excitation energy associ-
ated with the CO component within COCN has been substan-
tially quenched by the CN group, implying an effective energy
and/or electron transfer process from CO to CN. Theoretical
studies verify that electron transfer occurs from the higher-
energy LUMO+1 of CO to the lower-energy LUMO of CN via
piperazine-assisted superexchange, resulting in the formation
of a radical ion pair CO+cBCN−c. The cationic radical CO+c

catalyze the oxidation of water, resulting in the generation of
cOH. Concurrently, COCN has T1 state featuring a 3(p–p*)
electronic conguration, which promotes cascade electron
transfer from CN−c to O2 for efficient generation of O2

−c.
Finally, nanoparticles of COCN were prepared with a remark-
able uorescence quantum yield of 62.8%, while maintaining
efficient O2

−c and cOH production ability in aqueous solution.
They were successfully employed for cellular imaging and
photodynamic cancer cell ablation. To our best knowledge, this
is the rst demonstration of a molecular photosensitizer design
using bridge-assisted superexchange coupling to facilitate
cascaded electron transfer and thus enable the engineering of
type-I ROS generation.

Results and discussion

The primary purpose of this study is to design selective type-I
PSs based on the electron transfer cascade strategy utilizing
bridge-assisted superexchange coupling. For the CO group,
benzophenone is a representative organic phosphor that can
efficiently transition from Sn to Tn with nearly 100% ISC yield.
For the CN fragment, the incorporation of a malononitrile
group with strong electron-withdrawing ability not only
promotes the charge transfer (CT) effect but also substantially
reinforces the intramolecular steric hindrance, which results in
a nonplanar molecular conformation. Such nonplanarity can
destruct p–p stacking interactions and impart aggregation-
induced emission (AIE) features to the compounds with CN
moiety. The utilization of AIE-active PSs is expected to increase
ROS generation by blocking nonradiative pathways through the
restriction of molecular motions in aggregates, thereby real-
izing efficient uorescence imaging-guided PDT.30 On the other
hand, as per our previous ndings, piperazine has a compact
small molecular structure exhibiting a rigid chair conforma-
tion. It acts as the bridging unit not only xes the D and A units
at well-dened separations through the saturated hydrocarbon
linkages but also plays a pivotal role in facilitating the electron
transfer process by incorporating nitrogen atoms carrying lone
pairs.31,32 Based on these reasons, the PSs in this study were
designed and synthesized by involving benzophenone,
© 2024 The Author(s). Published by the Royal Society of Chemistry
malononitrile, and piperazine as the molecular components.
COCO was readily prepared through a nucleophilic substitution
reaction between (4-uorophenyl)-(4-methoxyphenyl)meth-
anone and piperazine. Subsequently, COCO can undergo
Knoevenagel condensation with malononitrile to yield COCN
and CNCN (Scheme S1†). The chemical structures of COCO,
COCN, and CNCN were thoroughly characterized by 1H NMR,
13C NMR, and high-resolution mass spectroscopies with satis-
factory outcomes (Fig. S1–S9†).

The UV-vis and photoluminescence (PL) spectroscopies of
COCO, COCN, and CNCN were systematically analyzed to gain
a more comprehensive understanding of their photophysical
properties. As illustrated in Fig. 1a, COCO in dimethyl sulfoxide
(DMSO, 10 mM) exhibits maximum absorption and emission
intensity at 350 nm and 500 nm, respectively. In contrast, the
incorporation of the strong electron-withdrawing malononitrile
group leads to a new absorption peak at 450 nm for both COCN
and CNCN in DMSO (10 mM), while their emission intensity
maximum peak at around 585 nm. Furthermore, the PL inten-
sities of COCN and CNCN are observed to gradually increase in
amixture of tetrahydrofuran and water as the volume fraction of
water increased, conrming their typical AIE characteristics
(Fig. 1b and S10†). Nevertheless, the PL intensity of COCO
exhibits a remarkable decrease as the fraction of the poor
solvent increased due to the aggregation-caused quenching
effect. Given the indispensability of accessing triplet states for
ROS generation, we investigated the prompt and delayed
emission spectra of COCO, COCN, and CNCN at the tempera-
ture of 77 K (Fig. S11†). With a delay time of 1 ms, the delayed
spectra show a prole akin to their corresponding prompt
spectra. This observation suggests that the emissions predom-
inantly originate from the long-lived triplet levels, implying
a high efficiency of these compounds in populating triplet
excitons. The phosphorescence lifetime of COCO at 490 nm has
been estimated to be 94.7 ms (Fig. 1c). However, the emission
intensity of both COCN and CNCN is so faint that their emission
lifetimes are hard to be detected. The comparative analysis of
the results demonstrates that the presence of the CN group can
block the relaxation of CO from the triplet state to the ground
state via phosphorescence emission.

Aer conrming the excellent photostability of COCO,
COCN, and CNCN (Fig. S12 and S13†), their overall ability to
generate ROS was assessed using the commercially available
2,7-dichlorodihydrouorescein (DCFH) as the indicator. As
shown in Fig. 1d and S14,† under white light (35 mW cm−2)
irradiation for 300 s, the PL intensities of DCFH solution
signicantly increase in the presence of COCN or CNCN,
reaching a remarkable 49.5- and 39.1-fold enhancement,
respectively. The results reveal the effective overall ROS gener-
ation by COCN and CNCN, with COCN possessing superior
production efficacy. By comparison, the PL intensity of DCFH
exhibits minimal changes when its solution with COCO is
exposed to white light. To specically identify the type of ROS,
9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABDA) was
utilized as a probe to selectively detect 1O2 (Fig. S15†). The
experimental ndings verify that the presence of either COCO or
COCN cannot lead to signicant attenuation in the ABDA
Chem. Sci., 2024, 15, 16059–16068 | 16061
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Fig. 1 (a) Normalized absorption and PL spectra of COCO, COCN, and CNCN in DMSO. (b) Relative PL intensity (I/I0) versus H2O fraction. (c)
Phosphorescent decay curves at 77 K for COCO (490 nm), COCN (530 nm), and CNCN (460 nm). (d) ROS generation using DCFH (1 mM) upon
white light irradiation. (e) O2

−c generation using DHR123 (10 mM) upon white light irradiation. (f) cOH generation using HPF (10 mM) upon white
light irradiation. (g) EPR spectra for 1O2 detection using TEMP under irradiation. (h) EPR spectra for O2

−c detection using DMPO in DMSO under
irradiation. (i) EPR spectra for cOH detection using DMPO in water under irradiation.
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absorbance aer light exposure, suggesting their limited
capacity for 1O2 production. Under identical conditions, an
obvious reduction in absorbance is observed for the ABDA
solution containing CNCN, indicative of type-II ROS generation
by CNCN through the energy transfer pathway. Additionally, the
generation of O2

−c was evaluated using dihydrorhodamine 123
(DHR123) as an indicator, with vitamin C (Vc) serving as
a reductant and free radical scavenger. The PL intensity of the
DHR123 solution in the presence of COCN is apparently higher
than that of observed in the presence of CNCN and COCO
(Fig. 1e and S16†). Upon the addition of Vc, the uorescence
intensity of the DHR123 solution containing COCN is markedly
reduced, with a signicant 75% decrease from its maximum
intensity aer light irradiation for 300 s, whereas the presence
16062 | Chem. Sci., 2024, 15, 16059–16068
of CNCN in DHR123 solution results in a modest reduction,
retaining 42% of the peak uorescence intensity. Aerwards,
hydroxyphenyl uorescein (HPF) was employed as an indicator
to assess the production of cOH. Upon exposure to illumination,
the PL intensity of HPF solution containing COCN is substan-
tially higher than that of CNCN and COCO (Fig. 1f and S17†).
These ndings underscore stronger O2

−c and cOH generation
capacity of COCN. To further identify the ROS types, electron
paramagnetic resonance (EPR) was conducted using 2,2,6,6-
tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) as the spin-trap agents for 1O2 and free radicals,
respectively. Characteristic EPR signals indicative of 1O2, O2

−c,
and cOH are detected in the presence of COCO, COCN, or CNCN
under light irradiation (Fig. 1g–i). Among them, COCN elicits
© 2024 The Author(s). Published by the Royal Society of Chemistry
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themost intense EPR signal for both O2
−c and cOH, while CNCN

produces the most pronounced signal corresponding to 1O2.
Thus, we can conclude that an efficient type-I PS with free
radical-generating ability has been developed.

The in-depth study of the photophysical and photochemical
behaviors of COCO, COCN, and CNCN, as well as their different
performances in the triplet states, is crucial for a fundamental
understanding of the underlying mechanism associated with
engineering O2

−c and cOH production. We conducted system-
atic theoretical investigations using Gaussian 09, Multiwfn, and
ORCA soware packages.33–35 The transitions of the optimized
states were analyzed based on the natural transition orbitals,
taking into account the atomic contributions to both holes and
electrons. The distribution of charge density suggests that the
excitation of COCO arises from the local excitation of the n–p*
transition, whereas the excitation of CNCN is attributable to the
CT associated with the p–p* transition (Fig. S18†). In contrast
to these symmetric structures, COCN displays distinct orbital
occupancies for the CO and CN fragments, a disparity that can
be ascribed to its asymmetrical nature at the piperazine bridge
termini (Fig. 2a). In order to gain deeper insights into the
distinctive properties of the s*-bridge, the piperazine unit in
COCN was replaced with a benzene ring, which serves as a p*-
bridge and is referred to as COPhCN (Fig. S19†). Compared to
COCN, the p*-bridge in COPhCN induces only a partial intra-
molecular charge transfer between the conjugated ends,
making it challenging to completely separate the orbitals of the
CO and CN fragments. Moreover, piperazine, acting as an
electron donor, has a narrower HOMO–LUMO energy gap,
thereby signicantly facilitating electron transitions. Based on
the isosurfaces, COCN can be split at the piperazine C–C s-bond
into two parts: the donor (CO) and the acceptor (CN), as shown
in Fig. 2b. Considering a general electron transfer reaction (eqn
(1)):

D* + A / D+c + A−c (1)

Within the approximation of parabolic potential curves, the
free energy of activation is calculated by Nelsen's four-point
method (eqn (2)).

DG0 = [ED+c + EA−c − (ED + EA)] (2)

The calculated free energy DG0 is −2.0389 eV, and the reor-
ganization energy l is 2.0412 eV (Tables S1–S3†). As shown in
eqn (3), the associated rate constant kET exhibits a quadratic
dependence on DG0 and l.

kET ¼ neff exp

�
� DG0 þ l2

4lkT

�
(3)

where neff is the effective vibrational frequency of the electron
along the reaction coordinate, k is the Boltzmann constant, and
T is the temperature. This classic result, obtained by Marcus,
contains a prediction: as the driving force of the reaction
increases and the free energy becomes more negative, the
reaction rate rises to a maximum when −DG0 = l. Therefore,
© 2024 The Author(s). Published by the Royal Society of Chemistry
COCN exhibits the potential for an efficient electron transfer
process. However, the distance between D and A redox centers is
estimated to be 10.4989 Å, which represents a relatively large
D–A separation that hinders efficient electron transfer. To
elucidate the long-range intramolecular electron transfer from
CO to CN, the orbital distribution of piperazine was indepen-
dently analyzed (Fig. 2c). The result reveals that piperazine
possesses a higher energy level relative to COCN in both the
LUMO and LUMO+1 states, enabling it to function as a bridge
for efficient electron transfer. The heat map of interfragment
charge transfer (IFCT) for COCN reveals that, following light
absorption and subsequent excitation, the CN fragment
captures a net total of 0.8086 electrons from the CO fragment
(Fig. 2d). This pattern emphasizes the role of CO as the D
fragment and CN as the A fragment, in accordance with electron
transfer theory. To further validate the bridging function of
piperazine, ROS generation was measured in the mixture of
CNCN and COCO solution, in which CO and CN fragments are
not directly connected via piperazine. Under identical condi-
tions, the PL intensity enhancement of the DCFH solution
containing COCN is 2.4-fold higher than that of the DCFH
solution containing the mixture, which indicates that the
enhanced type-I ROS generation of COCN can be attributed to
its intramolecular electron transfer promoted by the piperazine
bridging unit (Fig. 2e and S14†). With the aim of evaluating the
electron transfer capability of COCN, the electrochemical
experiments were carried out to elucidate its redox properties
based on the energy band theory.36 Specically, the valence
band (VB) potential of COCN was determined through the X-ray
photoelectron spectroscopy (XPS) valence band spectrum. As
presented in Fig. 2f, the maximum energy at the valence band
edge was identied as 3.08 eV, which corresponds to a VB
potential of 2.84 V versus the normal hydrogen electrode (NHE)
(see ESI† for XPS analysis). Furthermore, Mott–Schottky plots
were performed to assess the at-band potential of COCN
(Fig. 2g). The measured at-band potential is −0.72 V versus
NHE, which is approximately equivalent to the conduction band
(CB) potential of COCN. Collectively, these ndings indicate
that the VB potential of COCN is more positive than the
potential of EOH−/cOH (1.99 V), and the CB potential of COCN is
less negative than the potential of EO2

−c/O2
(−0.33 V) (Fig. 2h).

These results strongly support that COCN is capable of photo-
oxidizing water to cOH and photo-reducing O2 to O2

−c. In
brief, upon photoirradiation, CO is locally excited to a higher
energy state CO*. This excitation is promptly followed by an
electron transfer through the piperazine bridge to the electron-
decient CN, yielding a free radical pair CO+cBCN−c. The
subsequent interaction of CN−c with O2 nally leads to the
production of O2

−c (eqn (4))

A−c + O2 / A + O2
−c (4)

The formed cationic radical (CO+c) capture electrons from
ambient water, oxidizing the water to cOH (eqn (5)).

D+c + OH− / D + cOH (5)
Chem. Sci., 2024, 15, 16059–16068 | 16063
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Fig. 2 (a) Hole (blue)–electron (green) regions and distance of the D–A redox center (DD–A) of COCN at excited states. (b) Computation scheme
for Marcus parameters. (c) The HOMO, LUMO, and LUMO+1 distribution of COCN and the proposedmechanism for electron transfer via bridge-
assisted superexchange coupling. (d) Heatmap of IFCT forCOCN at excited states. (e) Enhancement of fluorescence intensity of DCFH at 525 nm
after 60 s white light irradiation in absence or presence of PSs ((1) COCN + DCFH, (2) CNCN + DCFH, (3) COCO + DCFH, (4) COCO + CNCN +
DCFH, and (5) DCFH). (f) XPS valence band spectrum ofCOCN. (g) Mott–Schottky plot ofCOCN at 2000Hz, measured in the dark using a carbon
paper working electrode, Hg/Hg2Cl2 reference electrode, platinum wire counter electrode, and 1.0 M Na2SO4 as the supporting electrolyte. (h)
Energy level diagram of COCN. (i) Energy level diagram of singlet and triplet states for COCN (CO and CN fragments) with corresponding SOC
values.
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Eventually, COCN returns to its ground state, enabling the
completion of an electron cycling process. These ndings
support the adoption of a superexchange coupling mechanism
for participating in the electron transfer cascade, thereby
facilitating the type-I ROS generation.

To further disclose the underlying processes for O2
−c

production, a more comprehensive theoretical investigation
was carried out. The electronic conformational information of
COCN is provided in Tables S4–S6.† In COCN, the S1 excited
states are dominated by the 1(p–p*) transitions of CN fragment
(69.5%). Concurrently, its S3 states are mainly dened by the
3(n–p*) transitions of CO (65.2%). According to the EI-Sayed
rule, the lowest-energy state proximal to S1 is T2 (with an
energy gap DES1–T2 = 0.0241 eV), and the nearest 3(p–p*) to S3 is
T6 (with a gap DES3–T6 = 0.1875 eV). These minimal energy gaps
are conductive to high ISC efficiency (Fig. 2f). When contrasted
16064 | Chem. Sci., 2024, 15, 16059–16068
with COCO (Table S7†), it is evident that the incorporation of
the CN fragment in COCN signicantly reduces the T1 energy
level, while T1 characterized by a 3(p–p*) conguration exhibits
a slow decay rate owing to the forbidden spin-ip transition
from 3(p–p*) to 1p2, thus promoting the PS / O2 electron
transfer pathway for producing O2

−c. Moreover, given that spin–
orbit coupling (SOC) is a dominant driving force for ISC, the
SOC values of COCN for S1 to T2 and S3 to T6 are calculated to be
0.2439 cm−1 and 4.8163 cm−1, respectively. In comparison to
the photosensitizer CNCN, the inclusion of benzophenone
carrying a lone pair of electrons in COCN greatly increases the
likelihood of ISC (Table S8†), which ensures its high efficacy in
generating ROS.

Recent studies have illustrated the benets of type-I PSs,
highlighting their capacity to maintain outstanding ROS
generation performance under hypoxic microenvironments.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Leveraging this advantage, we have preliminary validated the
crucial potential of COCN for PDT. To enhance the compati-
bility of our PSs for biological applications, an amphiphilic
copolymer, Pluronic F127, was utilized to encapsulate COCN or
CNCN for preparing water-dispersible nanoparticles (COCN
NPs and CNCN NPs, respectively). Their fundamental photo-
physical property assessments were conducted (Fig. 3 and Table
S9†). Compared to the molecular counterparts in DMSO, the
absorption and emission spectra of COCN NPs and CNCN NPs
have negligible changes in aqueous solution (Fig. 3a).
Remarkably, the uorescence quantum yields (QY) of COCN
NPs and CNCN NPs in aqueous media are measured at 62.8%
and 22.53%, respectively. These values signicant surpass those
of the corresponding molecules in DMSO, corroborating the
distinct AIE characteristics of COCN and CNCN. Dynamic light
scattering (DLS) analysis discloses that COCN NPs and CNCN
NPs are well-dispersed in water with average hydrodynamic
diameters of 148.7 nm and 143.7 nm, respectively (Fig. 3b).
Furthermore, transmission electron microscopy (TEM) images
reveal uniform spherical morphology of these NPs, exhibiting
sizes similar to those measured using DLS. Due to the demon-
strated capabilities of COCN and CNCN for ROS generation,
their corresponding nanoparticles were selected for further
investigation. The presence of COCN NPs or CNCN NPs under
continuous light irradiation markedly intensies the PL signals
of DCFH, while a negligible increase in PL intensity is observed
DCFH alone, unequivocally conrming their exceptional ROS
production capabilities (Fig. S20†). To simulate the biological
environment, a specic redox indicator, dihydroethidium
(DHE), was combined with RNA and applied to verify the
Fig. 3 (a) Normalized absorption and PL spectra of COCN NPs and
CNCNNPs in water. (b) Size distribution ofCOCNNPs andCNCNNPs.
Inset: TEM image. Scale bar: 200 nm. (c) Plots of (I− I0) of DHE (40 mM)
at 580 nm upon white light irradiation. (d) cOH generation of COCN
NPs and CNCN NPs (5 mM) upon white light irradiation using HPF (10
mM) as an indicator.

© 2024 The Author(s). Published by the Royal Society of Chemistry
generation of O2
−c. By comparison, the PL intensity of the DHE

solution containing COCN NPs exhibited a substantially greater
enhancement under white light irradiation than the solution
with CNCN NPs (Fig. 3c and S21†). Then, HPF as a hydroxyl
radical scavenger was used to detect cOH. The PL intensity of the
HPF solution increases by a remarkable 32.2-fold in the pres-
ence of COCN NPs, while CNCN NPs enhance it by 17.1-fold
aer irradiation for 600 s (Fig. 3d and S22†). This provides
convincing evidence that COCN NPs possess exceptional
capacity to generate O2

−c and cOH for potential applications.
The high QYs of COCN NPs and CNCN NPs coupled with

their robust ROS production highlight their potential for use in
imaging-guided PDT. Prior to imaging, the cytotoxicity of these
NPs toward 4T1 cancer cells were assessed using the CCK-8
assay. The 4T1 cell lines were purchased from the Cell
Resource Center, Peking Union Medical College. The cell
viability remains over 85% even aer incubation with a 16 mM
concentration of NPs for 24 h under dark conditions, indicative
of outstanding biocompatibility and minimal dark toxicity of
COCN NPs and CNCN NPs (Fig. S23†). On this basis, a concen-
tration of 5 mM was chosen for subsequent cellular imaging
studies. Live cell imaging experiments were performed on 4T1
cells incubated with the NPs, with evaluation via confocal laser
scanning microscopy (CLSM). As shown in Fig. S24,† the uo-
rescence intensity within the 4T1 cells enhances over time,
peaking at 4 h aer NPs incubation, implying rapid cellular
uptake of the NPs within this timeframe. Notably, cells treated
with COCN NPs display the most intense uorescence, which is
consistent with their high uorescence QY. In light of the
signicance of organelle-targeting specicity, co-localization
experiments were performed (Fig. 4). 4T1 cells were treated
with COCN NPs, followed by incubation with commercially
available organelle-specic trackers. A signicant overlap
between the red signal from COCN NPs and the green uores-
cence of the Lyso-Tracker Green is observed with a Pearson's
Fig. 4 Confocal fluorescence images of 4T1 cells (a–c) stained with
COCNNPs (5 mM) and Lyso-Tracker Green (50 nM). (d) Intensity profile
of ROIs between COCN NPs (red line) and Lyso-Tracker Green (green
line). (e) Fluorescence intensity correlation plot for COCN NPs and
Lyso-Tracker Green. Scale bar: 50 mm.
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correlation coefficient as high as 0.85. This indicates
a predominant accumulation of COCN NPs within the
lysosomes.

Motivated by the efficient O2
−c and cOH generation and

outstanding cellular imaging capabilities, the PDT performance
of COCN NPs was studied under both normoxic and hypoxic
conditions. Intracellular ROS generated by COCN NPs was
detected using the general probe DCFH. Fig. 5a and b reveal
that, following light irradiation, cells treated with COCN NPs
Fig. 5 (a) ROS imaging and fluorescence intensity of 4T1 cells pretreate
under normoxic (21%O2) and hypoxic (2% O2) conditions. Scale bar: 50 mm
Viability of 4T1 cells subjected to various amounts of COCN NPs unde
Fluorescence images of 4T1 cells treated with COCN NPs (8 mM) and irra
live cells were stained with Calcein-AM, and the dead cells were staine
cytometry using Annexin V-FITC and PI under normoxic conditions.

16066 | Chem. Sci., 2024, 15, 16059–16068
exhibit bright green uorescence, conrming the effective ROS
generation. Satisfyingly, even in hypoxic conditions, notable
green uorescence is retaining 92% intensity compared to that
observed under normoxic conditions, indicating that the effi-
cacy of COCN NPs is not obviously diminished hypoxia. To
specically identify the type of the intracellular ROS, the O2

−c
indicator DHE and cOH indicator HPF were utilized. As antici-
pated, remarkable red and green uorescence is observed in
cells aer exposure to light, both under normoxic and hypoxic
d with COCN NPs (5 mM) and irradiated with white light (35 mW cm−2)
. (b) Quantification analysis of panel (a). Data are mean± SD (n= 3). (c)

r normoxic and hypoxic conditions. Data are mean ± SD (n = 3). (d)
diated with white light (35 mW cm−2) under normoxic conditions. The
d with PI. Scale bar: 100 mm. (e) Apoptosis/necrosis analysis by flow

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions, which illustrates the potential ability of COCN NPs
to yield O2

−c and cOH even under the hypoxic microenviron-
ment of tumor cells. Conversely, the detection of intracellular
1O2 generation using the singlet oxygen sensor green (SOSG)
yields starkly different results from those of DHE. Minimal
green uorescence is observed in cells under hypoxic condi-
tions, suggesting that the predominant cytotoxic mechanism of
COCN NPs aer light exposure is through O2

−c and cOH rather
than 1O2. Thereaer, the PDT effects of COCN NPs toward 4T1
cells under both normoxic and hypoxic conditions were evalu-
ated using the standard CCK-8 assay. Aer exposure to white
light for 15 min, a pronounced decline in cell viability was
observed at concentrations of COCN NPs exceeding 4 mM in
normoxic environments. Notably, similar outcomes were ob-
tained even under hypoxic conditions. The reduction in O2

concentration has little impact on the cytotoxicity of COCN NPs,
further highlighting their excellent PDT efficacy regardless of O2

levels (Fig. 5c). Further, live/dead cell staining assays with
Calcein-AM (to indicate live cells with green uorescence) and
propidium iodide (PI, to indicate dead cells with red uores-
cence) were performed to provide a clear visualization of the
PDT efficacy. As shown in Fig. 5d and S25,† strong green uo-
rescence signals are detected in the three control groups, in
stark contrast to the experimental group treated with COCNNPs
and light irradiation, which exhibits predominantly red uo-
rescence, validating considerable cell mortality. To further
elucidate the cancer-killing efficiency of COCN NPs at the
cellular level, apoptosis/necrosis analysis was conducted
employing ow cytometry with Annexin V-FITC and PI staining
under normoxic conditions (Fig. 5e). It turns out that COCNNPs
induce early apoptosis in 12.24% of cells and late apoptosis in
87.75% when exposed to white light. In contrast, either COCN
NPs or white light irradiation alone doesn't inhibit cell growth.
Collectively, these ndings robustly support that COCN NPs
possess potent therapeutic potential for cancer treatment.

Conclusions

In conclusion, we have reported the rst demonstration of
bridge-assisted superexchange coupling to facilitate an electron
transfer cascade for engineering O2

−c and cOH generation. By
comparison, the asymmetric molecule COCN possesses the
ability to produce O2

−c and cOH, which is remarkably distinct
from COCO with phosphorescence property and CNCN that
generate both type-I and type-II ROS. Experimental and theo-
retical studies reveal that the amplied generation of free
radicals from COCN is achieved by a long-range electron
transfer, where the CO fragment donates one electron to the CN
fragment through the piperazine s*-bridge via superexchange
coupling. Importantly, nanoparticles of COCN not only main-
tain their potent O2

−c and cOH production capability but also
exhibit a remarkable uorescence high quantum yield of 62.8%.
In vitro investigations conrm that COCN NPs can efficiently
generate O2

−c and cOH in cancer cells, regardless of the intra-
cellular O2 level and thereby showcase excellent phototoxicity
against cancer cells. Compared to intermolecular electron
transfer, the utilization of bridge-assisted superexchange
© 2024 The Author(s). Published by the Royal Society of Chemistry
coupling to achieve long-range intramolecular electron transfer
in a single molecule potentially offers the advantages of estab-
lishing a more explicit structure–activity relationship and
enhancing stability. This approach is expected to be benecial
for the future advancement of PSs with selective ROS-generating
properties for optimizing their biological effects and simpli-
fying the underlying mechanisms. However, our photosensi-
tizer's short emission wavelength limits its application in in vivo
imaging and PDT. The development of red/NIR light-emitting
PSs based on such an electron transfer cascade strategy for in
vivo studies is currently ongoing in our laboratory.
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