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KEY WORDS Abstract The persistent high prevalence and poor survival outcomes of lung cancer underscore the
urgent need for innovative therapeutic modalities. Here, we present a novel multifunctional delivery plat-
form for the synergistic treatment of lung malignancies, combining in situ-triggerable photodynamic ther-
apy (PDT) with radiotherapy. The new platform CLL was developed by loading a new reactive oxygen
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Liposome; species (ROS)-triggerable photosensitizer, luminol-conjugated chlorin e6 (Ce6), into liposomes. CLL can
Reactive oxygen species; be activated through the bioluminescence resonance energy transfer effect under oxidative stress, thereby
Antitumor producing singlet oxygen for targeted tumor treatment without external irradiation. In vitro studies

showed significant cytotoxic effects of CLL in both 4T1 and A549 tumor cells. Furthermore, a PDT-

This article is part of a special issue entitled: Targeted Radiopharmaceuticals published in Acta Pharmaceutica Sinica B.
*Corresponding authors.
E-mail addresses: huangdingde @126.com (Dingde Huang), jxzhang@tmmu.edu.cn (Jianxiang Zhang), breakhp@163.com (Jiawei Guo).
"These authors made equal contributions to this work.
Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2025.06.026
2211-3835 © 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese
Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



4974

Chunsen Yuan et al.

radiopharmaceutical combination nanotherapy CLL-'""Lu was engineered by incorporating the radionu-
clide '""Lu into CLL. CLL-"""Lu demonstrated synergistic antitumor effects in 4T1 and A549 tumor
cells, as well as in mouse models of 4T1 breast cancer lung metastasis or A549 tumor xenografts. Mech-
anistically, CLL-'""Lu can induce singlet oxygen/ROS generation, enhance tumor cell apoptosis, and pro-
mote M1 macrophage-mediated immunotherapy. Preliminary assessments showed a favorable profile for
CLL-'""Lu, highlighting its potential as a promising nanotherapy for cancer treatment. Additionally, CLL
can serve as a versatile platform for delivering a range of therapies to achieve synergistic antitumor

effects.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lung cancer persists as the predominant neoplasm worldwide,
with high prevalence and mortality rates'. Despite advancement
of conventional treatments, such as surgery, chemotherapy, and
radiation therapy™*, the limited response rates and poor survival
outcomes in lung cancer patients highlight the urgent need for
novel and effective therapies”®. In recent decades, photodynamic
therapy (PDT) represents a revolutionary modality for cancer
therapy due to its non-invasiveness, high space-time selectivity,
limited susceptibility to drug resistance, and low-toxic side ef-
fects”!!. In the clinic, PDT has been successfully employed for
the treatment of lung, esophageal, prostate, bladder, non-
melanoma skin, and head and neck cancers'*'?. However, con-
ventional PDT regimens require laser irradiation and suffer from
non-specific activation of photosensitizers'*!>. Moreover, anti-
tumor effects of PDT are depth-limited due to the constraints in
light penetration within tissues'®. Additionally, some patients
experience photoallergic reactions that can impair the effective-
ness and patient compliance'”.

In this regard, in situ triggerable PDT approaches employing
self-luminescent materials as an internal irradiation source are
promising for treating deep-seated tumors, without the need to
consider the tissue penetration limitations and photoallergic
drawbacks associated with conventional PDT strategies. Instead of
relying on external activation, electronic excitations can be trans-
ferred to the photosensitizer molecules through chem-
iluminescence/bioluminescence resonance energy transfer (CRET/
BRET), fluorescence resonance energy transfer, or Cherenkov ra-
diation energy transfer'®. The CRET/BRET effect is particularly
appealing for developing the “auto-PDT” platform, which has
emerged as a promising modality for PDT. Key components of
CRET/BRET systems include suitable electronic donors and ac-
cepters, where donor molecules can be activated in vivo through
biochemical reactions. This process enables the transfer of excited-
state energy to photosensitizers for PDT activation without the
need for external light. By leveraging these mechanisms, various
combinations such as luciferase-luciferin Rose Bengal'®, %Zr-
chlorin 6 (Ce6)*°, RLuc8 protein-QD655-Ce6', luminol-FeSO,-
protoporphyrin IX?', and Ce6-luminol®, have been constructed in
the form of nanoparticles and investigated in preclinical studies. In
different animal models of cancers, these in-sifu triggerable PDT
nanotherapies have demonstrated promising antitumor activities.
Of note, nanoplatforms were found beneficial for increasing the
effectiveness of in-situ PDT regimens. Nevertheless, PDT alone
displays considerable limitations in clinical treatments of cancers,
mainly resulting from their complexity and heterogeneity®*-2S.

Furthermore, the effectiveness of PDT is notably compromised in
lung cancer patients with larger, peripheral, and advanced tumors.
This limitation has heightened the urgent need to explore combi-
nation therapy strategies that integrate PDT with other intervention
options to improve antitumor efficacy?’?®. Rationally engineered
combination therapies integrating in-situ PDT with other clinical
treatment modalities are better positioned to afford desirable
therapeutic effects.

Recently, the latest guidelines on PDT by the European
Dermatology Forum and the British Association of Dermatolo-
gists have strongly recommended the integration of PDT with
other therapeutic modalities, particularly for treating Bowen’s
disease and nodular basal cell carcinoma, based on compelling
evidence of their efficacy?®. Notably, clinical trials have demon-
strated the superiority of ranibizumab in combination with PDT
compared to ranibizumab alone for the treatment of polypoidal
choroidal vasculopathy°. Also, pre-clinical studies have indicated
that core—shell polymer nanoparticle-mediated PDT can signifi-
cantly enhance therapeutic efficacy of anti-PD-L1 immune
checkpoint blockers in a murine model of metastatic triple-
negative breast cancer’’. Additionally, M-SAO@SiO, nano-
particles, engineered by encapsulating a photosensitizer mer-
ocyanine 540 and a luminescent material SrALO,:Eu®" within
mesoporous silica, showed significantly enhanced antitumor effi-
cacy for X-ray treatment after combination with PDT??. Further-
more, Cherenkov-induced PDT combined with °®Ga, a PET
imaging radionuclide, afforded synergistic antitumor activity in
B16F10 cells in vitro. Promising tumoricidal effects were also
found when PDT was combined with other therapeutic radionu-
clides, such as “°Y**. Despite the great potential of PDT
combining chemotherapies, immune therapies, and radionuclide
therapies in achieving synergistic antitumor effects, the majority
of these PDT combinations have complicated structures based on
non-degradable and/or non-biocompatible materials, leading to
difficulties in cost-effective mass production and quality control as
well as in vivo safety concerns from the viewpoint of clinical
translation. Further, external irradiation sources are necessary for
these PDT-based combination therapies.

On the other hand, recent clinical studies on the application of
radionuclide therapies or PDT have highlighted the necessity of
combination therapy. Notably, this combination can improve the
overall health status in over 80% of patients and facilitate the
initiation of radiotherapy®*3®. When PDT is integrated with
radiotherapy, it enhances tumor sensitivity to radiation, potentially
reducing exposure time or the required radiation dose, while also
generating reactive oxygen species (ROS) that boost antitumor
efficacy’’°. Moreover, the combination of PDT with local
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radiotherapy is effective in alleviating airway obstruction in pa-
tients***'.  Additionally, radionuclide therapies can augment
therapeutic effects of PDT through Cherenkov radiation, mainly
by addressing depth dependency and providing additional
tumoricidal effects®***** Notably, the '""Lu nuclide, a frequently
utilized therapeutic metal nuclide in the clinic, exhibits optimal
half-life of 6.65 days and a maximum energy of 498 keV, enabling
tissue penetration over an average range of 670 pm***.
Furthermore, '"’Lu causes minimal damage to surrounding
healthy tissues and exhibits a less impact on bone marrow
following radiation in the target lesions. In 2018, the FDA
approved '7"Lu-DOTATATE for tumor therapy, which can be used
for treating prostatic cancer, lung cancer and other malignancies*®.
However, some disadvantages of '"’Lu-derived therapies remain
to be addressed, such as short half-life in blood circulation, non-
specific distribution in non-target organs, and short retention and
poor accumulation in the tumor tissues*’, thus emphasizing the
need for novel delivery strategies.

Herein, we report a novel multifunctional platform integrating
PDT and a radionuclide for synergistically treating lung malig-
nancies (Scheme 1). An in situ triggerable compound, i.e., Ce6-

Scheme 1

luminol conjugate (CL), was first synthesized. CL can be effi-
ciently loaded into liposomes, giving rise to a PDT nanotherapy
CLL that can be activated in the tumor microenvironment,
resulting from the CRET effect of CL under oxidative stress. After
demonstrating in vitro antitumor effects of CLL, a PDT combi-
nation nanotherapy was developed by packaging '”'Lu into CLL.
In-depth in vivo studies were then conducted to examine thera-
peutic effects of the engineered PDT liposomes in mice bearing
lung tumor xenografts and a mouse model of breast cancer lung
metastasis. Antitumor mechanisms of PDT liposomes were also
explored by in vitro and in vivo studies.

2. Materials and methods
2.1. Materials

1,2-Dihexadecanoyl-rac-glycero-3-phosphocholine (DPPO),
dimethylformamide (DMF), N,N-diisopropylethylamine (DIPEA),
dimethyl sulfoxide (DMSO), 2-(7-azabenzotriazol-1-yl)-N,N,N’,
N'-tetramethyluroniumhexafluorophosphate (HATU), and luminol

Schematic illustration of engineering of dual-functional liposomes for simultaneous in situ-triggered photodynamic therapy (PDT)

and radiotherapy. (A) A sketch showing the facile development of dual-functional liposomes for the synergistic treatment of cancers by ROS-
activatable PDT and '""Lu-mediated radiotherapy. (B) Chemical structure and synthesis of a ROS-triggerable photosensitizing material, ie.,
luminol-conjugated Ce6 (CL), as well as preparation of CL-containing PDT liposomes (CLL) and dual-functional liposomes containing CL and

7Ly (CLL-'""Lu).
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were purchased from Aladdin Inc. (Shanghai, China).
2/, 7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) and cell
counting kit-8 (CCK8) were obtained from MedChemExpress
(Elizabeth, NJ, USA). Cholesterol (CHOL), 1,4,7,10-
tetraazacyclododecane-N,N',N,N' -tetraacetic acid (DOTA), and
2-quinolinol (2-HQ) were provided by Macklin Co., Ltd.
(Shanghai, China). Liberase and 4',6-diamidino-2-phenylindole
(DAPI) were obtained from Sigma—Aldrich (Saint Louis, MO,
USA). ACK lysis buffer and deoxyribonuclease (DNase I) were
purchased from Solarbio Co., Ltd. (Beijing, China). 1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DSPE-PEG) was purchased from Xi’an
Ruixi Biological Technology Co., Ltd. (Xi’an, China). Chlorin e6
(Ce6) was obtained from Frontier Scientific Inc. (Newark, NJ,
USA). HEPES and terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) agent and singlet oxygen sensor green
reagent were purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Si-DMA agent was purchased from Dojindo
Laboratories (Kumamoto-Ken, Japan). G-25 column was pur-
chased from Bersee (Beijing, China). '""Lu was supplied by the
Affiliated Hospital of Southwest Medical University (Luzhou,
China). Dulbecco’s modified Eagle’s medium (DMEM), Roswell
Park Memorial Institute (RPMI)-1640 medium, and fetal bovine
serum (FBS) were obtained from HyClone Laboratories (Logan,
UT, USA). Annexin V-FITC (Annexin V) detection kit was ob-
tained from Elabscience Biotechnology Co., Ltd. (Wuhan, China).
iNOS monoclonal antibody-Alexa Fluor 488 was purchased from
Thermo Fisher Scientific Inc. (Waltham, MA, USA).

2.2.  Synthesis and characterization of luminol-conjugated Ce6
(CL)

A new in situ activatable photosensitizer, i.e., CL, was synthesized
by directly conjugating luminol with Ce6. Specifically, 20 mg Ce6
and 57.3 mg HATU were weighed in a stub vial, vacuumed, and
nitrogen-ventilated before 8 mL of DMF was added in an ice bath,
which was then dissolved, followed by injection of 0.1 mL of
DIPEA. After reaction for 0.5 h, 14.2 mg luminol dissolved in
2 mL of DMF was added and allowed for reaction for 24 h. Then
the solution was vortexed and concentrated. The reaction solution
was extracted three times with ethyl acetate, washed three times
with dilute hydrochloric acid (0.5 mol/L), dried with anhydrous
magnesium sulfate, filtered, and dried overnight under vacuum.
The obtained dark green powder CL was characterized using 'H
NMR (Agilent, 600 MHz DD2, Santa Clara, CA, USA), Fourier
transform infrared (FT-IR, PerkinElmer, Spectrum 100, Waltham,
MA, USA), and matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectroscopy (Shimadzu, Maldi-
7090, Kyoto, Japan).

2.3.  Fabrication of CL-containing liposomes

DPPC, CHOL, CL, and DSPE-PEG were dissolved in a mixture of
chloroform and methanol with a volume ratio of 9:1. The weight
ratio of DPPC to CHOL was 10:1, and the DPPC/CL weight ratio
was 10:1. The total molar content of DSPE-PEG was 5% (mol/mol).
Once all these materials were fully dissolved, the solvent was
removed by rotary evaporation, resulting in the formation of a
uniform film. Hydration was performed by adding 10 mL of
deionized water to the film, followed by heating the solution to
40 °C in a rotary evaporator and rotating at a consistent speed for
10 min. Subsequently, the mixture was subjected to sonication in a

water bath for 15 min, at a sonication power of 40 W and with an
interval of 1 s for 2 min. Then the supernatant was collected to
obtain the CL-containing liposomes (CLL).

2.4.  Fabrication of CL/'”’ Lu-containing liposomes (CLL-"""Lu)
and liposomes containing *”’Lu (L-"""Lu)

Preparation of the uniform film was carried out following the same
procedures described for CLL. During the hydration step, 2 mL of
HEPES buffer containing 2 mg DOTA was added. After heating
and spinning, the system was sonicated and centrifuged to obtain
DOTA-loaded liposomes. Moreover, un-encapsulated DOTA in
the liposome solution was removed using a G-25 desalting col-
umn. Subsequently, the liposome solution was incubated with a
""Lu solution containing 0.314 mmol/L 2-HQ for 1 h at 37 °C.
The G-25 desalting column was also used to remove free '”’Lu.
Then CL/'""Lu-loaded liposomes were obtained, which were
denoted as CLL-'""Lu. To optimize the encapsulation efficiency
of ""Lu, '"Lu-loaded liposomes were prepared using various
77Lu/DPPC feeding ratios, including 0.5:1, 1:1, and 2:1 (mCi:mg,
1 mCi = 37 MBq). Following the similar procedures, '"’Lu-
containing liposomes (L-'""Lu) were prepared.

2.5.  Characterization of different liposomes

The particle size and {-potential values of CLL, L-'"""Lu, and
CLL-'""Lu were measured using a Malvern Zetasizer Nano ZS
instrument (Malvern, ZEN3690, Worcs, UK) at 25 °C. Trans-
mission electron microscopy (TEM, Thermo Fisher, TECNAI-10,
Waltham, MA, USA) was employed to observe the morphology of
different liposomes after staining with 2% phosphotungstic acid.
Radioactivity was measured after L-'""Lu or CLL-'""Lu was
purified to calculate encapsulation efficiency of '""Lu. Further-
more, the loading content of CL was measured using a
UV—Visible spectrophotometer. To determine the colloidal sta-
bility of CLL-"""Lu in different media, CLL-'""Lu was dispersed
in deionized water, PBS (pH 7.4), RPMI-1640 medium, DMEM,
and FBS. During varying time periods, variations in the particle
size were measured. Furthermore, the fluorescence spectra of CLL
and CLL-"""Lu in water were measured using a fluorescence
spectrophotometer (Hitachi, F-7000, Tokyo, Japan), while Ce6
and CL dissolved in DMSO served as controls.

2.6.  Evaluation of the CRET effect and ROS-responsive
character of CL

To test the CRET effect, CL at 0.05 mg/mL CL and an equivalent
of luminol were added into a black 96-well plate. After the
addition of 100 mmol/L H,O,, luminescence images were
captured with or without various emission filters (580, 640, 680,
740, and 780 nm), in the absence of external light (Vilber, Newton
7.0, Paris, France). Furthermore, the ROS-responsive character of
CL or CLL at 50 pg/mL was assessed at H>O, concentrations
varying from O to 200 pmol/L, and images were taken with an
exposure time of 5 min.

2.7.  Cell culture

Human non-small cell lung cancer A549 cells were cultured in
DMEM containing 10% FBS and 1% penicillin/streptomycin at
37 °C and 5% CO,. Mouse breast cancer 4T1 cells and 4T1-GFP
cells were cultured in RPMI 1640 supplemented with 10% FBS
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and 1% penicillin/streptomycin. L929 mouse fibroblasts and
H9C2 rat cardiomyocytes were cultured in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 °C in a 5%
CO, incubator.

2.8.  Invitro cellular uptake of CLL, '”’Lu, and CLL-"""Lu in
4TI or A549 cells

To evaluate cellular uptake of CLL and CLL-'""Lu in 4T1 cells,
1 x 10° cells were seeded into 24-well plates and incubated
overnight for cell attachment. Then cells were separately incu-
bated with 1 mL of fresh medium containing CLL or CLL-'""Lu
at 50 pg/mL. Following incubation for predetermined durations of
time (0, 15, 30, 60, 120, and 240 min), the culture medium was
removed, and cells were washed twice with sterile PBS before
undergoing trypsinization. The cells were collected by centrifu-
gation at 1000 rpm (Eppendorf, 5804R, Hamburg, Germany) for
5 min and resuspended in 200 pL of pre-cooled PBS. The intra-
cellular fluorescence intensity of CL was measured by flow
cytometry (Becton Dickinson, FACSCelesta, Franklin Lakes, NJ,
USA).

Moreover, confocal laser scanning microscopy (CLSM, Zeiss,
LSMB800, Oberkochen, Germany) was utilized to further investi-
gate cellular uptake profiles. To this end, sterile slides were ar-
ranged into 24-well plates and exposed to 1 mL of culture medium
containing 1 x 10° 4T1 cells. Following the same experimental
procedures as mentioned above, 4T1 cells were treated with
paraformaldehyde for 10 min and stained with DAPI for 5 min.
After treatment with an anti-fluorescence quenching blocker,
fluorescence images were acquired by CLSM (Zeiss). In a sepa-
rate study, the phagocytic capacity of A549 cells towards CLL or
CLL-'"""Lu was also evaluated by flow cytometry (Becton Dick-
inson) and CLSM (Zeiss) based on the aforementioned experi-
mental protocols.

To compare differences in cellular uptake behaviors among
CLL, """Lu, and CLL-"""Lu, 1 x 10° 4T1 cells or A549 cells were
seeded into 24-well plates and incubated overnight to facilitate
cell attachment. Subsequently, the cells were separately treated
with 1 mL of aqueous solution containing 50 pg/mL CLL,
50 pg/mL CLL-'""Lu, or 3.3 MBg/mL ""’Lu. The control group
was treated with fresh medium alone, and the radioactivity of
""7Lu was equal to that in CLL-'""Lu. After incubation for 4 h, the
culture medium was removed, and cells were rinsed twice with
sterile PBS and subjected to trypsinization. Following centrifu-
gation at 1000 rpm (Eppendorf) for 5 min, the cells were resus-
pended in 200 pL of pre-cooled PBS. The intracellular
fluorescence intensity of CL was quantified using flow cytometry
(Becton Dickinson), while the radioactivity of 7Ly in the cells
was measured using a y-counter (USTC Zonkia, GC-911, He Fei,
China).

2.9.  Invitro antitumor activities of CLL, ! 77Lu, and CLL-"""Lu

To assess the antitumor activity of CLL, 1 x 10* 4T1 cells were
inoculated in 96-well plates and allowed to fully attach overnight.
Different concentrations of CLL (ranging from 0 to 200 pg/mL)
were added, while blank liposomes without CL were used as a
control. After incubation for 24, 48, or 72 h, the culture medium
was removed and replaced with solution containing 10 pL of the
CCKS reagent. Following 2 h of incubation, the absorbance at
450 nm was measured to calculate cell viability. Similar proced-
ures were followed to evaluate antitumor effects of CLL in

A549 cells. In parallel, the antitumor activity of CLL and
CLL-"""Lu were further examined in 4T1 or A549 cells, with
concentrations ranging from 0 to 1000 pg/mL, to determine the
half maximal inhibitory concentration (ICsy) of CLL and
CLL-"""Lu. Briefly, 1 x 10* 4T1 cells were incubated in 96-well
plates and allowed to adhere overnight, followed by addition of
CLL or CLL-'""Lu. After incubation for 48 h, the absorbance at
450 nm was measured to calculate cell viability (Molecular de-
vices, Emax plus, Sunnyvale, CA, USA).

In a separate study, antitumor effects of CLL, '"’Lu, and
CLL-"""Lu were further compared, using 1 x 10* 4T1 cells or
A549 cells seeded into 96-well plates. After overnight incubation,
cells were treated with '"’Lu with the radioactivity ranging from
0 to 13.3 MBg/mL, while the concentrations of CLL and
CLL-""Lu varied from 0 to 200 pg/mL. The radioactivity levels
in CLL-"""Lu also ranged from 0 to 13.3 MBg/mL. After treat-
ment for 24, 48, and 72 h, cell viability was determined via CCK8
assay.

2.10.  Cytotoxicity evaluation of CLL and CLL-"""Lu in non-
tumor cells

To evaluate the cytotoxicity of CLL and CLL-'""Lu in non-tumor
cells, L929 mouse fibroblasts or H9C2 rat cardiomyocytes were
seeded in 96-well plates at 1 x 10* cells per well and cultured for
12 h. Subsequently, various concentrations of CLL or CLL-'""Lu
(ranging from O to 1000 pg/mL) were added and incubated for
24 h. Thereafter, the supernatant was removed and replaced with
100 pL of fresh medium containing 10 pL of the CCK-8 reagent.
Following 1 h incubation, the absorbance at 450 nm was measured
to assess the cell viability of fibroblasts and cardiomyocytes.

2.11.  Invitro evaluation of intracellular ROS generation in 4T1
or A549 cells treated with CLL, I77Lu, or CLL-"Lu

Firstly, the influence of CLL on intracellular ROS generation was
investigated. A total of 1 x 10° 4TI cells or A549 cells were
seeded in each well of 24-well plates. After overnight incubation,
cells were exposed to 1 mL of different concentrations of blank
liposomes or CLL, varying from O to 200 pg/mL. After 24 h of
incubation, the cells were washed twice using sterile PBS prior to
the addition of a medium containing 10 pmol/L DCFH-DA.
Following 20 min of incubation, the supernatant was discarded,
and the cells were washed twice using sterile PBS. Then the cells
were trypsinized, collected by centrifugation at 1000 rpm
(Eppendorf) for 5 min, and resuspended in 200 pL of pre-cooled
PBS. The fluorescence intensity of DCFH-DA was measured by
flow cytometry (Becton Dickinson).

Further, the ROS-inducing capacity of CLL, 7Lu, and
CLL-"""Lu were compared in 4T1 cells or A549 cells. Briefly,
1 x 10° 4T1 or A549 cells were seeded in each well of 24-well
plates and incubated overnight. Subsequently, the cells were
separately treated with 1 mL of aqueous solution containing
50 pg/mL CLL, 50 pg/mL CLL-'""Lu, or 3.3 MBg/mL '"’Lu. The
control group was treated with fresh medium alone. The radio-
activity of '"’Lu was equal to that in CLL-'""Lu. Following the
aforementioned treatment procedures, the fluorescence intensity
of DCFH-DA was quantified by flow cytometry (Becton Dick-
inson). Moreover, confocal images were captured to evaluate the
intracellular ROS levels. For this purpose, sterile slides were
positioned in 24-well plates, onto which either 4T1 or A549 cells
were planted and treated with CLL, CLL-"""Lu, or '""Lu. After
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staining with DAPI and DCFH-DA, CLSM (Zeiss) observation
was performed.

Following similar procedures, the dose-dependent effects of
CLL-"""Lu on intracellular ROS generation were also investigated
in 4T1 and A549 cells by flow cytometry (Becton Dickinson) and
CLSM (Zeiss). The effects of '""Lu on intracellular ROS generation
were assessed in 4T1 cells by flow cytometry (Becton Dickinson).
The cell density was kept at 1 x 10’ cells/well. The radioactivity of
"7"Lu was changed from 0.7 to 13.3 MBg/mL, while the concen-
tration of CLL-'""Lu ranged from 0 to 200 pg/mL (equivalent to
the radioactivity of 0—13.3 MBg/mL). After 24 h of incubation, the
same treatments were implemented before measurements via flow
cytometry (Becton Dickinson) and CLSM (Zeiss).

2.12.  In vitro evaluation of singlet oxygen ('0,) generation
capacity of CLL

The 'O, generation ability of CLL in a cuvette was measured with
the singlet oxygen sensor green (SOSG) reagent. Firstly, different
doses of CLL (varying from 0 to 50 pg/mL) were mixed with
100 mmol/L H,O,. Then, 5 pmol/L SOSG was added into each
well to initiate the reaction and fluorescence intensity was deter-
mined using a spectrofluorometer at excitation/emission wave-
lengths of 504/535 nm after 0.5 h incubation. Furthermore, the
effect of various concentrations of H,O, (including 0.01, 0.1, 1,
and 10 mmol/L) at a fixed CLL concentration of 50 pg/mL was
evaluated using the same method.

In a separate study, confocal images were captured to evaluate
the dose-dependent effects of CLL on 'O, generation in 4T1 and
A549 cells. Briefly, sterile slides were positioned in 24-well
plates, onto which either 4T1 or A549 cells were planted at a
density of 1 x 10° cells per well and treated with various CLL
concentrations (from 0 to 200 pg/mL). After 24 h of incubation,
the cells were stained with 75 nmol/L Si-DMA and incubated for
another 24 h. Then CLSM (Zeiss) observation was performed.

2.13.  Invitro evaluation of apoptosis of 4T1 and A549 cells
after treatment with CLL, 1771w, or CLL-"""Lu

Briefly, 3 x 10° 4T1 cells were seeded into 6-well plates in each
well. The cells were treated with 1 mL of culture medium con-
taining 50 pg/mL CLL, 50 pg/mL CLL-'""Lu, or 3.3 MBg/mL
"7"Lu for 24 h. Cells treated with fresh medium served as the
control. Following incubation, the cells were trypsinized, washed
twice with PBS, and resuspended in 200 pL of Annexin V binding
buffer. Subsequently, Annexin V and DAPI were added and
incubated at room temperature for 20 min in the dark, followed by
analysis via flow cytometry (Becton Dickinson). In addition,
5 x 10* 4T1 cells were seeded onto sterilized glass coverslips in
12-well plates overnight. The cells were treated with CLL, '""Lu,
or CLL-"""Lu and incubated for 24 h. After fixation with 4%
paraformaldehyde, TUNEL apoptosis analysis was conducted
according to the manufacture’s protocol. Fluorescence microscopy
observation was performed using CLSM (Zeiss). The same pro-
tocols were applied to evaluate the effects of CLL, '"’Lu, and
CLL-"""Lu on apoptosis of A549 cells.

2.14.  Invitro evaluation of macrophage M1 polarization after
treatment with different liposomes

RAW264.7 macrophages were seeded at a density of 1 x 10’ cells
per well in 24-well plates and allowed to incubate overnight. Then

cells were treated with 1 mL of 50 pg/mL CLL, 50 pg/mL
CLL-""Lu, or 3.3 MBg/mL '""Lu. The control group was
treated with fresh medium. After 24 h, the culture medium was
removed and the cells were thoroughly washed twice using sterile
PBS, trypsinized, and collected via centrifugation at 1000 rpm
(Eppendorf) for 5 min. Subsequently, the cells were incubated
with CD86 and F4/80 antibodies for 30 min, followed by centri-
fugation and PBS washing before resuspension in 200 pL of pre-
chilled PBS. Finally, the cells were analyzed by flow cytometry
(Becton Dickinson). Following the same procedures, the dose-
dependent effects of CLL-'""Lu on macrophage M1 polarization
was also examined. In this case, the doses of CLL-'""Lu ranged
from 0, 10, 20, 50, 100, to 200 pg/mL.

In another study, RAW264.7 cells were seeded at a density of
1 x 10° cells per well in 24-well plates and incubated overnight.
Subsequently, the cells were treated with various doses of CLL,
"Ly, or CLL-"""Lu. The control group was treated with fresh
medium. After 24 h, the culture medium was removed, and the
cells were incubated with iNOS antibody for 30 min prior to
CLSM (Zeiss) observation.

To explore the mechanism underlying the macrophage
phenotype-regulating capability of CLL-'""Lu, RAW264.7 cells
were planted at a density of 1 x 10° cells per well in 24-well
plates and incubated overnight. Then the cells were treated with
200 pg/mL CLL—177Lu, while the cells treated with medium alone
served as a control. After 24 h of incubation, the cells were
collected for RNA-sequencing (RNA-seq) analysis by the standard
procedures.

2.15. Animals

Male and female BALB/c mice (18—20 g, 6—8 weeks old) were
obtained from the Army Medical University Animal Center. Male
nude mice (18—20 g, 6—8 weeks old) were supplied by Ensiweier
Co., Ltd. (Chongqing, China). Animal care and experimental
procedures were approved by the Animal Ethical and Experi-
mental Committee of Army Medical University (Third Military
Medical University, Chongqing, China).

2.16.  Biodistribution and pharmacokinetic profiles of
CLL-"""Lu in tumor-bearing mice

A549 tumor xenografts were established in nude mice by subcu-
taneous injection of 1 x 107 cells into the right axilla***°. When
the tumor volume reached 100 mm?, different treatments were
performed. To investigate the distribution of CLL-'""Lu in tumor
tissues, 200 pL of 125 pg/mL CLL-'""Lu was administrated by
intravenous (i.v.) injection through the tail vein in mice. Mice
treated with the same dose of CL served as the control. At 24 and
48 h after treatment, in vivo imaging was carried out after the mice
were anaesthetized with isoflurane.

In a separate study, the pharmacokinetic and tissue distribution
profiles of CLL-'""Lu were investigated in mice with 4T1 tumors.
Briefly, female BALB/c mice were injected subcutaneously with
2 x 10° cells into the left abdominal mammary fat pad to establish
a 4T1 tumor model. Once the tumor volume reached approxi-
mately 80 mm?>, the mice received i.v. injection of 200 pL of
625 pg/mL CLL-'""Lu through the tail vein. Mice treated with
saline served as the control. In vivo imaging (Vilber) was con-
ducted at various time points (0, 2, 6, 12, 24, 48, and 72 h) after
anaesthetizing with isoflurane. Then the mice were euthanized to
collect tumors, major organs (including the heart, liver, spleen,
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lung, and kidney), and blood samples, which were subjected to
ex vivo imaging, with an excitation wavelength of 640 nm. To
determine the concentrations of CLL-'""Lu in blood samples,
40 pL of CLL-'"Lu with concentrations ranging from 0 to
625 pg/mL, was mixed with an equal volume of the blank murine
blood in a black 96-well plate. Subsequently, fluorescence in-
tensities were measured and the standard curve was established.

2.17.  Invivo antitumor effects of CLL-"""Lu in a mouse model of
breast cancer lung metastasis

A mouse model of breast cancer lung metastasis was established
by i.v. injection of 1 x 107 4T1-GFP cells via the tail vein of
BALB/c mice. Treatment was conducted when lung metastases
became evident, i.e., approximately 4 weeks after cell injection™°.
After 4 weeks, the model mice were randomly assigned to four
groups (n = 5). The model group received PBS via the tail vein,
while the remaining three therapy groups were treated with
CLL-""Lu at 0.19, 0.37, and 0.74 GBg/kg according to the
radioactivity of '""Lu in CLL-'""Lu. The same treatment was
repeated one week later. At the 5th day subsequent to the second
administration, the mice were euthanized, and lung tissues were
collected for analysis of 4T1-GFP tumor cells via flow cytometry.
Furthermore, the ROS levels in the tumor tissues were quantified
by both flow cytometry (Becton Dickinson) and fluorescence
microscopy (Zeiss). In addition, tumor tissue sections were pre-
pared for histological examination of the iNOS expression levels
and cell apoptosis using TUNEL staining.

In a separate study, in vivo antitumor efficacies of CLL, '""Lu,
and CLL-'""Lu were compared in mice with breast cancer lung
metastasis. In this case, the model group received PBS, while the
other three groups were separately treated with CLL at 5 mg/kg,
""Lu at 0.37 GBg/kg, and CLL-'""Lu at 0.37 GBg/kg (equals to
CLL at 5 mg/kg). After different treatments, the mice were
euthanized and lung tissues were harvested. The counts of 4T1-
GFP tumor cells, ROS levels, M1 macrophages, and apoptotic
cells in tumor tissues were also analyzed according to the afore-
mentioned procedures. In addition, CD4" and CD8" T cells in
blood samples were quantified by flow cytometry (Becton
Dickinson).

2.18.  Antitumor efficacy of CLL-"""Lu in mice with A549
xenograft tumors

A549 xenograft tumors in mice were established by i.v. injection
of 1 x 107 A549 cells into the right axilla of nude mice. After 10
days, mice were randomly assigned into four groups. Three
therapy groups were treated with CLL-'"""Lu at 0.19, 0.37, and
0.74 GBg/kg of '""Lu by i.v. injection, while mice in the control
group were treated with PBS. Mice were administered with
CLL-"""Lu or PBS twice at an interval of 7 days. During the
treatment period, the tumor volumes were monitored every three
days using calipers. Five days after the second administration,
mice were euthanized, and tumor tissues were collected, photo-
graphed, and weighed. Apoptotic cells in the tumors were
analyzed by flow cytometry. Tumor cryosections were also
observation by confocal microscopy after TUNEL staining.
Similarly, ROS levels and the proportion of M1 macrophages in
tumor tissues were analyzed. In another cohort study, therapeutic
effects of '""Lu, CLL, and CLL-"""Lu were compared in mice
with A549 tumor xenografts. In this case, mice were separately
treated with PBS, '"’Lu at 0.37 GBg/kg, CLL at 5 mg/kg, and

CLL-"""Lu at 0.37 GBg/kg (equals to CLL at 5 mg/kg). After
different treatments, mice were for different analyses.

2.19.  Comparison of antitumor effects of CLL-"""Lu and L-""" Lu
in mice with 4T1 or A549 xenograft tumors

To compare antitumor efficacy of CLL-'""Lu, CL, and L—'77Lu,
4T1 tumors in female BALB/c mice were established by i.v. in-
jection of 2 x 10° 4T1 cells into the left abdominal mammary fat
pad. Once the tumor volume reached approximately 80 mm?, the
mice were randomly assigned into six groups, with five mice per
group. Tumor-bearing mice were separately administered the
following treatments at 7-day intervals over a 33-day period,
including PBS, CL at 0.26 mg/kg, CLL at 5 mg/kg (equals to CL
at 0.26 mg/kg), '""Lu at 0.37 GBg/kg, L-'""Lu at 0.37 GBg/kg,
and CLL-'"""Lu at 0.37 GBg/kg (equals to CLL at 5 mg/kg).
During the treatment period, tumor volumes were monitored. On
Day 7 following the third administration, mice were euthanized,
and tumor tissues were harvested, weighed, and imaged. Lung
tissues were also examined for tumor metastasis through H&E
staining. Apoptosis analysis was performed after TUNEL staining
and observation with confocal microscopy. Similarly, ROS levels
were assessed by DHE staining. The proportion of M1 macro-
phages was evaluated by quantifying the iNOS expression levels,
while tumor vascularization was analyzed by CD31 staining.

Moreover, antitumor activity of different liposome therapies
was evaluated over a 43-day period in mice with A549 xenograft
tumors. In this case, tumors were established by i.v. injection of
1 x 107 A549 cells into the right axilla of nude mice. After 15
days, mice were randomly divided into six groups, and received
different treatments at 7-day intervals, including PBS, CL at
0.26 mg/kg, CLL at 5 mg/kg (equals to CL at 0.26 mg/kg), '""Lu
at 0.37 GBg/kg, L-'""Lu at 0.37 Gbg/kg, and CLL-'""Lu at 0.37
GBg/kg (equals to CLL at 5 mg/kg). Tumor volumes were
measured throughout the treatment period. On the 28th day, mice
were euthanized for different analyses following the aforemen-
tioned procedures.

2.20.  In vivo safety evaluation of CLL-"""Lu

During in vivo anti-tumor treatment, the body weight of all mice
was recorded every three days. After treatment, blood samples
were collected for quantification of typical hematological pa-
rameters, including white blood cells, hemoglobin, and platelets.
Serum levels of markers relevant to liver and kidney functions
were also detected, such as alanine aminotransferase (ALT),
aspartate aminotransferase (AST), blood urea nitrogen (UREA),
and creatinine (CREA). Moreover, histological analyses were
conducted for tissue sections of the heart, liver, spleen, lung, and
kidney following H&E staining.

In addition, normal female BALB/c mice (aged 6—8 weeks,
weighing 18—22 g) were randomly assigned to three groups
(n = 5). The control group received i.v. injection of 200 pL of
saline. The CLL-'""Lu groups were treated with an equivalent
volume of CLL-'""Lu at either a low dose of 1.5 GBg/kg or a high
dose of 3.0 GBg/kg. During the experimental period, the body
weight of mice in each group was measured every 4 days, and
their behaviors were systematically observed. On the 32nd day
post-injection, all mice were euthanized, and blood samples were
collected for liver/kidney function analyses. Additionally, major
organs were excised, weighed, and subjected to H&E staining for
histological analysis.
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2.21.  Statistical analysis

All quantitative data are presented as means £ standard deviation
(SD). Statistical analysis was conducted with the software of
SPSS23 (IBM, USA) using a one-way ANOVA test with multiple
comparisons for experiments containing more than two groups.
One-way ANOVA with a two-tailed, unpaired r-test was per-
formed for two-group experiments. P < 0.05 is considered sta-
tistically significant.

3. Results and discussion

3.1. Engineering and physicochemical characterization of in
situ pathologically activatable PDT liposomes based on a ROS-
triggerable photosensitizer

An in situ ROS-activatable photosensitizer, i.e., CL, was synthe-
sized by conjugating luminol with Ce6 (Scheme 1). Measurement
by FT-IR, 'H NMR, and MALDI-TOF mass spectrometry
revealed successful conjugation of luminol on Ce6 (Supporting
Information Fig. S1A—S1C). Specifically, FT-IR spectroscopy
revealed appearance of a carbonyl stretching vibration peak
ranging from 1715 to 1828 cm™', suggesting the formation of a
new amide bond resulting from covalent linking between the
carboxyl group of Ce6 and the amino group of luminol. The 'H
NMR spectrum indicated characteristic proton peaks at
8.1—8.4 ppm corresponding to hydrogen atoms in double bonds of
Ce6, while the proton signals at 7.5—8.0 ppm suggested the
presence of the benzene ring in luminol. Calculation based on the
"H NMR spectrum indicated that approximately two luminol units
were conjugated onto each Ce6. Furthermore, MALDI-TOF mass
spectrometry affirmed the conjugation of 1—2 luminol units per
Ce6 molecule. Fluorescence spectroscopy showed that CL dis-
played fluorescence properties similar to Ce6, with maximal
emission at 675 nm upon excitation at 407 nm (Fig. S1D).

In the presence of H,O,, both luminol and CL showed notable
luminescence signals when no emission filters were applied
(Supporting Information Fig. S2A and S2B). By contrast, when
filters with different emission wavelengths were used, no lumi-
nescence was detected for luminol, while CL displayed notable
luminescence at 680 and 740 nm. This result suggested that the
luminol group in CL can be activated by ROS, which facilitates
the transfer of excited-state energy to the Ce6 unit, thereby
resulting in long-wavelength luminescence. Consequently, CL
demonstrated a significant CRET effect. Furthermore, lumines-
cence imaging and quantitative analysis revealed that CL exhibi-
ted CRET effects even under low ROS conditions (Fig. S2C).

To engineer in situ activatable PDT liposomes, CL-loaded li-
posomes (defined as CLL) were prepared through thin-film hydra-
tion, using DPPC, cholesterol, CL, and DSPE—PEG. Of note, the
DPPC/CL weight ratio was kept at 10:1. TEM observation sug-
gested that CLL displayed a spherical shape (Fig. 1A). Dynamic
light scattering (DLS) measurement indicated that CLL exhibited a
relatively narrow size distribution profile (Fig. 1B), with a poly-
dispersity index of 0.16 & 0.01 and a mean diameter of 129 £ 1 nm.
The {-potential value of CLL in deionized water was found to be
—11.9 £ 0.3 mV (Fig. 1C). Fluorescence quantification indicated
that the encapsulation efficiency of CL was 52.0% in CLL. Similar
to CL, CLL demonstrated ROS-responsive luminescence properties
even at a HyO, concentration of 10 pmol/L, indicating the activation
of the CRET effect under low ROS conditions (Fig. S2D).

3.2. CLL-mediated intracellular ROS generation in tumor cells
and in vitro cytotoxic effects of CLL

External light-mediated generation of highly cytotoxic 'O, by
photosensitizers is a prerequisite for PDT>'. ROS generation ca-
pacity is a critical parameter to evaluate the effectiveness of
photosensitizing molecules or nanoparticles’*>?. Hence, the ROS-
generation ability of CLL was first assessed in 4T1 and A549
tumor cells. Taking advantage of CL fluorescence, flow cytometry
analysis revealed rapid and time-dependent cellular uptake of CLL
by 4T1 and A549 tumor cells (Supporting Information Fig. S3).

Then we examined CLL-mediated ROS-generation in 4T1
cells by flow cytometric quantification after staining with DCFH-
DA, a broadly used fluorescence probe for ROS>*. Whereas in-
cubation with various concentrations of blank liposomes without
CL did not change the relative ROS levels in 4T1 cells (Fig. 1D),
treatment with CLL notably increased the intracellular ROS levels
in 4T1 cells, in a clearly dose-dependent manner (Fig. 1E). In
A549 cells, we also found CLL-mediated intracellular ROS gen-
eration in a dose—response pattern, while blank liposomes showed
negligible effects (Fig. 1F and G). Further evaluation using the
fluorescence probe SOSG demonstrated that CLL generated 'O, in
a manner dependent on both the H,O, concentration and CLL
dosage (Supporting Information Fig. S4). In addition, fluorescence
observation and quantitative analysis indicated that CLL induced
intracellular 'O, generation in a dose-dependent pattern in both
4T1 and A549 cells, as evidenced by the gradually increased
fluorescence intensities of SOSG (Fig. 1H—K).

In line with these results, incubation with various doses of blank
liposomes showed no significant effects on the cell viability of 4T1
cells, even after 72 h of incubation (Fig. 1L). By contrast, treatment
with CLL significantly reduced cell viability of 4T1 cells, in both
time and dose—response profiles. Likewise, CLL notably induced
A549 cell death, depending on incubation time and doses (Fig. IM).
After 24 h of incubation, the ICs value of CLL was determined to
be 367.5 pg/mL in 4T1 cells and 483.8 pg/mL in A549 cells
(Supporting Information Fig. S5), corresponding to a CL dose of
19.1 pg/mL in 4T1 cells and 25.2 pg/mL in A549 cells, respec-
tively. Collectively, these results demonstrated that CLL exhibited
anti-tumor effects in both 4T1 and A549 cells, mainly by inducing
intracellular ROS/'O, generation.

3.3.  Development of dual-functional liposomes containing CL
and a therapeutic radionuclide '””Lu for combination antitumor
therapy

Based on the antitumor activity of the CL-containing liposome
CLL, we hypothesize that synergistic effects can be achieved by
combining with other anti-tumor agents. As a proof of concept,
"""LLu, one of the most important therapeutic radionuclides in
nuclear medicine, was employed to develop CLL-based combi-
nation therapy. The dual-functional liposomal combination ther-
apy, termed as CLL-'""Lu, was prepared following the previously
established procedure for CLL. Nevertheless, DOTA was first
incorporated in CLL during the film-hydration step to enhance the
loading efficiency of '”’Lu. DOTA has been extensively used as a
high effective carrier for imaging contrast agents and metal-based
radiopharmaceutics®™. CLL-'""Lu was then obtained by incuba-
tion of DOTA-containing CLL with 77y solution (Fig. 2A). At
various formulations based on the '"’Lu/DPPC ratios (mCi/mg)
varying from 0.5:1, 1:1, to 2:1, the loading efficiency '""Lu was
higher than 90% (Fig. 2B). Of note, the formulation with the
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Figure 1

Physicochemical characterization and in vitro antitumor effects evaluations of CLL. (A—C) The TEM image (A), particle size (B),

and -potential (C) of CLL. (D—G) Flow cytometric analysis showing mean fluorescence intensity (MFI) in 4T1 cells (D, E) or A549 cells (F, G)
after treatment with different doses of blank liposomes (D, F) or CLL (E, G). (H—K) Confocal microscopy images (H, J) and quantitative analysis
of MFI (I, K) showing relative 10, levels in 4T1 cells (H, I) or A549 cells (J, K) following treatment with various doses of CLL. (L—M) The cell
viability values of 4T1 tumor cells (L) or A549 cells (M) following incubation with control liposomes or CLL at various doses for 24, 48, and
72 h. Data are presented as means + SD (C, I, K, n = 3; D-G, L-M, n = 5). Scale bars, 20 pum.

"""Lu/DPPC ratio of 2:1 was used to prepare CLL-'""Lu for
subsequent experiments, due to the high content of '"’Lu.

For the finally obtained liposomal therapy CLL-'""Lu, TEM
observation indicated a spherical shape (Fig. 2C), with the average
diameter of 142 £ 2 nm and {-potential value of —8.6 & 0.3 mV
(Fig. 2D and E). After incubation in deionized water, PBS, FBS,
DMEM, and RMPI1640 for 3 days, no significant change in the
average diameter was observed for CLL-'"Lu (Fig. 2F and
Supporting Information Fig. S6), indicating its good colloidal
stability. These results suggest that '”’Lu can be efficiently loaded
into the ROS-triggerable PDT liposome CLL by the DOTA-based
chelating strategy, thus affording a combination antitumor therapy
CLL-'""Lu. Furthermore, both CLL and CLL-!""Lu exhibited
fluorescence emissions characteristic of Ce6 and CL at wave-
lengths above 650 nm (Supporting Information Fig. S7), endowing
them with enhanced capabilities for fluorescence imaging.

34.  CLL-"Lu-induced intracellular ROS generation and
in vitro antitumor effects

Then in vitro biological effects of CLL-'""Lu were evaluated.
Similar to CLL, both confocal microscopy observation and flow
cytometry quantification revealed time-dependent endocytosis of

CLL-'""Lu in 4T1 cells (Fig. 2G—I). After 4 h of incubation,
considerably low radioactivity was found in 4T1 cells treated with
770 (Fig. 2J). By contrast, CLL-'"""Lu-treated 4T1 cells showed
dramatically higher radioactive counts. Further quantification of
intracellular Ce6 fluorescence revealed comparable fluorescence
intensities in 4T1 cells post incubation with CLL or CLL-'""Lu
for 4 h (Fig. 2K). These results suggested that packaging into CLL
can notably improve intracellular internalization of '”’Lu by 4T1
tumor cells, while incorporation of '""Lu does not affect cellular
uptake performance of CLL.

Subsequently, we examined in vitro antitumor activity of
CLL-"""Lu, using '""Lu and CLL as controls. After 4T1 cells were
treated with different formulations, cell viability was gradually
reduced, depending on the dosages of liposomes and/or !""Lu
(Fig. 2L). In particular, the reduction in the cell viability of 4T1
cells was closely related to the incubation time. At all three
examined time points of 24, 48, and 72 h, the most potent anti-
tumor effect was found for CLL-'""Lu. Consistently, the highest
cell apoptosis was detected for 4T1 cells treated with CLL-'""Lu
for 24 h, compared to the '”’Lu and CLL groups, as implicated by
flow cytometry and confocal microscopy analyses (Fig. 2M—P).
Further analyses revealed the highest ROS generation in
CLL-'""Lu-treated 4T1 cells (Fig. 2Q and R). Whereas T 0 at
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Figure 2  Engineering, characterization, and in vitro anti-tumor evaluations of CLL-'""Lu. (A) A sketch showing the structure and composition
of the dual-functional liposome CLL-'""Lu. (B) The effect of the '’’Lu/DPPC feeding ratio (mCi/mg, 1 mCi = 37 MBq) on the encapsulation
efficiency of "Luin resulting dual-functional liposomes. (C—E) The typical TEM image (C), particle size (D), and {-potential (E) of CLL-""Lu
prepared with the 177Lu/DPPC ratio of 2:1. (F) Changes in the mean diameter of CLL-'""Lu in different media during 3 days of incubation. (G)
CLSM images show time-dependent cellular internalization of CLL-'"""Lu in 4T1 cells. Scale bars, 20 pm. (H, I) Flow cytometric profiles (H) and
quantitative analysis (I) indicate time-dependent phagocytosis of CLL-'""Lu in 4T1 tumor cells. (J) Comparison of intracellular radioactive counts
in 4T1 cells after 4 h of incubation with '"’Lu and CLL-"""Lu at 3.3 MBg/mL of L. (K) Comparison of intracellular fluorescence intensities in
4T1 cells after 4 h of incubation with CLL and CLL-!""Lu at the same dose. (L) Cell viability of 4T1 tumor cells after incubation with various
doses of ""Lu, CLL, and CLL-'""Lu for 24, 48, and 72 h. (M—O) Flow cytometric analysis (M, N) and confocal microscopy observation (O, P)
indicate apoptosis of 4T1 cells after incubation with '"’Lu (3.3 MBg/mL), CLL (50 pg/mL, equivalent to 2.6 pg/mL CL), or CLL-'""Lu
(containing 50 pg/mL CLL and 3.3 MBg/mL 7T u). Scale bars, 10 pm. (Q, R) CLSM images (Q) and quantification (R) showing relative ROS
levels in 4T1 cells after treatment with '”’Lu, CLL, or CLL-!""Lu. Scale bars, 20 pm. (S) Flow cytometric analysis showing the effect of the 7T
dosage on relative intracellular ROS levels in 4T1 cells. (T, U) CLSM images (T) and quantitative analysis (U) indicate intracellular ROS
generation in 4T1 cells in a CLL-""Lu dose-dependent manner. Scale bars, 20 um. Data are presented as means = SD (B, E,F, J, M, P,n = 3; 1,
K,L,R,S, U, n =5).*P <0.05 **P < 0.01, ***P < 0.001; ns, not significant.

3.3 MBg/mL also induced a significant increase in ROS produc- B-particles and internal conversion electrons via (-decay, thus
tion, its effect was remarkably lower than that of CLL at 50 pg/mL. breaking DNA chains of tumor cells, either directly or indi-
Nevertheless, no significant dose-dependent effects on ROS gen- rectly’®’. For CLL-"""Lu, its effect on intracellular ROS gener-
eration were found for '”’Lu (Fig. 2S). This agrees with the fact ation was also dependent on the treatment dosage (Fig. 2T and U).

that '"Lu exerts its antitumor effects mainly by emitting In A549 cells, CLL-'""Lu also displayed a time-dependent cellular
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uptake profile (Fig. 3A—C). Likewise, CLL remarkably increased
intracellular internalization of '""Lu in A549 cells, while com-
parable cellular uptake was found for CLL-'""Lu and CLL
(Fig. 3D and E). Similarly, both time- and dose-dependent cyto-
toxicity profiles were observed for CLL-'""Lu in A549 cells
(Fig. 3F), with stronger antitumor activity relative to '"’Lu and
CLL, particularly at 48 and 72 h. Apoptosis analysis further
indicated the best antitumor effect of CLL-'""Lu in A549 cells
(Fig. 3G—J). Correspondingly, the ROS-inducing capability of
CLL-'"""Lu was also stronger than that of '’"Lu and CLL (Fig. 3K
and L). Likewise, CLL-'""Lu induced intracellular ROS genera-
tion in A549 cells in a dose—response profile (Fig. 3M and N).
Of note, at 24 h after incubation, CLL-'""Lu exhibited only
slightly increased cytotoxicity in both 4T1 and A549 tumor cells,
compared with the same doses of CLL. However, after 48 or 72 h of
incubation, CLL-'""Lu displayed significantly stronger antitumor
effects than CLL in these two cell lines. Additionally, at the tested
doses, CLL showed markedly higher cytotoxicity at 24 and 48 h,

Figure 3

compared to '7’Lu. By contrast, '”’Lu more significantly reduced
the cell viability of 4T1 and A549 cells after 72 h of incubation, in
comparison to CLL. These results suggest that PDT mainly drives
antitumor efficacy at an early stage, while radiotherapy becomes the
dominant effect at later stages. In addition, the cytotoxicity data at
72 h were analyzed to calculate the combination index (CI). The
results indicated that for both 4T1 and A549 cells, the CI values
were less than 1 at CLL-'""Lu concentrations ranging from 10 to
200 pg/mL, demonstrating a significant synergistic antitumor effect
of CLL-"""Lu, particularly at 50 pg/mL (Fig. S8). Moreover, after
72 h of incubation with 4T1 cells, the ICs value of CLL-'""Lu was
determined to be 56.0 pg/mL, equivalent to 2.9 pg/mL CL and 3.7
MBg/mL '""Lu (Supporting Information Fig. $9). In A549 cells, the
ICso value was 175.3 pg/mL CLL-'""Lu, which corresponds to
9.1 pg/mL CL and 11.6 MBg/mL '"’Lu. Importantly, cytotoxicity
tests in 1929 fibroblasts and H9C2 cardiomyocytes showed that cell
viability remained above 90% at doses lower than 400 pg/mL
(Supporting Information Fig. S10), indicating that CLL-"""Lu has

In vitro antitumor effects of CLL-'""Lu in A549 cells. (A) Confocal microscopy observation of time-dependent cellular internali-

zation of CLL-'""Lu in A549 cells. Scale bars, 20 pm. (B, C) Flow cytometric profiles (B) and quantification (C) indicate time-dependent
endocytosis of CLL-""Lu in A549 cells. (D) Comparison of radioactive counts in A549 cells after 4 h of incubation with "Ly and
CLL-'"""Lu at 3.3 MBg/mL of 771 u. (E) Intracellular MFI values in A549 cells after 4 h of incubation with the same dose of CLL and CLL-'""Lu.
(F) Cell viability of A549 cells after incubation with various doses of 77y, CLL, and CLL-'""Lu for 24, 48, and 72 h. (G—J) Flow cytometry (G,
H) and fluorescence microscopy (I, J) analyses of apoptosis of A549 cells after 24 h of incubation with T (3.3 MBg/mL), CLL (50 pg/mL,
equivalent to 2.6 pg/mL CL), or CLL-'""Lu (containing 50 pg/mL CLL and 3.3 MBq/mL 77 u). Scale bars, 10 pm. (K, L) CLSM images (K) and
quantification (L) show relative ROS levels in A549 cells after treatment with "Ly, CLL, or CLL-"""Lu. (M, N) The effect of the CLL-'""Lu
dose on intracellular ROS generation in A549 cells. Scale bars, 20 um. Data are presented as means = SD (D, G, J,n = 3; C,E,F, L, N,n = 5).
*P < 0.05, ***P < 0.001; ns, not significant.
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low cytotoxic effects on non-tumor cells. Taken together, by loading
a radiopharmaceutical '"’Lu into the ROS-activatable PDT lipo-
some CLL, a combination liposome therapy was successfully
developed, which demonstrated significantly improved antitumor
activity in both 4T1 and A549 tumor cells by simultaneously
achieving PDT and radiotherapy.

3.5, Therapeutic effects of CLL-'""Lu in a lung metastasis
model

On the basis of desirable in vitro cytotoxic effects of CLL-'""Lu
on tumor cells, we first explored its antitumor efficacy in a mouse
model of lung cancer. The breast cancer lung metastasis model
was established by i.v. injection of 4T1 tumor cells in mice. Since
our previous study indicated the presence of pulmonary metasta-
ses at week 4 after i.v. injection of 4T1 cells®, treatment with
CLL-'""Lu at different doses was conducted 4 weeks post cell
injection (Supporting Information Fig. S11A). On Day 5 after the
final treatment, mice were euthanized and lung tissues were
excised for different analyses. Examination of H&E-stained lung
sections revealed the presence of multiple metastatic pulmonary
nodules and considerable inflammatory cell infiltration in saline-
treated model mice (Fig. S11B). Treatment with CLL-'""Lu, in
particular at 0.37 and 0.74 GBg/kg of '""Lu, considerably
inhibited the nodule formation. Correspondingly, TUNEL staining
of lung tissues revealed notable cell apoptosis after therapy with
CLL-'"""Lu, showing an evidently dose-dependent effect
(Fig. S11C). Further flow cytometric analysis of lung tissues
indicated that the proportion of 4T1-GFP tumor cells was signif-
icantly reduced after intervention with CLL-'""Lu (Fig. S11D). In
line with these findings, we detected significantly increased ROS
levels in lung tissues post treatment with CLL-'""Lu (Fig. S11E).
These results demonstrated that the dual-functional combination
liposomal therapy CLL-'""Lu at 0.74 GBg/kg of '""Lu can
effectively inhibit tumor progression in a mouse model of lung
cancers mainly by inducing tumor cell apoptosis.

Further, we compared in vivo antitumor activity of CLL-'""Lu
(at 0.37 GBg/kg) with the same dose of CLL and '""Lu, following
the above-mentioned treatment procedures (Fig. 4A). After
different treatments, inspection of H&E-stained lung tissue sec-
tions indicated that all three formulations can effectively inhibit
tumor development, resulting in a notable reduction in pulmonary
nodules and decreased tumor cell infiltration (Fig. 4B). Consis-
tently, TUNEL staining of lung tissue sections revealed signifi-
cantly increased cell apoptosis (Fig. 4C), while flow cytometric
quantification indicated significantly reduced 4T1-GFP tumor
cells (Fig. 4D), following therapy with CLL, '""Lu, and
CLL-"""Lu. Agreeing with evident antitumor effects, the relative
ROS levels in lung tissues were notably increased after treatment
with three formulations (Fig. 4E). Moreover, quantitative analysis
of CD4" and CD3* T cell populations in blood samples revealed
the most pronounced recruitment and activation effects of
CLL-'"""Lu on immune cells (Supporting Information Fig. S12).
However, no significant differences were found in the percentages
of CD4™ and CD®*" T cells between the CLL and '"’Lu groups.
Collectively, these results substantiated that CLL itself can
notably suppress the development of 4T1 breast cancer lung
metastasis in mice, in accordance with its ROS/'O,-generating
capability in 4T1 cells. By combining CLL with the radiotherapy
77y, the obtained dual-functional liposome CLL-'""Lu exhibited
much more superior synergistic antitumor effects in mice.

3.6. CLL-"’Lu induces M1 macrophage polarization to
synergize PDT and radiotherapy

The above in vitro and in vivo results demonstrated that both CLL
and CLL-'""Lu can induce intracellular ROS/'O, generation in
tumor cells and tumor tissues. Moreover, previous studies sub-
stantiated that high levels of ROS can mediate M1 polarization of
tumor-associated macrophages, thus potentiating or synergizing
tumor immunotherapy>®. Consequently, we further examined
whether CLL-'""Lu induces M1 polarization of macrophages.
After incubation of RAW?264.7 macrophages with various doses of
CLL-'"""Lu for 24 h, flow cytometry analysis revealed a signifi-
cantly increased proportion of M1 macrophages (Fig. SA and B).
Even treatment with 10 pg/mL CLL-'""Lu (containing 0.7 MBg/
mL '"’Lu) significantly polarized macrophages to the M1 pheno-
type. In line with this in vitro result, immunofluorescence analysis
of tissue sections also showed notably increased M1 macrophages
in the lungs from mice with 4T1 cancer lung metastasis, after
treatment with different doses of CLL-'""Lu (Fig. 5C and D). In
particular, CLL-'""Lu at 0.19 Gpqg/kg induced a significant increase
in the M1 macrophage subpopulation. In addition, we found that
""Lu and CLL enabled M1 polarization of macrophages after
in vitro incubation (Fig. 5E and F). Nevertheless, CLL-'"Lu much
more effectively induced polarization, compared to the same dose
of '"’Lu and CLL. Similar results were obtained in tissue sections
of lungs with 4T1 tumors (Fig. 5G and H).

Moreover, immunofluorescence staining of macrophages
treated with CL, 177Lu, or CLL-"""Lu revealed a dose-dependent
effect on their polarization (Fig. 6A and B). Calculation of the
CI further demonstrated that CLL-'""Lu exhibited a clear syner-
gistic effect in promoting M1 polarization of macrophages at
concentrations higher than 10 pg/mL (Fig. 6C). Further, RNA-seq
analysis was conducted in RAW264.7 macrophages after treat-
ment with either medium or CLL-'""Lu to elucidate the under-
lying mechanisms. The heatmap illustrates the differentially
expressed genes (DEGs) between the control and CLL-'""Lu
group (Fig. 6D). A total of 1295 DEGs were identified, including
813 upregulated genes and 482 downregulated genes (Fig. 6E).
KEGG enrichment analysis revealed the activation of various
biological and metabolic pathways (Fig. 6F), encompassing the
NOD-like receptor signaling pathway and pathways associated
with ROS. Previous studies have demonstrated that ROS facilitate
the M1 polarization of macrophages by activating the MAPK and
NF-«B signaling pathways, which involve NOD-like receptors and
changes in mitochondrial membrane potential’>®® Consequently,
gene set enrichment analysis (GSEA) was performed, and the
enrichment plots indicated activated pathways related to NOD-
like receptor signaling and ROS (Fig. 6G and H). These findings
support the notion that treatment with CLL-'7"Lu can regulate the
NOD-like receptor signaling pathway, subsequently activating the
MAPK and NF-«B signaling pathways, ultimately leading to the
polarization of macrophages towards the M1 phenotype. Collec-
tively, in combination with 77, the obtained dual-functional
liposome CLL-'""Lu exhibited much more potent activity in
inducing macrophage polarization, thus synergizing PDT and
radiotherapy.

3.7. Invivo pharmacokinetic and tissue distribution profiles of
CLL-"""Lu in mice with tumor xenografts

Before therapeutic evaluations in mice with subcutaneous tumor
xenografts, we first assessed the tumor-targeting capability of
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Figure 4

Comparison of in vivo antitumor effects of 177Lu, CLL, and CLL-"""Lu in a mouse model of breast cancer lung metastasis. (A) A

sketch shows treatment regimens. (B) Microscopic images of H&E-stained lung sections after different treatments. Scale bars, 50 um. White
arrows indicate metastatic pulmonary nodules. (C) CLSM images (left) and quantitative analysis (right) showing cell apoptosis in the lungs. (D)
Flow cytometric profiles (left) and quantitative analysis (right) of 4T1-GFP tumor cells in lungs. (E) CLSM images (left) and quantification (right)
indicating relative ROS levels in the DHE-stained lungs. Scale bars, 20 pm. Data are presented as means = SD (C, n = 3; D, E, n = 5).

*P < 0.05, #P < 0.01, ***P < 0.001.

CLL-'"""Lu. To this end, A549 cells were inoculated into the right
axilla of nude mice by subcutaneous injection. On Day 10 after
cell inoculation, we found that CLL-'""Lu delivered via i.v. in-
jection exhibited notable accumulation in A549 lung tumors at 24
and 48 h post administration (Supporting Information Fig. S13).
Additionally, we investigated pharmacokinetic and tissue distri-
bution profiles of CLL-'""Lu in mice with 4T1 xenograft tumors.
After i.v. injection of CLL-'""Lu, fluorescence imaging of blood

samples indicated that CLL-'""Lu remained in the bloodstream for
nearly 48 h (Supporting Information Fig. S14A). Using an
established calibration curve, the blood concentrations of
CLL-"""Lu were calculated and plotted against time (Fig. S14B).
Analysis of the fluorescence intensity—time curve validated that
CLL-""Lu may circulate in the blood for at least 24 h, with a
half-life of 18.2 h and an area under the curve (AUC,_, of
1591.7 mg/L-h. Also, ex vivo fluorescence imaging revealed
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Figure 5

CLL-'""Lu induces M1 polarization of macrophages in vitro and in vivo. (A, B) Flow cytometric profiles (A) and quantification

(B) show in vitro M1 polarization of RAW264.7 macrophages after treatment with different doses of CLL-'""Lu. (C, D) Immunofluorescence
images (C) and quantitative analysis (D) indicate relative counts of M1 macrophages in lungs after treatment with CLL-'""Lu. (E, F) Flow
cytometric profiles (E) and quantification (F) show polarization of macrophages to the M1 phenotype following incubation with '”"Lu, CLL, or
CLL-"""Lu. (G, H) Immunofluorescence images (G) and quantitative analysis (H) of the relative counts of M1 macrophages in lungs after different
treatments. Scale bars, 20 um. Data are presented as means == SD (B, F, n = 4; D, H, n = 3). **P < 0.01, ***P < 0.001.

relatively high distributions of CLL-'""Lu in the liver, spleen,
lungs, and kidneys (Fig. S14C—S14H). This tissue distribution
pattern is consistent with those observed for other
nanotherapies®'%%,

Moreover, both in vivo and ex vivo fluorescence imaging indi-
cated a gradual accumulation of CLL-'""Lu in the tumors (Fig. S141
and S14J). Quantitative results suggested that CLL-'""Lu maintained

relatively higher concentrations in tumors for at least 48 h
(Fig. S14K). Together, these findings demonstrated that CLL-'""Lu
may be eliminated from the body within 72 h. Since no targeting units
are incorporated in CLL-'""Lu, its tumor accumulation is mainly
attributed to passive targeting, which is dominated by the enhanced
permeability and retention (EPR) effect, as well as endothelial cell-
mediated active transport®>%. As well documented, both 4T1 and
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Figure 6 Synergistic effects of CLL-'""Lu on the M1 polarization of macrophages and the underlying mechanisms. (A) CLSM images
illustrate the dose-dependent ability of various doses of CLL, '""Lu, and CLL-'""Lu to induce M1 polarization of macrophages. Scale bars,
20 pm. (B) Quantified MFI values indicate relative counts of M1 macrophages after different treatments. (C) The calculated CI values
demonstrate synergistic effects of CLL-'""Lu on macrophage M1 polarization in a dose-dependent manner. (D) Heatmap shows clustered DEGs
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A549 tumors exhibit leaky vasculature“'GS, which can enhance the

penetration of nanoparticles across the blood vessels.

3.8, Invivo therapeutic effects of CLL-"""Lu in mice with
subcutaneous xenograft tumors

Following similar procedures, A549 tumor xenografts were
established in nude mice. When the tumor volume was about
100 mm?, mice were randomized into different groups that were
injected with various doses of CLL-'""Lu twice via the tail vein,
with an interval of 7 days (Supporting Information Fig. SI5A).
Monitoring the tumor volume during treatment indicated notable
tumor growth in the model group treated with saline (Fig. S15B).
Depending on the dosage, CLL-'""Lu therapy inhibited tumor
growth. In particular, CLL-"""Lu at 0.37 and 0.74 GBg/kg
dramatically inhibited tumor progression in mice during 12 days
of treatment. Post treatment, tumors were isolated. Direction
observation of isolated tumors and quantification showed that both
the tumor volume and tumor weight were significantly reduced
after  treatment with  different doses of CLL-'"""Lu
(Fig. S15C—S15E), compared to those of the model group.
Consistent with the tumor inhibition effect, immunofluorescence
analysis showed notably increased cell apoptosis in tumor sec-
tions, with a dose-dependent manner (Fig. S15F). Moreover, we
observed significantly enhanced ROS levels and M1 macrophage
proportions in three CLL-'""Lu groups (Fig. S15G and S15H). In
all these cases, CLL-'""Lu at the examined highest dose of 0.74
GBq/kg exhibited the best therapeutic outcome. Collectively,
these data demonstrated that CLL-'""Lu was also able to effec-
tively inhibit the progression of lung cancer in a subcutaneous
mouse xenograft model, largely by inducing ROS/!0, generation
and M1 polarization of macrophages. It is worth noting that
CLL-""Lu at 0.74 GBg/kg almost completely suppressed the
tumor growth. This dose is only 1/10 of the clinically used ther-
apeutic dose of '7"Lu.

In a separate study, antitumor effects of CLL, 7Ly, and
CLL-'""Lu at 0.37 GBg/kg were compared in mice bearing A549
tumor xenografts, following similar treatment procedures as above
mentioned (Fig. 7A). The three examined formulations all
inhibited the tumor volume increase, to varied degrees, as impli-
cated by the tumor growth curves (Fig. 7B). After treatment, the
CLL, '""Lu, and CLL-'""Lu groups exhibited significantly lower
tumor volumes and tumor weights (Fig. 7C—E), compared to the
saline group. Likewise, treatment with three therapies resulted in
significantly increased cell apoptosis, ROS generation, and M1
macrophage subpopulation in tumor tissue sections (Fig. 7F—H).
For all these aspects, CLL-'""Lu showed the most beneficial
outcome.

Further, we compared antitumor effects of CLL-'""Lu at 0.37
GBq/kg with other formulations in mice bearing A549 xenograft
tumors after a relatively long-term treatment period (Fig. 8A),
which included CL, CLL, '""Lu, and L-'"""Lu (i.e., liposomes
containing '”’Lu alone). During and after 28 days of treatment, the
CL group showed no significant inhibition of the tumor volume
increase, compared to the model group (Fig. 8B and C). In
contrast, interventions with CLL, '""Lu, or L-'""Lu significantly

suppressed tumor growth. Analysis of the isolated tumors further
verified that CLL and '""Lu-containing formulations more effec-
tively reduced tumor weights, compared with CL (Fig. 8D and E).
This is due to the non-specific distribution of CL after i.v.
administration. Notably, CLL-'""Lu afforded the best outcomes, in
terms of inhibiting tumor progression. Correspondingly,
CLL-'""Lu most significantly induced cell apoptosis, enhanced
ROS/'O, production, and promoted M1 polarization of macro-
phages in tumor tissue sections (Fig. 8F—H). Moreover, immu-
nofluorescence analysis of CD31 indicated that tumor
angiogenesis was markedly attenuated after treatment with CLL,
77 0, L-""Lu, or CLL-'"""Lu (Fig. 81), with the most pronounced
effect observed with CLL-'""Lu. These findings collectively
confirmed the therapeutic advantages of CLL-'""Lu.

Subsequently, we interrogated whether CLL-'"Lu at
0.37 GBg/kg can inhibit lung metastasis of breast cancer in mice
with 4T1 xenograft tumors (Fig. 9A). Over the course of 31 days
of treatment, the CLL, 177Lu, L-'"Lu, and CLL-'"Lu groups
exhibited significantly reduced tumor volumes, compared to the
model group (Fig. 9B). Post-treatment, these groups also showed a
marked reduction in tumor sizes and weights (Fig. 9C—E).
Notably, CLL-'""Lu outperformed other therapies in suppressing
tumor growth. More importantly, whereas lung metastasis was
clearly observed in other groups through H&E-staining of lung
tissues, as evidenced by the presence of pulmonary nodules and
tumor cell infiltration, the CLL-'""Lu group exhibited negligible
metastasis in the examined lung tissues (Fig. 9F). Supporting these
favorable results, CLL-'""Lu therapy more effectively stimulated
cell apoptosis, increased ROS/'O, generation, induced M1 po-
larization of macrophages, and inhibited tumor angiogenesis,
compared to the other formulations (Fig. 9G—1J).

Collectively, the above findings demonstrated that our newly
engineered ROS-triggerable PDT liposome CLL can also effec-
tively inhibit the progression of lung cancer in a mouse xenograft
model, by in siru mediating ROS/'O, generation, increasing cell
apoptosis, promoting M1 macrophage polarization, and inhibiting
angiogenesis in the tumor microenvironment. By loading '""Lu
into CLL, the finally developed dual-functional therapy
CLL-""Lu exhibited much better antitumor effects in mice
bearing A549 or 4T1 tumor xenografts, largely resulting from
synergistic effects of PDT, radiotherapy, and M1 macrophage-
mediated immunotherapy. The potent tumor angiogenesis-
inhibiting activity is another significant advantage for our newly
developed combination therapy CLL-'""Lu.

3.9, Safety evaluations of CLL-"""Lu

Finally, safety profiles of CLL-'""Lu were tested. During the
treatment of breast cancer lung metastasis in mice, animals in
three therapeutic groups displayed normal body weight gains, with
no significant difference compared to the saline-treated model
group (Supporting Information Fig. S16A). After treatment,
calculation of the organ index values of typical major organs
revealed negligible changes in different groups (Fig. S16B).
Furthermore, examination of H&E-stained pathological sections
of major organs indicated no discernible destruction of tissue

based on transcriptomic analysis of RAW264.7 macrophages treated with fresh medium (Control) or CLL-'7"Lu at 200 pg/mL. (E) A volcano plot
illustrating DEGs between the control and CLL-'""Lu groups. (F) KEGG enrichment diagram indicates enriched pathways. (G, H) Gene set
enrichment analysis (GSEA) shows the enriched NOD-like receptor signaling pathway (G) and pathways associated with ROS (H). Data in (B) are

presented as means £+ SD (n = 3).
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Figure 7 Comparison of antitumor effects of 7Ly, CLL, and CLL-'""Lu in mice bearing A549 xenograft tumors. (A) A sketch illustrating
treatment procedures. (B) Tumor growth curves during treatment with different formulations. (C—E) Digital photos (C) as well as quantified
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Figure 8  Therapeutic effects of CLL-'""Lu in mice bearing A549 xenograft tumors after long-term treatment. (A) Schematic illustration of
treatment protocols. CL, mice treated with 0.26 mg/kg CL; CLL, mice treated with 5 mg/kg CLL (equivalent to 0.26 mg/kg CL); '""Lu, mice
treated with '""Lu at 0.37 GBg/kg; L-'""Lu, mice treated with L-'""Lu at 0.37 GBq/kg '""Lu; CLL-'"’Lu, mice treated with CLL-'""Lu at
0.26 mg/kg CL and 0.37 GBg/kg '""Lu. (B) Changes in the tumor volume over a 28-day treatment period. (C) Digital photos of isolated tumors.
Scale bar, 2 cm. (D, E) Quantified tumor volumes (D) and tumor weights (E) of isolated tumors post-treatment. (F) CLSM images (left) and
quantitative analysis (right) of apoptotic cells in the tumor tissue sections following TUNEL staining. (G) CLSM images (left) and quantified MFI
(right) indicate relative ROS levels in tumor tissue sections stained with DHE. (H) Immunofluorescence analysis of M1 macrophages in tumor
tissues. (I) CLSM images and quantitative analysis of tumor angiogenesis by CD31 staining of tumor tissue sections. Scale bars, 20 um. Data are
presented as means = SD (B, D, E, n = 5; F—1, n = 6). *P < 0.05, **P < 0.01, ***P < 0.001.

microstructure or infiltration of inflammatory cells (Fig. S16C). xenograft tumors, the three examined therapies did not cause
Additionally, measurement of representative biomarkers related to significant abnormalities in the body weight gain, organ index,
liver and kidney functions consistently showed no abnormal in- tissue microstructures of major organs, and liver/kidney functions

creases in serum levels of ALT, AST, CREA, and UREA, after (Supporting Information Figs. S18 and S19). These results indi-
treatment with CLL, '""Lu, and CLL-'""Lu (Supporting Infor- cated that i.v. injection of CLL-'""Lu at 0.37 GBg/kg was safe in
mation Fig. S17). Similar, during the treatment of mice with A549 mice, even after repeated dosing regimens.

tumor volumes (D) and tumor weights (E) of isolated A549 tumors after different treatments. (F) Analysis of apoptotic cells in the tumor sections
after TUNEL staining. (G) Analysis of relative ROS levels in tumor tissue sections after DHE staining. (H) Immunofluorescence analysis of M1
macrophages in tumor tissues. Scale bars, 20 pm. Data are presented as means = SD (B, D, E, G, n = 5; F, H, n = 3). ¥*P < 0.05, **P < 0.01,
*EP < 0.001.
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Figure 9  In vivo antitumor effects of CLL-'""Lu in mice bearing 4T1 xenograft tumors. (A) A work flow shows treatment protocols. CL,
0.26 mg/kg; CLL, 5 mg/kg, equivalent to 0.26 mg/kg CL; '"’Lu, 0.37 GBg/kg; L-'""Lu, 0.37 GBg/kg '""Lu; CLL-'"""Lu, 0.26 mg/kg CL and
0.37 GBg/kg '""Lu. (B) Tumor volume changing profiles during a 21-day treatment period. (C) Digital photos of isolated tumors post-treatment.
Scale bar, 2 cm. (D—E) Quantified tumor volumes (D) and tumor weights (E) of isolated tumors. (F) Microscopic images of H&E-stained lung
sections following different treatments. (G) CLSM images (left) and quantitative analysis (right) of apoptotic cells in tumor sections after TUNEL
staining. (H) Analysis of relative ROS levels in tumor tissue sections using DHE staining. (I) Immunofluorescence analysis of M1 macrophages in
tumor tissues. (J) CLSM images (left) and quantitative analysis (right) of tumor angiogenesis in tumor tissue sections by CD31 staining. Scale
bars: 100 pm (F); 20 um (G—1J). Data are presented as means &+ SD (B, D, E, n = 5; G-J, n = 6). *P < 0.05, **P < 0.01, ***P < 0.001.
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Moreover, we conducted safety studies of CLL-""Lu in
healthy BALB/c mice over a 32-day period. The animals were
treated by i.v. injection of CLL-'""Lu at doses of 1.5 or 3.0 GBg/kg,
which are 5 and 10 times higher than the dose of 0.37 GBg/kg
used in therapeutic studies, respectively. While treatment with
CLL-"""Lu at 3.0 GBg/kg resulted in animal death, beginning on
Day 4 and culminating in the death of all mice in this group by
Day 9, the mice treated with 1.5 GBg/kg CLL-'""Lu still
exhibited body weight gain (Supporting Information Fig. S20A).
On Day 32 after treatment, no significant changes in the organ
index values of major organs (including the heart, liver, spleen,
lung, and kidney) were observed in the 1.5 GBg/kg group
(Fig. S20B). Similarly, we did not detect any abnormal increases
in serum levels of biomarkers (ALT, AST, CREA, and UREA)
relevant to liver and kidney functions for this group
(Fig. S20C—S20F). Examination of H&E-stained tissue sections
from the major organs revealed no discernible pathological al-
terations for mice treated with 1.5 GBq/kg (Fig. S20G). These
preliminary results suggest that CLL-'""Lu is safe at doses below
1.5 GBqg/kg. Nevertheless, further comprehensive studies are
necessary to fully validate this issue.

4. Conclusions

In summary, we have developed a liposome therapy CLL-'""Lu
with integrated in situ triggerable PDT and radiotherapy functions
for targeted treatment of lung cancers. An in situ ROS-activatable
photosensitizer CL was first synthesized by conjugating luminol
with Ce6, which can be readily loaded into liposomes to give rise
to an in situ ROS-triggerable liposome CLL for PDT treatment of
tumors. CLL effectively induced ROS/'O,-generation in 4T1 and
AS549 tumor cells, thereby showing notable antitumor activity in a
dose—response pattern. By packaging a radiopharmaceutical
7Ly into the ROS-activatable PDT liposome, a dual-functional
nanotherapy CLL-'""Lu was engineered, enabling simultaneous
PDT and radiotherapy. CLL-'""Lu demonstrated synergistic anti-
tumor effects in both 4T1 and A549 tumor cells, showing stronger
efficacy than CLL. Correspondingly, CLL-'"""Lu effectively
inhibited tumor progression in a mouse model of 4T1 breast
cancer lung metastasis and mice bearing A549 tumor xenografts.
In addition to inducing ROS/'O, production and promoting tumor
cell apoptosis, the combination of PDT and radiotherapy in
CLL-""Lu remarkably increased M1 polarization of macro-
phages, thus facilitating M1 macrophage-mediated immuno-
therapy. Importantly, the tumor angiogenesis-inhibiting activity is
a distinctive feature of our combination liposome therapy, which
is highly advantageous for suppressing tumor metastasis.
Furthermore, preliminary studies revealed good safety of
CLL-'"""Lu after i.v. injection at therapeutic doses. Consequently,
our dual-functional liposome CLL-'""Lu is a promising nano-
therapy for cancer treatment. Moreover, in view of the powerful
loading capacity of liposomes to different types of drugs, the PDT
liposome CLL can be used for delivering various therapies to
achieve synergistic antitumor effects.
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