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Organelle-targeted photodynamic therapy (PDT) shows substantial promise for precision tumor treatment.
However, the clinical translation of oxygen-independent photosensitizers (PSs) designed for mitochondrial
localization remains challenging. Herein, we propose a “dual-boosting” strategy to enhance the type-l PDT
efficacy of mitochondria-targeted PSs. The first boost leverages multi-branched donor/x-bridge engineering
to develop a series of mitochondria-targeted pyrido cyanines. Among them, McL3 displays broad visible-
light absorption and a reduced singlet-triplet energy gap (AEg.r; = 0.24 eV), which collectively lead to a
4.2-fold increase in superoxide anion radical (+<0,") generation compared to McL1. The second boost is
achieved through the self-assembly of McL3 with human serum albumin (HSA) into McL3@HSA nanoparticles
(~40 nm). This confinement further narrows AEg; 1, to 0.08 eV, amplifying <0, production by 20.3-fold.
Mechanistic studies indicate that HSA confinement modulates molecular conformation and promotes
ISC efficiency from 33% to 52%, enabling efficient <O, generation. Upon white-light irradiation, McL3@
HSA selectively accumulates in mitochondria, inducing apoptosis and effectively inhibiting tumor growth
even under hypoxic conditions. This work establishes a “dual-boosting” paradigm for the rational design of
mitochondria-targeted, hypoxia-tolerant PSs, offering a promising avenue for clinical phototheranostics.

Citation: WangL, WuD, ZhangH,

LiP, LiuH, ZhangB, Yan J, LiY, Peng B,
HuW, etal. “Dual-Boosting” Strategy
to Enhance Radical Generation of
Photosensitizer for Mitochondria-
Targeted Phototherapy. Research
2026;9:Article 1279. https://doi.
org/10.34133/research.1279

Submitted 5 February 2026
Revised 1 April 2026
Accepted 13 April 2026
Published 14 May 2026

Copyright © 2026 Limin Wang et al.
Exclusive licensee Science and
Technology Review Publishing House.
No claim to original U.S. Government
Works. Distributed under a Creative
Commons Attribution License
(CCBY 4.0).

Introduction

Photodynamic therapy (PDT) is a clinically established treat-
ment modality used in oncology, dermatology, and ophthal-
mology [1-7]. In this process, photosensitizers (PSs) are
activated by light to yield cytotoxic reactive oxygen species
(ROS) [8-10]. Conventional type-1I PSs, including hematopor-
phyrin, methylene blue, rose bengal (RB), and hypericin, pro-
duce singlet oxygen ('O,) via an oxygen-dependent process,
which often limits their efficacy in hypoxic solid tumors [11-
13]. In contrast, type-I PSs can engage in oxygen-independent
electron transfer to generate radical species including super-
oxide anion radical (¢O, ") and hydroxyl radical (¢OH) [14,15],
thereby offering superior potential in low-oxygen environ-
ments. Mitochondria, being central to cellular oxidative stress
and energy metabolism [16], are highly promising targets for
phototherapy [17]. Mitochondrial-targeted PSs generate ROS
directly within the organelles, inducing immediate structural
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and functional damage that triggers efficient tumor cell apop-
tosis, thereby substantially lowering the required PS dosage and
reducing systemic side effects [18-21]. Thus, developing type-I
PSs capable of precise mitochondrial localization represents a
powerful strategy for enhancing PDT efficacy, particularly
under hypoxia.

Rational design of type-I PSs has primarily focused on
enhancing intersystem crossing (ISC) and facilitating electron
transfer [5,22]. In recent years, molecular engineering of electron-
donating groups and m-bridges in small molecules has garnered
considerable interest for its ability to suppress exciton-vibration
coupling, induce red-shifted absorption, and enhance triplet-
state electron transfer. Notably, the donor-n-acceptor (D-n-A)
architecture promotes intramolecular charge transfer (ICT)
[23,24]. Extending this to a (D-xn),-A framework further
modulates excited-state energy dissipation pathways, enabling
fine control over photophysical properties [25-27]. Con-
currently, human serum albumin (HSA) is extensively used as
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a biocompatible nanocarrier in diagnostic and therapeutic appli-
cations [28-31]. Complexation with HSA can modulate PS
conformation and excited-state properties for tumor imaging
or therapy [20,25]. Nevertheless, a synergistic strategy inte-
grating tailored molecular design with HSA confinement to
specifically enhance hypoxia-resilient type-I PDT remains
largely unexplored.

Herein, we report a “dual-boosting” strategy that integrates
donor/n-bridge and albumin confinement to develop high-
performance type-I PSs for mitochondria-targeted PDT
(Fig. 1). We first designed a series of pyrido cyanines (McL1
to McL3) with a tunable (D-xt) -A (n = 1, 2, 3) architecture,
employing N-methyl-N-hydroxyethyl naphthylamine as the
donor, vinyl group as the n-spacer, and N-methylpyridinium
as the acceptor. Increasing the number of donor/m-bridge
branches effectively broadened the absorption into the visible-
light region, enabling efficient white-light harvesting. Further-
more, the additional branches reduced the singlet-triplet
energy gap (AEg, 13 =0.24 eV for McL3), which promoted ISC
and resulted in a 4.2-fold enhancement in «O,” generation rela-
tive to McL1. Subsequent confinement of McL3 with HSA
drove its self-assembly into McL3@HSA nanoparticles, elevat-
ing «O,” production by 20.3-fold. Mechanistic studies integrat-
ing molecular docking, excited-state dynamics, and quantum
calculations revealed that HSA confinement modulates the
conformation of McL3, which further narrowed AEq, -, to
0.08 eV and increased the ISC efficiency (@) from 33% to
52%. These synergistic effects collectively facilitate efficient
triplet-state electron transfer with superior type-I ROS genera-
tion. Consequently, McL3@HSA enables effective mitochon-
dria-targeted type-I PDT, inducing cancer cell apoptosis under
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hypoxia conditions and inhibiting solid-tumor growth upon
white-light irradiation.

Results and Discussion

Molecular design and photophysical properties
To elucidate the structure-property relationships, we designed
a series of multi-branched donor/zn-bridge to enhance ICT and
promote ISC [32]. As illustrated in Fig. 1, the molecular design
incorporates N-methyl-N-hydroxyethyl naphthylamine as the
electron donor, vinyl groups as conformationally flexible
n-bridges, and N-methylpyridinium as the electron acceptor.
This structural configuration improves water solubility and
enhances ICT to achieve red-shifted absorption, while the posi-
tively charged pyridinium moiety confers mitochondrial tar-
geting [17]. Based on this design, a series of cationic pyrido
cyanine PSs featuring a tunable (D-) - A architecture (where
n=1,2,3) were synthesized and denoted as McL1, McL2,and McL3,
respectively (Fig. 2A). The synthesis employed quaternization-
promoted Knoevenagel condensations to yield the desired
E-configured products, as confirmed by the characteristic
chemical shifts and coupling constants of the vinylene protons
(Table S1). All synthetic compounds and key intermediates
were full}f characterized by 'H nuclear magnetic resonance
(NMR), C NMR spectroscopy, and high-resolution mass
spectrometry (HRMS). The characterization data are avail-
able in the Supplementary Materials (Scheme S1 and Figs.
S1 to S9).

The progressive enhancement of the ICT effect with increas-
ing donor/n-bridge branches results in a gradual red-shift
in absorption. As shown in Fig. 2B, all PSs exhibit broad

P AN

McL3@HSA

Albumin confinement effect J

Mitochondria-targeted White-light

Second-stage "boosting"

\_/TZ

N
IsC x# T

Si— —IsCc
\/Tfi
AEs1.T1 =0.92eV |:> AES1-T3 =0.24 eV
So \/ SU\/
McL1 McL3

\‘&;////
20.3| X o

S1 e ISC T3

~—12

T
E:> AE31:|'2 =0.08 eV

So\/

McL3@HSA

Hypoxia microenviroment
Tumor ablation and apoptosis

Fig. 1. Schematic of the “dual-boosting” strategy for developing mitochondria-targeted type-I PSs. HSA, human serum albumin; <O, ™, superoxide anion radical; S, singlet state;

T, triplet state; ISC, intersystem crossing; AEs+, singlet-triplet energy gap.
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Fig. 2. Photophysical properties and theoretical calculation of multi-branched donor/z-bridge engineered pyrido cyanines (McL1 to McL3). (A) Chemical structures of McL1,
McL2, and McL3. (B) Normalized UV-vis absorption spectra of McL1 to McL3 (10 uM) in DMSO. (C) Calculated HOMO/LUMO energy levels and electron density distributions
of McL1 to McL3. (D) Normalized fluorescence emission spectra of McL1 to McL3 (10 pM) in DMSO. (E) Calculated singlet (S;) and triplet (T,) energy levels, proposed S, to T,
ISC pathways, and spin-orbit coupling (SOC) constants (¢) for McL1 to McL3. (F to H) Relative FL intensity (I/1,) changes of DHR123 (2., = 524 nm), HPF (A, = 515 nm), and
SOSG (A, = 527 nm) in the presence of McL1 to McL3 and rose bengal (RB) under white-light (420-nm long-pass filter, 80 mW cm™?) irradiation in PBS (10 mM, pH 742).

absorption bands in the visible region (400 to 700 nm), with
absorption maxima at 461, 494, and 505 nm in dimethyl sulfox-
ide (DMSO), respectively. Concomitantly, the triple-branched
McL3 exhibited a substantlall?f higher molar extinction coefﬁ—
c1ent (e=62%x10"M" ecm™') than McL1 (e =2.7 x 10* M™!

cm™"), indicating superior light-harvesting capability across the
visible spectrum (Table S2) [33]. Density functional theory
(DFT) calculations corroborate that this trend originates from
a systematically reduced highest occupied molecular orbital
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(HOMO)-lowest unoccupied molecular orbital (LUMO) energy
gap (Fig. 2C) [34], resulting from enhanced electron-donating
strength and extended n-conjugation.

Emission profiles revealed distinct structure-dependent
relaxation pathways in the excited state. While McL1 and McL3
emitted around 650 nm, McL2 displayed an anomalous blue-
shift to 620 nm (Fig. 2D). To elucidate the underlying mecha-
nism, we investigated the molecular conformational dynamics
using variable-temperature 'H NMR spectra (Fig. S10). Upon
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heating to 328 K, the aromatic proton signals of McL2 remained
well-separated, indicating a rigid framework. In contrast, the
"H NMR signals of McL3 coalesced at 308 K, suggesting con-
siderable conformational flexibility. This rotational freedom
arising from multiple rotatable bonds enables McL3 to readily
relax into a low-energy, delocalized twisted intramolecular
charge transfer (TICT) state [35], leading to red-shifted emis-
sion. Similarly, the asymmetric, single-branched McL1 can access
a TICT configuration through bond rotation. In comparison, the
highly symmetric and rigid structure of McL2 restricts access to
such low-energy TICT conformations, thereby shifting the emis-
sion to a higher-energy, more localized excited state and resulting
in the observed blue-shift.

This mechanistic interpretation is further supported by solvent-
and viscosity-dependent photophysical studies. The polarity-
dependent fluorescence quenching and spectral blue-shift (Fig.
S11) are indicative of TICT-mediated relaxation [36]. Moreover,
the viscosity spectra revealed that for all 3 compounds, fluorescence
intensity increases progressively with increasing medium viscosity
(Fig. S12). In addition, the fluorescence quantum yields (@, Table
S2) systematically decreased from 8.42% (McL1) to 0.45% (McL2)
and 0.34% (McL3), indicating that increasing the number of donor
branches amplifies nonradiative decay, likely through enhanced
vibrational and rotational dissipation.

Theoretical calculation and ROS production
Minimizing the singlet-triplet energy gap (AE ) offers an
effective strategy for improving PS efficiency [37]. To systemati-
cally evaluate the impact of multi-branched donor/n-bridge
engineering on ISC, time-dependent DFT (TD-DFT) calcula-
tions were performed. The computations revealed that increas-
ing the donor/n-bridge branches raises the density of triplet
states and systematically reduces AEq  (Fig. 2E). Subsequent
analysis integrating energy gaps and spin-orbit coupling (SOC)
constants (€) identified the dominant ISC channels: S, to T, for
McL1 (AEg ., = 0.92 eV), S, to T, for McL2 (AEg, 1, =
0.34 eV), and S, to T, for McL3 (AEg, 15 = 0.24 eV) (Table S3
and S4). The minimal AE . value for McL3 suggests a more
favorable ISC process. These computational results validate that
the (D-m);-A architecture in McL3 is optimal for promoting
efficient ISC and offers substantial potential for enhanced ROS
production.

To evaluate the ROS production of the synthesized PSs, we
employed a set of commercial fluorescent probes. Specifically,
+0,”, +OH, and 'O, were detected using dihydrorhodamine
123 (DHR123), hydroxyphenyl fluorescein (HPF), and singlet
oxygen sensor green (SOSG), respectively [18,37,38]. As shown
in Fig. 2F and G, increasing the number of donor/x-bridge
branches led to a gradual enhancement in the fluorescence
intensities of DHR123 and HPF under white-light irradiation
(Figs. S13 and S14). In contrast, the negligible fluorescence
intensity changes in SOSG indicated minimal 'O, production
(Fig. 2H and Fig. S15). Moreover, the fluorescence of DHR123
and HPF was effectively quenched upon the introduction of
the radical scavengers vitamin C (VC; for «O,") and isopropyl
alcohol (IPA; for «OH) [11,39], which further confirmed the
specific «O,” and «OH generation of McL3 via a type-I pathway
(Fig. S16). Notably, the «O, ™ generation of McL3 was markedly
higher than that of McL1 and McL2, as well as the traditional
type-II PS, RB [40].

These findings highlight the efficacy of the multi-branched
donor/n-bridge design in promoting electron transfer-driven
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type-1 phototheranostics. In particular, McL3, with its red-
shifted absorption, enhanced molar extinction coefficient, and
minimized AEg 1, demonstrated the most efficient generation
of «O,” and «OH via a type-I mechanism, aligning with the
theoretically predicted trends.

HSA confinement to modulate ROS generation

To enhance biocompatibility and promote excited-state elec-
tron transfer, we introduced HSA to form self-assembled
nanoparticles with McL3, thereby further boosting ROS pro-
duction. We first examined the responsiveness of the PSs (McL1
to McL3) to HSA. While the absorption spectra remained basi-
cally unchanged with increasing HSA concentration (Fig. S17),
all PSs exhibited enhanced fluorescence intensity and bright-
ness (Table S5). Moreover, binding to HSA substantially pro-
longed fluorescence lifetime (Fig. S18), indicating an extended
excited-state duration, consistent with our previously proposed
confinement fluorescence effect (CFE) [41].

The interaction of McL3 with HSA was characterized by
dynamic light scattering (DLS) and transmission electron
microscopy (TEM). DLS confirmed the formation of nanopar-
ticles with a hydrodynamic diameter of approximately 40 nm
(Fig. 3A), a size favorable for tumor accumulation via the
enhanced permeability and retention effect [42]. TEM further
revealed a morphological transition, with McL3@HSA form-
ing well-defined, porous nanoparticles averaging 26 nm in
diameter (Fig. 3B). The observed size difference between DLS
and TEM is attributed to sample dehydration during TEM
preparation [22,43]. Moreover, McL3@HSA exhibited good
colloidal stability in phosphate-buffered saline (PBS) solution
(Fig. S20). These results collectively demonstrate the success-
ful self-assembly of McL3 and HSA into stable and monodis-
perse nanoparticles.

To elucidate the configuration and interaction between McL3
and HSA, fluorescence titration and molecular docking studies
were performed. As shown in Fig. 3C, McL3 binds to HSA with
a high affinity (K, > 10°M Y andal:1 stoichiometry (Table S5),
indicating strong molecular interaction [44]. Molecular docking
simulations were subsequently carried out to investigate the
binding mode [29]. As illustrated in Fig. 3D, McL3 (magenta
sticks) localizes deeply within a cyan-colored binding pocket of
HSA [Protein Data Bank (PDB): 41b9]. Among 9 simulated bind-
ing poses, the most favorable configuration exhibited a binding
energy of —10.6 kcal/mol (Table S6). Detailed analysis revealed
that McL3 embeds into a protein sub?ocket formed by residues
including Glu®?, Asn®”, Lys444, Lla*®, Ser'®?, Glu®, and Asp183,
exhibiting high shape complementarity with the HSA surface.
Specific interactions occur between protein residues and the
naphthylamine donor group of McL3, with intermolecular
distances around 4 A, and stabilize the bound conformation
(Fig. 3D, right), rationalizing the enhanced photophysical
properties upon nanocomplex formation. The docking results
further revealed that McL3 adopts a bird-shaped twisted con-
formation within the HSA binding pocket (Fig. 3E). One
naphthylamine electron donor branch forms a near-vertical
dihedral angle (8 = 82°) relative to the pyridinium core, while
the remaining branches are virtually coplanar. Overall, these
simulations confirm that HSA effectively traps McL3 within
a tailored subpocket (Fig. 3F), contributing to the formation
of McL3@HSA complex.

We subsequently quantified the ROS generation of the HSA-
assembled nanoparticles (Figs. S13 to S15). Comparative analysis
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Fig. 3. Albumin confinement enhances ROS generation. (A) Hydrodynamic size distribution profiles and (B) corresponding transmission electron microscopy (TEM) micrographs
of McL3 and McL3@HSA. (C) Fluorescence emission spectra (Ao, = 280 nm) of HSA (10 uM) upon titration with McL3 in PBS (10 mM, pH 7.42). (Insert) Double-logarithmic
regression plot used to determine the binding constant (K, > 10° M) and binding stoichiometry (1:1). (D) Molecular docking model of McL3 (magenta, stick) within the binding
pocket (cyan, surface) of HSA (PDB: 41b9). (Left) Overall binding pose. (Right) Detailed view of key interacting residues. (E) Configuration of McL3 within the HSA binding
pocket. The dihedral angle 6 is defined between the planes of the donor (naphthylamine) and acceptor (pyridinium) moieties. (F) Surface representations of the McL3@HSA
from 2 orthogonal views. (G and H) Comparative <0, and +OH generation abilities of McL1 to McL3 and McL3@HSA measured by the fluorescence increase of DHR123 and
HPF after 180-s white-light irradiation (420-nm long-pass filter, 80 mW cm™2). Data are expressed as fold change in fluorescence intensity. (1) Electron paramagnetic resonance
(EPR) signals of McL3 and McL3@HSA under white-light irradiation, using DMPO as a spin trap for <0,

revealed that both multi-branched donor/n-bridge engineering
and the albumin confinement assembly enhanced ROS genera-
tion efficiency (Fig. 3G and H and Fig. $22). Among the PSs,
ROS production increased with the number of donor branches,
and McL3 exhibited a 4.2-fold higher «O,” production than did
McL1. Subsequent HSA confinement further amplified ROS
generation, with McL3@HSA showing a 20.3-fold increase in
<O, generation (Fig. 3G) and a 2.4-fold enhancement in «OH
production (Fig. 3H) over McL1. These results confirm that the
“dual-boosting” strategy synergistically amplifies the generation
of ROS. Electron paramagnetic resonance (EPR) spectroscopy
provides direct verification of the enhanced «O,” production [45].
Under white-light irradiation, McL3@HSA exhibited markedly
stronger 5,5-dimethyl-1-pyrroline N-oxide (DMPO)-+O, ™ adduct
signals than McL3 (Fig. 3I). This finding corroborates prior fluo-
rescent probe and radical scavenging experiments (Fig. S16), fur-
ther confirming the type-I PDT mechanism of McL3@HSA with
efficient «O,” generation. Additionally, McL3@HSA exhibited
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excellent photostability under physiological environments (Fig.
S24). Collectively, these results demonstrate that the enhanced
type-I ROS generation and superior photostability of McL3@
HSA are promising for hypoxia-tolerant phototherapy.

Excited-state dynamics analysis

To elucidate the origin of the enhanced ROS generation in
McL3@HSA, we performed femtosecond transient absorp-
tion (fs-TA) spectroscopy [46,47]. The time-resolved spectra
of McL3 and its HSA complex McL3@HSA provide kinetic
and spectral insights into their excited-state processes (Fig.
4A and D). A negative band between 490 and 560 nm is attrib-
uted to ground-state bleach (GSB) and stimulated emission
(SE), and 2 positive excited-state absorption (ESA) signals at
450 nm (ESA,) and 650 nm (ESA,) belong to excited singlet
and triplet absorption. Temporal evolution profiles extracted
at selected delays revealed that the excited-state signal of
McL3 decayed within 143 ps (Fig. 4B), whereas that of McL3@
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pH 7.42) upon photoexcitation at 400 nm. (B and E) Corresponding fs-TA traces at selected delay times. (C and F) Kinetic traces and fitted curves for McL3 and
McL3@HSA at representative wavelength, yielding the rise (t,5.) and decay (t4.,,) lifetimes. (G) Fluorescence lifetimes of McL3 and McL3@HSA at 298 and 77 K.
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gaps (AEg ;) and spin-orbital coupling (SOC) constants.

HSA persisted beyond 4,370 ps (Fig. 4E), indicating heavily
prolonged excited-state lifetime due to HSA binding.

Kinetic analysis provided further insight into the ISC pro-
cess. At longer delay times, both McL3 and McL3@HSA exhib-
ited a long-lived species around 480 nm, accompanied by the
decay of signals around 450 nm. The observed isosbestic point
between 450 and 480 nm indicates spectral evolution from the
S, to T state associated with ISC [48]. Further analysis of the
dynamics yielded lifetimes for McL3, a decay component of
30.7 ps (446 nm, S, decay), and a corresponding rise compo-
nent of 92.3 ps (476 nm, T, formation) (Fig. 4C). For McL3@
HSA, these components were 71.9 ps (decay) and 139 ps (rise)
(Fig. 4F). From these values, the ISC efficiency (@5 = [1/7 (T},
rise)]/[1/7 (S,, decay)]) was estimated to be 33% for McL3 and
52% for McL3@HSA. These results demonstrate that HSA con-
finement effectively enhances ISC efficiency, thereby promoting
more efficient ROS generation.

We further validated the restriction of the cavity structure of
HSA on the rotational freedom of the n-bridge in McL3, stabilizing
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specific twisted molecular conformations. Both the convergence
of emission peaks for McL3 (580 nm) and McL3@HSA (590 nm)
at 77 K (Fig. S25) and the close match between the low-temperature
fluorescence lifetime of McL3 (2.75 ns; Fig. S26A) and that of
McL3@HSA at room temperature (2.88 ns; Fig. S18C) strongly
support the role of HSA in conformationally restraining McL3
(Fig. 4G). A blue-shift in the emission peak of McL3 under both
low-temperature and protein confinement conditions further
indicated that suppressed thermal vibration enhances the radiative
transition rate. These results confirm that the HSA protein cavity
effectively stabilizes the conformation of McL3.

To complement the experimental kinetics, we calculated the
excited-state energy levels for McL3@HSA. As illustrated in
Fig. 4H, the twisted conformation induced by HSA binding
reduces the energy gap between S, and T, to 0.08 eV, compared
with the S,-T; gap 0f 0.24 eV in McL3 (Table S3). This is accom-
panied by a substantial increase in the relevant SOC constant
from 0.08 cm ™ t0 0.32 cm ™" (Table S4). The combined effect
of a reduced AEg  and a strengthened SOC provides a solid
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theoretical foundation for the dramatically improved ISC [40]
and ROS generation observed experimentally for McL3@HSA.

These results establish that HSA confinement promotes ISC
by stabilizing the molecular conformation to reduce AEq , pro-
moting the type-I PDT pathway. The “dual-boosting” strategy,
integrating multi-branched donor/n-bridge engineering with
albumin confinement, narrows the singlet-triplet energy gap
and enhances ISC efficiency to amplify ROS generation, offering
a versatile platform for high-performance phototheranostics.

Mitochondria-targeted invitro phototherapy

To evaluate the cellular ROS generation capability of McL3@HSA,
we first investigated its intracellular distribution using confocal
microscopy. Strong colocalization of McL3@HSA with MitoTracker
Green (MTG) was observed, yielding a high Pearson’s correla-
tion coeflicient (PCC) of 0.90 (Fig. 5A). The fluorescence inten-
sity profiles further confirmed successful internalization and
mitochondria-specific accumulation (Fig. S27). Furthermore,
control experiments showed minimal overlap with nuclear
(Hoechst 33342) or lysosomal [LysoTracker Green (LTG)] markers
(PCC = 0.03 and 0.10, respectively; Fig. S27), confirming the
mitochondria-targeting specificity of McL3@HSA. We next inves-
tigated the endogenous enrichment of McL3@HSA in mitochon-
dria. After incubating A549 cells with McL3@HSA, mitochondrial
and cytoplasmic fractions were isolated by differential centrifuga-
tion. The absorbance of McL3@HSA in the mitochondrial fraction
was higher than that in the cytoplasmic fraction (Fig. 5B), indicat-
ing effective mitochondrial enrichment.

We next evaluated the therapeutic potential of McL3@HSA.
Using a cell counting kit-8 (CCK-8) assay [8,11], we assessed both
dark cytotoxicity and photocytotoxicity under normoxic (21% O,)
and hypoxic (2% O,) conditions. McL3@HSA showed low dark
cytotoxicity, with cell viability maintained above 85% (Fig. S30),
confirming high biocompatibility. Upon white-light (L) irradia-
tion, McL3@HSA induced pronounced and dose-dependent pho-
totoxicity (Fig. 5C), with a median inhibitory concentration
(ICs,) values of 3.52 pM under normoxia and 4.28 pM under
hypoxia. Additionally, the photocytotoxicity index [ICsy( 4410/
ICso(ighy] [49] was determined to be 57-fold under hypoxia
conditions (Table S7), demonstrating its promising potential in
the hypoxia microenvironment.

Intracellular ROS generation was further monitored using
the fluorescent probes dihydroethidium (DHE) (for «O,"), HPF
(for «OH), and SOSG (for '0,). Under both normoxia and
hypoxia, the fluorescence intensities of DHE and HPF increased
upon light irradiation, indicating efficient production of «O,~
and «OH, respectively (Fig. 5D). In comparison, the fluores-
cence signal of SOSG remained weak, suggesting minimal 'O,
generation. Notably, the fluorescence signals from DHE and
HPF were not markedly suppressed under hypoxia conditions
(Fig. S31), further supporting the hypoxia tolerance of McL3@
HSA as a type-I1 PS.

To elucidate the phototherapy efficacy, live/dead cell staining
was performed using Calcein-AM and propidium iodide (PI)
[49]. As depicted in Fig. 5E, nearly all cells in the therapeutic
group (McL3@HSA + L) exhibited red fluorescence upon white-
light irradiation, whereas the control groups (PBS, PBS + L,
and McL3@HSA) displayed predominantly green fluorescence.
Furthermore, the phototherapeutic efficacy of McL3@HSA under
hypoxic conditions was markedly superior to that of the type-II
PS RB (Fig. S32). Quantitative validation of apoptosis was
obtained through flow cytometry with Annexin V-fluorescein
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isothiocyanate (FITC)/PI staining. As shown in Fig. 5F and G,
the therapeutic group displayed a pronounced shift toward apop-
tosis, with over 69% of cells in early and late apoptotic stages
(Q2 + Q3), whereas the control groups maintained approximately
98% viability (Q4). These results are fully aligned with the CCK-8
and live/dead staining assays.

Given the excellent mitochondrial targeting capability and
superior ROS generation ability of McL3@HSA, which enables
direct oxidative damage to induce apoptosis, we further investi-
gated its effect on mitochondrial morphology using TEM (Fig.
5H). After incubation of McL3@HSA with A549 cells, mitochon-
dria exhibited intact membranes and well-defined cristae in the
absence of light. Upon white-light irradiation, mitochondria dis-
played severely condensed membranes and distorted cristae. These
morphological changes indicate that McL3@HSA induces mito-
chondrial damage upon light exposure. Collectively, these findings
demonstrate that McL3@HSA, as a potent type-1 PS, effectively
induces tumor cell death even under hypoxic conditions, thereby
overcoming a critical limitation of conventional phototherapy and
highlighting its potential for clinical translation.

Fluorescence imaging and invivo phototherapy

Given the promising in vitro results, the in vivo performance of
McL3@HSA was further evaluated in A549 subcutaneous trans-
plantation mouse models [50]. Fluorescence imaging after intra-
venous injection showed time-dependent tumor accumulation,
with the signal peaking at 8 h post-injection (Fig. 6A), defining
the optimal treatment window. The signal persisted at the tumor
site for up to 72 h, indicating prolonged retention (Fig. 6B).
Ex vivo imaging of the organs was performed at 24 h. The stron-
gest fluorescence was detected in the tumor, while moderate
signals were present in the liver and kidneys, suggesting clearance
via hepatobiliary and renal pathways (Fig. 6C). Pharmacokinetic
analysis revealed a blood circulation half-life [20] of 26 h for
McL3@HSA (Fig. S33). Furthermore, fecal fluorescence tracking
confirmed its gradual excretion over 72 h (Fig. $34), supporting
favorable metabolic stability and biosafety.

We next evaluated the antitumor efficacy of McL3@HSA
mediated by white-light irradiation in A549 tumor-bearing
mice (Fig. 6D). BALB/c nude mice were randomly divided
into 4 treatment groups: PBS, PBS + L, McL3@HSA, McL3@
HSA + L. At 8 h post-intravenous injection of McL3@HSA,
mice in the irradiation groups were exposed to white light for
10 min. Tumor volumes and body weights were monitored
and measured every 2 d. As shown in Fig. 6E, tumor growth
in the McL3@HSA + L group was markedly inhibited com-
pared with that in all control groups (Fig. $35). On day 15,
excised tumors from the McL3@HSA + L group weighed only
26% of those in the PBS group, confirming its potent antitu-
mor efficacy (Fig. 6F). Importantly, no obvious body weight
loss was observed in any group throughout the study (Fig.
6G), indicating minimal systemic toxicity.

To further validate treatment effects at the histological level,
tumor sections were analyzed by hematoxylin and eosin (H&E)
and terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling (TUNEL) staining. As shown
in Fig. 6H, the McL3@HSA + L group exhibited extensive tumor
cell apoptosis and nuclear fragmentation; in contrast, no discern-
ible damage was observed in the other groups. Furthermore,
H&E analysis of major organs (heart, liver, spleen, lung, kidney)
revealed no pathological alterations in any treatment group
(Fig. S36). These data collectively highlight the excellent
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Fig. 5. In vitro mitochondrial colocalization and cytotoxicity evaluation. (A) Fluorescence colocalization images of MCL3@HSA (A, e, = 488/550 to 750 nm) costained with
MitoTracker Green (MTG; /e = 488/500 to 540 nm) in A549 cells. Inset: Pearson correlation coefficient (PCC). Scale bar, 10 pm. (B) Absorption spectra of McL3@HSA
in mitochondrial and cytoplasmic fractions. (C) Cell viability of A549 cells treated with different concentrations of McL3@HSA in the dark or irradiated with white light (L)
(420-nm long-pass filter, 80 mW cm™2, 10 min) under normoxia or hypoxia. Data were presented as mean + SD (n = 6). (D) Intracellular ROS detection of McL3@HSA
(1.0 pM) treated with DHE (Aqy e = 4887560 to 620 nm), HPF (A, /em = 488/500 to 540 nm), and SOSG (A, e = 4887500 to 540 nm) in A549 cells. Scale bar, 20 um. (E) Live/
dead staining (Calcein-AM, green; PI, red) of A549 cells under hypoxia after various treatments (AM, A, e, = 488/500 to 550 nm; Pl = 561/580 to 630 nm). Scale bar,
100 pm. (F) Flow cytometric analysis of apoptosis (Annexin V-FITC/PI) under hypoxia. (G) Quantification of apoptotic cells from (F). Data were presented as mean + SD (n = 3).
Statistical significance: *P < 0.05 versus PBS group. (H) TEM images of mitochondria in A549 cells under hypoxia after different treatments. Green arrows indicate intact
mitochondrial membranes with well-defined cristae; yellow arrows indicate condensed membranes and distorted cristae. Scale bar, 500 nm.

biocompatibility of McL3@HSA, underscoring its translational
promise for phototheranostics.

Conclusion

In summary, we developed a high-performance mitochondria-
targeted type-I PS through a “dual-boosting” strategy that
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integrates multi-branched donor/r-bridge engineering with
albumin confinement effect. Initially, molecular engineering
yielded McL3 with (D-r);-A structure that exhibits enhanced
visible-light absorption and a reduced singlet-triplet energy
gap (AEg, 1; =0.24eV), boosting «O,” generation 4.2-fold rela-
tive to McL1. Subsequently, self-assembly with HSA formed
the McL3@HSA nanoparticles. Within the protein cavity,
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Fig. 6. Assessment of invivo tumor targeting and phototherapy. (A) Time-dependent invivo fluorescence imaging post-injection of McL3@HSA (80 pl, 200 pM). (B) Corresponding
quantification of tumor signal intensity. Data were presented as mean + SD (n = 3). Statistical significance: *P < 0.05 versus 0 h group. (C) Exvivo fluorescence images (inset)
and quantitative analysis of major organs and tumors harvested 24 h post-injection. Data were presented as mean + SD (n = 3). Statistical significance: *P < 0.05 versus
brain group. (D) Schematic illustration of A549 tumor model transplantation and phototherapy protocol. i.v., intravenous. (E) Tumor volume growth curves for the indicated
groups. (F) Photograph (left) and weights (right) of excised tumors after the final treatment. (G) Body weight monitoring throughout the study. (H) Representative H&E and
TUNEL analysis of tumor tissues. Scale bar, 50 um. Data were presented as mean + SD (n = 5). Statistical significance: **P < 0.05 versus PBS group.

twisted conformation of McL3 further narrows AEg, 1, t0 0.08 eV
and amplifies «O,” production by 20.3-fold. Transient absorption
spectroscopy confirmed that HSA binding restrains molecular
motion, elevating the ISC efficiency from 33% (McL3) to 52%
(McL3@HSA), thereby enabling efficient type-I ROS generation.
In vitro, McL3@HSA selectively accumulates in mitochondria,
upon white-light irradiation, effectively inducing apoptosis even
under hypoxic conditions. In vivo studies further demonstrated
effective tumor photoablation via fluorescence imaging-guided
phototherapy, with no observable systemic toxicity. This “dual-
boosting” strategy establishes a generalizable design paradigm
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for high-performance type-I phototheranostics with clinical
translation potential.

Materials and Methods

General information

All commercial chemicals and solvents were used as sup-
plied. DMSO, methanol (MeOH), ethanol (EtOH), N,N-
dimethylformamide (DMF), acetonitrile (ACN)), tetrahydrofuran
(THE), dichloromethane (DCM), and HSA were purchased from
Sigma-Aldrich (USA). PBS was purchased from Servicebio
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Technology. Dulbeccos modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and fluorescent probes/kits (Hoechst 33258,
MTG, LTG, Calcein-AM/PI, CCK-8) were provided by Beyotime
(China). ROS detection probes DHR123, DHE, and HPF were
sourced from Shanghai Maokang Biotechnology Co. (China);
SOSG was purchased from Thermo Fisher (USA). Reactions
were monitored by TLC F254 plates (glass-backed, 250-pm thick-
ness), with spots visualized under a portable ZF-7 ultraviolet
(UV) lamp. Flash column chromatography was carried out using
silica gel (mesh 200-300) at room temperature under positive
pressure.

TD-DFT calculation

Computational studies were carried out using Gaussian 16 [51]
and ORCA 6.0.1 [52]. Ground-state geometry optimization was
performed at the B3LYP/def2-SVP level of theory [53]. Based
on the optimized structures, time-dependent density functional
theory (TD-DFT) calculations were conducted to obtain the ener-
gies of singlet (S,) and triplet (T,) states and their corresponding
energy gaps (AE; ;). The spin-orbital coupling (SOC) constants
between these states were derived from the ORCA quantum chem-
istry program package.

Molecular docking

The binding conformation of McL3 with HSA (PDB: 4LB9) was
predicted by molecular docking [20]. The HSA structure was pre-
pared by removing the cocrystallized ligand and solvent molecules.
The ligand structure was optimized and docked into the defined
binding site (grid center: 70.19, 29.85, and 104.22 nm) using
AutoDock Vina. Results were visualized with Discovery Studio.

Calculation for binding affinity

Binding affinities were predicted by molecular docking (AutoDock
Vina) [20]. The HSA structure (PDB: 4LB9) and the ligand were
prepared with MGLTools. A global docking search covering the
entire protein volume was performed, with 100 independent runs
to identify the optimal binding pose and its associated affinity score.

The fluorescence quantum yields

Fluorescence quantum yields (@) were determined using the
relative method with rhodamine B (@, = 0.31 in water) [54] as
the standard. The quantum yield was calculated according to the
following standard formula: @, = @ (A,F.n.>)/(AF,n,”), where A
is the absorbance at excitation, F is the integrated fluorescence
intensity, n is the solvent refractive index, and the sample and
reference are denoted by the subscripts s and r, respectively.

The fluorescence lifetimes

Fluorescence lifetimes were acquired via time-correlated single
photon counting (TCSPC) on an FLS1000 spectrometer using
450-nm pulsed excitation and monitoring at the emission maxi-
mum wavelength. Decay profiles were analyzed with a biexpo-
nential function [55]: I ;) = A exp[(—1t)/7,] + Ajex [(—t)/rf],
and the average lifetime was derived from 7 = (A;7,” + A,7,")/
(A7, + A,t,), where [ is the fluorescence intensity at time £, and
A, and A, are the amplitudes of the lifetime components 7, and z,.

Detection of superoxide anion radical (+0,")

The «O,” was performed by DHR123 as specific indicator.
DHR123 stock solution (10 mM in DMSO) was diluted to
5 pM in aqueous solution and mixed with samples or with
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commercial PS RB (absorbance adjusted to 0.2), and fluores-
cence emission spectra were acquired at specified intervals
during light exposure. For radical scavenging experiments, VC
(200 pM) was employed as «O,” scavenger [11].

Detection of hydroxyl radical (<OH)

The «OH generation was measured by HPF as an indicator.
HPF stock solution (5 mM in DMF) was diluted to 5 pM in
aqueous solution and mixed with the sample or RB (absor-
bance adjusted to 0.2), and fluorescence emission spectra were
acquired at specified intervals during light exposure. For radical
scavenging experiments, IPA (250 uM) was employed as «OH
scavenger [39].

Detection of singlet oxygen (‘0,)

The 'O, generation was detected using SOSG as an indicator.
SOSG stock solution (10 mM in DMSO) was diluted to 5 pM
in aqueous solution and mixed with the sample or RB (absor-
bance adjusted to 0.2), and fluorescence emission spectra were
acquired at specified intervals during light exposure.

EPR spectroscopy measurement

EPR spectroscopy was employed to detect «OH and «O,” using
DMPO as a spin trap. Sample solutions containing the test agent
(50 pM) and DMPO (100 mM) were prepared. The mixture
was then irradiated with white light (420-nm long-pass filter,
80 mW cm™) for 5 min, and the EPR spectroscopy was
observed immediately after irradiation.

Cell cultures

A549 cells were supplied by the American Type Culture Col-
lection (ATCC). Cells were grown in DMEM that contained 10%
EBS, along with penicillin (100 U/ml) and streptomycin (100 pg/
ml). For normoxic culture, cells were incubated at 37 °C in a
humidified atmosphere of 21% O, and 5% CO,. Hypoxic cul-
ture 2% O,, 5% CO,) was established using a dedicated
hypoxic incubator chamber (AIPUINS) to simulate the tumor
microenvironment.

Living cell fluorescence imaging

A549 cells were seeded in 35-mm glass-bottom dishes and grown
to 60% to 70% confluence in complete DMEM. For colocaliza-
tion analysis, cells were first incubated with McL3@HSA (1 pM)
for 1 h and then stained with Hoechst 33342 (10 pg/ml), MTG
(100 nM), and LTG (100 nM) for 30 min. Subsequently, cells
were washed 3 times with PBS and maintained in phenol red-free
DMEM for imaging. Fluorescence images were acquired on a
Nikon C2 confocal microscope using the following excitation/
emission settings: McL3@HSA (488/550 to 750 nm), Hoechst
(405/440 to 480 nm), and MTG and LTG (488/500 to 540 nm).
Colocalization analysis and intensity quantification were per-
formed using Image] software.

Mitochondrial enrichment analysis

A549 cells (5 x 10° cells per well) were incubated with McL3
or McL3@HSA at a concentration of 10 pM for 4 h (control
cells were treated without the compounds). Cells were then
collected, and the mitochondrial and cytoplasmic fractions
were isolated by differential centrifugation. Protein concentra-
tions were normalized using a bicinchoninic acid (BCA)
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protein assay kit (Pierce, Rockford, IL), and the absorbance of
each fraction was measured by a UV-visible (UV-vis) absorp-
tion spectrophotometer.

Cell viability and cytotoxicity assay

A549 cells were seeded in 96-well plates at 5 x 10* cells per well.
After 24 h of incubation, the medium was replaced with 100 pl
of fresh medium supplemented with McL3@HSA at a series of
concentrations (0 to 20 pM). After 4 h of incubation, the plates
were divided into 2 sets: One set was 1rrad1ated with white light
(420-nm long-pass filter, 80 mW cm™ %) for 10 min, while the
other set was kept in the dark as a control. After irradiation, all
plates were incubated at 37 °C for an additional 4 h. Subsequently,
the medium was replaced with 100 pl of fresh serum-free
medium containing CCK-8 (10 pul) and incubated at 37 °C for
1 h. Absorbance at 450 nm was detected using a Spark multi-
mode plate reader. Cell viability was determined according to
the following equation: Viability (%) = (A, — A,)/(A, — A,) X
100%, where A, A,, and A_ represent the absorbance of the
treated wells, blank wells (medium plus CCK-8 without cells),
and untreated control wells, respectively.

Intracellular ROS detection

A549 cells were seeded into 35-mm confocal dishes and pre-
incubated for 12 h under either normoxic or hypoxic condi-
tions. Cells were then treated with McL3@HSA (1 pM) for 1 h.
To detect specific ROS, cells were subsequently incubated for
30 min with one of the following fluorescent probes: DHE
(5 pM) for «O,~, HPF (5 puM) for «OH, and SOSG (5 pM) for
'0,. Before light exposure, the probe-containing medium was
refreshed. Cells were then irradiated with white light (420-nm
long-pass filter, 80 mW cm™2 5 min); following a PBS wash,
confocal imaging was performed using a Nikon C2 confocal
microscope. Fluorescence signals were collected at 560 to
620 nm for DHE and at 500 to 540 nm for HPF and SOSG,
with all probes excited at 488 nm. Fluorescence intensity was
quantified using Image] software.

Live/dead cell staining assay

Cell viability was further assessed using a Calcein-AM/PI
double-staining kit. Calcein-AM produces green fluorescence
in live cells, whereas PI stains dead cells with red fluorescence.
A549 cells were seeded in 12-well plates at 5 x 10* cells per
well and incubated for 24 h. Cells were then treated with
McL3@HSA (5 pM) for 4 h and divided into 2 groups: One
group was 1rrad1ated with white light (420-nm long-pass filter,
80 mW cm™?, 10 min), and the other was kept in the dark as
a control. Subsequently, all cells were incubated for an additional
6 h. After washing with PBS, cells were stained with the
Calcein-AM/PI mixture according to the manufacturer’s instruc-
tions for 30 min at room temperature in the dark, followed by 3
PBS washes. Imaging was performed on an EVOS FL Auto 2
inverted fluorescence microscope using the following excitation/
emission settings: Calcein-AM (488 nm/500 to 550 nm) and
PI (561 nm/580 to 630 nm).

Flow cytometry analysis of apoptotic cells

A549 cells (2 X 10° cells per well in 12-well plates) were treated
with McL3@HSA (5 pM) for 4 h and then exposed to white
light (420-nm long-pass filter, 80 mW c¢cm™, 10 min) or kept
in the dark. Then, cells were allowed to incubate at 37 °C for
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another 12 h, harvested, stained with Annexin V-FITC/PI
according to the protocols of the manufacturer, and analyzed
immediately by flow cytometry (CytoFLEX).

TEM imaging of mitochondria

A549 cells were incubated with McL3@HSA (5 pM) for 4 h and
then exposed to white light (420-nm long-pass filter, 80 mW
cm™?, 10 min) or kept in the dark. Following treatment, cells
were further incubated for an additional 4 h and then harvested
and fixed in 2.5% glutaraldehyde for 24 h. The samples were
rinsed with PBS, post-fixed with 1% osmium tetroxide for 1 h,
and rinsed again with PBS. Subsequently, the cells were dehy-
drated through a graded EtOH series and embedded in EPON
resin. Ultrathin sections were prepared, stained with 1% uranyl
acetate and lead citrate, and imaged using a TEM (HT7800).

Animals and tumor models

All animal procedures were approved by the Animal Ethics
Committee of Northwestern Polytechnical University (202201035)
and conducted in accordance with the Guide for the Care and Use
of Laboratory Animals (8th edition, 2011). Female BALB/c nude
mice (5 weeks, 18 to 22 g) were purchased from Beijing Weitong
Lihua Experimental Animal Technology Co. Ltd. (Beijing, China).

Subcutaneous tumors were generated by subcutaneous injection
of A549 cells (containing 5 X 10° cells in 100 pl of PBS) into the
right ﬂank of recipient mice. After the tumor volume reached about
100 mm’, the mice were utilized for in vivo fluorescence imaging
and phototherapy. Tumor volume (V) = (length X width?)/2.

In vivo fluorescence imaging of tumors

A549 tumor-bearing BALB/c nude mice (n = 3) were intrave-
nously injected with McL3@HSA (200 pM, 80 pl) via the tail
vein. Fluorescence signals were monitored in vivo at specified
intervals (0 to 72 h). At 24 h post-injection, tumors and organs
were harvested for ex vivo imaging using an IVIS Spectrum
imaging system (excitation/emission: 480/620 nm).

In vivo phototherapy of tumors

A549 tumor-bearing BALB/c nude mice (tumor volume ~100 mm’)
were randomized into 4 groups (n = 5): PBS, PBS + light (L), McL3@
HSA, and McL3@HSA + L. Mice received intravenous injections of
PBS (80 pl) and McL3@HSA (200 uM, 80 pl) every 2 d. Following
injection, at the 8-h time point, the tumor region of mice in the
designated light groups was irradiated with white light (420-nm
long-pass filter, 80 mW cm 2, 10 min) while shielding the rest of the
body. Tumor volumes and body weights were recorded every 2 d
throughout the treatment period.

H&E and TUNEL staining

Tumors and organs (heart, liver, spleen, lungs, and kidneys)
were harvested from euthanized mice. After fixation in 4%
paraformaldehyde, tissue samples were dehydrated, followed
by paraffin embedding and sectioning at 5-pm thickness. For
histopathological examination, sections were stained with
H&E. Apoptosis was measured using the TUNEL assay accord-
ing to the manufacturer’s protocol.

Statistical analysis

All data were analyzed using GraphPad Prism software and are
presented as the mean + standard deviation (SD). For com-
parisons among multiple groups, one-way analysis of variance
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(ANOVA) followed by Tukey’s post hoc test was performed. A
difference was considered statistically significant where prob-
ability (P) values < 0.05.
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