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ABSTRACT: Immuno-photodynamic therapy (IPDT) has
emerged as a new modality for cancer treatment. Novel
photosensitizers can help achieve the promise inherent in IPDT,
namely, the complete eradication of a tumor without recurrence.
We report here a small molecule photosensitizer conjugate,
LuCXB. This IPDT agent integrates a celecoxib (cyclooxygenase-
2 inhibitor) moiety with a near-infrared absorbing lutetium
texaphyrin photocatalytic core. In aqueous environments, the two
components of LuCXB are self-associated through inferred donor−
acceptor interactions. A consequence of this intramolecular
association is that upon photoirradiation with 730 nm light,
LuCXB produces superoxide radicals (O2−•) via a type I
photodynamic pathway; this provides a first line of defense against
the tumor while promoting IPDT. For in vivo therapeutic applications, we prepared a CD133-targeting, aptamer-functionalized
exosome-based nanophotosensitizer (Ex-apt@LuCXB) designed to target cancer stem cells. Ex-apt@LuCXB was found to display
good photosensitivity, acceptable biocompatibility, and robust tumor targetability. Under conditions of photoirradiation, Ex-apt@
LuCXB acts to amplify IPDT while exerting a significant antitumor effect in both liver and breast cancer mouse models. The
observed therapeutic effects are attributed to a synergistic mechanism that combines antiangiogenesis and photoinduced cancer
immunotherapy.

■ INTRODUCTION
Photodynamic therapy (PDT), which relies on a combination
of photosensitizers and light, is an established modality that
has been used to treat a range of cancerous diseases. In
favorable scenarios, it benefits from several advantages,
including low systemic toxicity, minimal invasiveness, and
light-based spatiotemporal control.1 However, traditional PDT
is subject to limitations, including a need to achieve effective
through-tissue light penetration and reliance on endogenous
oxygen to mediate its cytotoxic effects. Moreover, PDT often
fails to achieve comprehensive tumor eradication or prevent
cancer recurrence and metastasis.2 To address these latter
limitations, an effort is being made to develop PDT modalities
integrated with immunotherapy. This approach referred to as
immuno-photodynamic therapy (IPDT), is designed to boost
the immune system by triggering so-called immunogenic cell
death.3,4 Briefly, upon exposure to light irradiation, IPDT
photosensitizers catalyze the conversion of oxygen molecules
into cytotoxic reactive oxygen species (ROS), thereby initiating
cell death processes (e.g., apoptosis, pyroptosis, and
necroptosis).2 The resulting demise of tumor cells triggers
the release of damage-associated molecular patterns, tumor-

specific antigens, and proinflammatory cytokines, exposes
additional immunogens, and activates the immune system
within the tumor microenvironment.2,5 IPDT can thus
promote the transition of immune-off to immune-on tumors
while triggering a systemic immune response that ideally
prevents cancer recurrence (via, e.g., enhanced tumor
infiltration of immune cells and an amplified antitumor
immune response against solid tumors).6 These perceived
benefits make IPDT attractive as a tumor control strategy.7

Given the critical role of photosensitizers in PDT,
considerable ongoing effort is being devoted to improving
their efficacy.3 For example, key goals are to create systems that
(1) function in hypoxic tumor environments,8−10 (2) absorb
strongly in the near-infrared (NIR) spectral region and allow
for deep tissue light penetration,11,12 (3) operate via
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nontraditional photosensitizing mechanisms (e.g., photoredox
catalysis),13,14 (4) display minimal dark toxicity and high
biocompatibility,15−17 and (5) exploit additional therapeutic
mechanisms to synergize the effects of PDT.18,19 One
promising approach involves the creation of so-called small
molecule photosensitizer conjugates (SMPCs) where a photo-
sensitizer is linked to one or more ancillary species. These
latter can consist of cancer-targeting moieties, elements
designed to elicit synergistic antitumor effects or mitigate off-
target cytotoxicity for normal tissues.20 In our previous SMPC-
related studies, a BODIPY photosensitizer was combined with
an acetazolamide moiety to inhibit carbonic anhydrase IX, and
thus block angiogenic signaling to overcome the limits of PDT
in tumoral hypoxic environments.21 Subsequently, Kim and
Peng reported a system that relies on tamoxifen, an inhibitor of
intracellular O2 consumption and a disrupter of mitochondrial
energy metabolism, to achieve O2-independent PDT.

22 More
recently, a Trojan Horse-like cancer-targeting strategy was
developed that exploits an ascorbate unit to target glucose
transporter 1 to disrupt redox homeostasis.23 In separate work,
An et al. prepared biotin-conjugated photosensitizers that are
capable of generating superoxide radical (O2−•) via a type I
photodynamic mechanism (Schemes 1 and S1).24

Many solid tumor microenvironments are characterized by
hypoxia (pO2 < 5 mmHg), which imparts resistance to oxygen-
dependent phototherapies, including IPDT.25 Recognizing
this, we sought to develop an IPDT sensitizer that would
promote immunoactivity via O2−• production even in relatively
low oxygen environments, such as those associated with
hypoxia. Here, we report the preparation of texaphyrin−
celecoxib conjugates and show that they allow effective cancer-
targeting and angiogenic signal inhibition while promoting a
photoinduced immunogenic response (Scheme 1).
Texaphyrins are aqueous-soluble tripyrrolic penta-aza Schiff

base aromatic expanded porphyrins that exhibit strong low-
energy absorption bands in the 700−780 nm spectral
range26,27 and form stable 1:1 complexes with a variety of
relatively large metal cations. A representative diamagnetic
lutetium(III) texaphyrin (LuTex), known as motexafin
lutetium, was studied early on as a PDT photosensitizer by
researchers at Pharmacyclics Inc.28 Due to its peripheral water-
solubilizing groups, LuTex is an amphipathic molecule that
localizes effectively in cancerous lesions. LuTex has a long-
lived triplet state and, upon photoirradiation, produces singlet
oxygen (1O2) in high quantum yield via a type II photo-

Scheme 1. Previously Reported Small Molecule Photosensitizer Conjugates (SMPCs) Designed to Produce a Synergistic
Photodynamic Therapy (PDT) Effect and the Present SMPC-Based Approach to Immuno-Photodynamic Therapy (IPDT); as
Detailed in the Text, It Relies on Convertible Reactive Oxygen Species (ROS) Generation to Boost the Tumor Immune
Response and Promote Antiangiogenesis. PS = Photosensitizer
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dynamic mechanism.29 It was found to be an effective
photosensitizer in mammary carcinoma mouse models.30

Celecoxib is a nonsteroidal anti-inflammatory drug that is
used clinically as a cyclooxygenase-2 (COX-2) inhibitor.31

COX-2 catalyzes the conversion of arachidonic acid to
prostaglandin E2 (PGE2). It is overexpressed on tumor
membranes, including in breast, lung, colorectal, pancreatic,
and liver cancers. This makes it an appealing target for creating
drug delivery systems.32,33 Moreover, PGE2 is a tumor-derived
angiogenic factor that is linked to vascular endothelial growth
factor (VEGF)-independent angiogenesis.31 COX-2 inhibition
is believed to enhance the blockade of the VEGF pathway,
suppress angiogenesis, prevent tumor growth and metastasis,
and thus increase overall survival rates.32,34,35

Recognizing the complementary features of LuTex and
celecoxib, we designed and synthesized an SMPC combining
both elements (LuCXB; Figure 1). The underlying design
rationale was that the celecoxib moiety would provide local

tumor control and inhibit angiogenesis of the tumor
vasculature within the tumor microenvironment, while the
LuTex core would allow for tumor targeting and act as a
photosensitizer. In aqueous media, π−π donor−acceptor
interactions between the celecoxib units and the LuTex core
predominate. The photophysical properties of LuCXB are thus
controlled such that O2−• is generated under conditions of
photoirradiation. A transition in the ROS-generation mecha-
nisms from type II to I is thus seen. The potential utility of
LuCXB in therapeutic applications is supported by in vivo
studies involving a nanodrug delivery platform (i.e., a cancer
stem cell-targeting CD133 aptamer-decorated exosome)36−40

as detailed below.

■ RESULTS AND DISCUSSION
Design, Synthesis, and Photoactivity of LuCXB. The

LuTex−celecoxib SMPC (LuCXB) of this study was
synthesized as shown in Schemes S2−S4 in the Supporting

Figure 1. Chemical structures and abbreviated synthetic route to the lutetium texaphyrin (LuTex)-derived, celecoxib-containing SMPC of this
study (LuCXB). Schematic illustration showing the conversion between dominant type II and type I ROS generation as a function of the medium.
Also shown are the proposed synergistic antiangiogenetic effects and tumor immune boost expected in cancer stem cells. Abbreviations: COX-2,
cyclooxygenase-2; EnT, energy transfer; eT, electron transfer; ROS, reactive oxygen species; NIR, near-infrared.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c05978
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05978?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05978?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05978?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05978?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c05978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Information. Briefly, commercially available celecoxib (1) was
converted in two steps to the key precursor 3. LuTex (4) was
synthesized following established literature procedures.41,42

The LuTex-NH2 derivative (5) was obtained from 4 via an
optimized Mitsunobu procedure. The targeted compound
LuCXB was then synthesized by reacting compound 3 with 5.
All new compounds were characterized by standard spectro-
scopic techniques and gave analytical data consistent with their
proposed structures (Figures S1−S10).
The photophysical properties of LuCXB and LuTex (used as

a reference) were assessed using ultraviolet−visible (UV−vis)
and fluorescence spectroscopies. The absorption spectra of
LuCXB and LuTex are both characterized by a broad Soret-
like absorption maximum centered at approximately 480 nm

and a weaker Q-type band at 730 nm in phosphate-buffered
saline (PBS, 10 mM, pH = 7.4) containing 1% dimethyl
sulfoxide (DMSO) (Figure 2a). While LuTex gives rise to a
strong NIR fluorescence emission at 750 nm upon photo-
excitation in this aqueous medium, this was not the case for
LuCXB (Figure 2b). The lack of appreciable fluorescence seen
for LuCXB is ascribed to photoinduced electron transfer
(PeT) from the celecoxib moiety to the texaphyrin core, which
serves to quench the excited state, as suggested in prior
reports.43−45

Next, the ability of LuCXB to generate ROS in PBS (10
mM, pH = 7.4) was evaluated using 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA) as a 1O2-specific
indicator and dihydrorhodamine 123 (DHR123) as a universal

Figure 2. Studies of LuCXB as a potential type I photosensitizer. (a) UV−vis absorption and (b) fluorescence spectra of LuTex and LuCXB as
recorded in phosphate-buffered saline (PBS, 10 mM, pH = 7.4) containing 1% dimethyl sulfoxide (DMSO) (v/v). Excitation wavelength: 480 nm.
Slit widths: 5:5 nm. (c) Changes in the absorbance of 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA, 100 μM) at 380 nm used as a
probe for the singlet oxygen (1O2) when mixed with each of the indicated compounds in PBS containing 1% DMSO (v/v) (photosensitizer
concentration = 5 μM) and subjected to photoirradiation for up to 30 s. Irradiation (100 mW/cm2) was effected at 530 nm for Rose Bengal (RB),
660 nm for chlorin e6 (Ce6), and 730 nm for LuCXB and LuTex, respectively. (d) Superoxide radical (O2−•) production by LuCXB (5 μM) as
detected using dihydrorhodamine 123 (DHR123) (10 μM) as an indicator in PBS containing 1% DMSO (v/v). (e) Fluorescence response of
DHR123 (10 μM) produced by the indicated photosensitizers (5 μM) in PBS containing 1% DMSO (v/v). (f) Electron spin resonance (ESR)
spectral studies taken as evidence of O2−• generation by LuCXB (5 μM) under conditions of photoirradiation for 3 min (730 nm, 100 mW/cm2).
5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was used as an O2−• trap and RB (5 μM) was used as a positive control.
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O2−• scavenger (Figure S11). Upon photoirradiation, the
absorption of ABDA (100 μM) at 380 nm was seen to decrease
rapidly (i.e., over the course of 0 to 30 s) in the presence of
various photosensitizers, including LuCXB, LuTex, chlorin e6
(Ce6), and Rose Bengal (RB), in PBS containing 1% DMSO
(λex = 730 (LuCXB and LuTex), 660 (Ce6), and 530 (RB)
nm, respectively) (Figures 2c, S12, and S13). Notably, LuCXB
gave rise to negligible changes in the ABDA absorption, a
finding interpreted in terms of poor 1O2 generation (type II
photosensitization) under conditions of photoirradiation in
aqueous media. The 1O2 generation quantum yield (Φ) of
LuCXB was calculated using LuTex as the reference in accord
with a standard method46 and found to be less than 0.01. On
the other hand, effective O2−• production, presumably via a
type I photodynamic process, was observed for LuCXB, as
evidenced by an enhancement in the fluorescence intensity of
DHR123 under conditions of 730 nm photoillumination
(Figure S14). A time dependence plot revealed that, in the case
of LuCXB, O2−• generation is essentially complete within 30 s
(Figures 2d and S15). LuTex exhibited notably reduced
efficacy relative to LuCXB under identical photoirradiation
conditions, whereas the efficacy of RB proved comparable
(Figures 2e and S16). The production of each ROS was further
confirmed through electron spin resonance (ESR) spectro-
scopic analysis using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a trap for free radicals and 2,2,6,6-tetramethylpi-
peridine (TEMP) as a 1O2 trap. This resulted in the formation
of paramagnetic DMPO−OH• and TEMP−1O2 adducts
(Figures S17 and S18). In these studies, RB was used as a
positive control. These findings are taken as evidence for the
production of O2−• by LuCXB under conditions of photo-
irradiation (Figure 2f). Gratifyingly, LuCXB exhibited good
stability, even when subject to intensive photoirradiation
(Figures S19). The absorbance and fluorescence emission
spectra of LuCXB were measured across the 1−12 pH range.
The results revealed minimal changes within the 4−8 pH
range; however, notable changes were observed when the pH
was below 3 or above 9 (Figure S20). In the physiological pH

range, LuCXB demonstrated minimal 1O2 production (Figure
S21), but notable O2−• generation, including at pH = 5, a pH
value that mirrors the tumor microenvironment (Figure S22).
The photophysical properties of LuCXB were further

investigated in different organic solvents of varying polarity
(Figure S23). The maximum absorption wavelengths of
LuCXB were measured as a function of solvent polarity as
reported in the Catalań data set.47 The maximum absorption
wavelength of LuCXB gradually decreases as the solvent
polarity increases (Figure S24). This observation is thought to
reflect intramolecular aggregation-caused quenching arising
from LuTex−celecoxib donor−acceptor interactions. The ROS
generation efficiency of LuCXB was also measured in DMSO,
an organic solvent that fully solvates the molecule, thus
minimizing the intramolecular interactions between the LuTex
core and the conjugated celecoxib moiety. Notably, the
absorption profile pattern of LuCXB closely resembled that
of LuTex, suggesting that the LuTex core in LuCXB does not
interact with the conjugated celecoxib moiety in this
solubilizing medium. This was expected to favor a type II,
rather than type I, mechanism. In fact, a change in the
absorption profile of 1,3-diphenylisobenzofuran (DPBF) at
417 nm was seen in the presence of LuCXB when subject to
photoirradiation (730 nm, 0.1 mW/cm2) (Figure S25). This is
taken as evidence of 1O2 generation as expected for a type II
mechanism.
Given the inferred intramolecular interaction in aqueous

media, we used surfactants to promote an environment capable
of breaking up the intramolecular interactions in LuCXB,
similar to what was achieved using DMSO as a solvent. Upon
the addition of different surfactants, including Triton-X100 and
Tween 20 in PBS, concentration-dependent changes in the
absorption and fluorescence emission of LuCXB were
observed (Figures S26−S28). On this basis, we conclude
that the surfactants act to improve the aqueous solubility of
LuCXB, thus decreasing the intramolecular interactions
between the celecoxib moiety and the LuTex core.

Figure 3. Initial conformation (left panel) of systems consisting of (a) LuCXB in DMSO and (b) LuCXB in H2O. The corresponding
conformations of the simulated systems (right panel), as obtained at the end of a 50 ns simulation performed at 300 K, are shown. (LuCXB is
shown in the tube model, while the H2O and DMSO solvents are shown in silver).
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Next, the ability of LuCXB to photocatalyze 1O2 production
was studied using ABDA as the indicator in an aqueous PBS
medium containing 1% DMSO and 1% Triton-X100. As
expected for a system free of intramolecular interactions,
LuCXB produced 1O2 effectively when subject to 730 nm lamp
irradiation (100 mW/cm2) (cf. Figure S29). Under these
conditions, the Φ of LuCXB was calculated to be 0.61 of that
recorded in the case of LuTex (Figure S30).46 Collectively, our
findings lead us to suggest that under less polar conditions,
intramolecular π−π donor−acceptor interactions between the
LuTex core and the celecoxib moiety are reduced, thus
favoring a type II photodynamic pathway that produces 1O2.
Conversely, in more aqueous environments, LuCXB tends to
generate O2−•.
The effect of solvents on the putative intramolecular

interactions of LuCXB was studied using two independent
molecular dynamics simulations carried out in the presence of
H2O (polar protic) and DMSO (polar aprotic), respectively.
Using the Packmol program, LuCXB was randomly arranged in
a 5.0 × 5.0 × 5.0 nm3 simulation box. The images of the initial
and simulated conformations of LuCXB in H2O and DMSO
are shown in Figure 3 (left-initial and right-simulated). The
conformations of LuCXB in the simulated form were markedly
different from the corresponding initial states in both solvents.
In H2O, the simulated conformation of LuCXB was
characterized by a folded structure, with the celecoxibend

moiety close to the LuTex core. This folding is not seen in
DMSO, where the LuCXB exists in an unfolded conformation.
The properties of LuCXB in two different solvent media

were quantified via root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), and average distance
criteria.48,49 To gain insights into the flexible nature of the
molecule in both solvents, the RMSD of LuCXB was calculated
from the trajectories generated after equilibration. The
calculated average RMSD (⟨RMSD⟩) values of LuCXB in
H2O and DMSO were found to be 2.38 and 2.44 nm,
respectively (Figure S31a). The lower RMSD value of LuCXB
in H2O is taken as a reflection of the reduced conformational
flexibility, as expected for a system where stacking between the
LuTex core and the celecoxibend moiety is favored. Similar
conclusions were supported by the RMSF values. For instance,
the RMSF values of LuCXB in H2O and DMSO were 0.25 and
0.35, respectively (Figure S31b). Furthermore, the average
distance between the LuTex core and the celecoxibend subunit
in H2O (0.58 nm) was less than that in DMSO (1.38 nm)
(Figure S32). Again, this is consistent with LuCXB existing in a
folded form in polar protic media.
Density Functional Theory Calculations. Molecular

dynamics simulation results provided support for the
suggestion that the LuCXB system would fold or unfold
depending on the polarity of the solvent. Unknown from this
analysis, however, was why the ROS, the putative folded and
unfolded forms of LuCXB produced different classes of ROS.

Figure 4. Density functional theory (DFT) calculations showing the optimized structures of unfolded and folded LuCXB systems. Frontier
molecular orbitals and energies (eV) derived from DFT calculations of (a) unfolded and (b) folded LuCXB in their ground state. Calculated lowest
excited singlet (S1) and triplet energy (T1) of (c) unfolded LuCXB and (d) folded LuCXB. (e) Relative ratio of type I and II ROS generation
(efficiency) for Ce6, RB, LuTex, and LuCXB in PBS (10 mM, pH = 7.4) under conditions of 730 nm photoirradiation.
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Therefore, time-dependent density functional theory (TD-
DFT) calculations were performed. The conformations of
LuTex, folded LuCXB and unfolded LuCXB systems were
initially optimized. Their ground state (S0), first singlet excited
state (S1), and first triplet excited state (T1) energy levels were
then calculated (Figures 4a,b, and S33−S35). For type I
electron transfer, the interaction between the triplet state
population of the photosensitizer (produced via an intersystem
crossing (ISC) process) and the triplet ground state of oxygen
molecules plays a critical role. The equation below was used to
estimate the ISC rate of the compounds.8,50

k
H
E

T S
( )ISC

1 SO 1
2

S T
2

1 1

= | |

where HSO is the Hamiltonian for the spin−orbit coupling, and
ΔES1−T1 represents the energy difference between the S1 and
T1 states. According to this equation, the ISC rate is inversely
proportional to the square of ΔES1−T1. The calculated energy
differences for various conformers of LuCXB and LuTex are
provided in Table 1. The ΔES1−T1 values of the unfolded and
folded LuCXB states (0.31 and 0.57 eV, respectively) were
found to be smaller than that of LuTex (0.73 eV) (Figure

Table 1. Photophysical and Photosensitizing Properties of LuTex, Unfolded LuCXB, and Folded LuCXB

compound λabs (nm)c
λem
(nm)c Δv (nm)f ΦFg ΦROSh

type I/II
ratioj

HOMO
(eV)l

LUMO
(eV)l

Eg
(eV)m

ΔES1−T1
(eV)n,o

ΔET1−S0
(eV)n,p

LuTexa 469d:733e 755 286d:22e 0.12 0.58i 5.8 −4.62 −2.99 1.63 0.73 n.c.
LuCXB
(unfolded)b

470:733 756 286:23 0.13 0.61 n.c.k −5.16 −2.95 2.21 0.31 1.78

LuCXB (folded)a 462:737 786 324:49 <0.01 <0.01 68.3 −5.27 −3.02 2.25 0.57 1.36
aIn PBS (10 mM, pH = 7.4) containing 1% DMSO (v/v). bIn PBS/Triton-X100 1% (v/v) containing 1% DMSO (v/v). cConcentration: 10 μM.
dSoret band. eQ-band. fStokes’ shift. gFluorescence quantum yield determined using tetraphenylporphyrin as the standard (ΦF = 0.11 in
methanol).51 h1O2 generation quantum yield using LuTex as the standard.

iReported value.29 jRatio of the change in fluorescence intensity of
DHR123 and the change in the absorption of ABDA seen as a function of time under conditions of photoirradiation. kn.c.: not calculated. lDFT
calculations were performed with the B3LYP hybrid functional based on the SDD/6-31G(d) basis set, using the Gaussian 16 software package.
mEnergy difference between the HOMO and LUMO levels. nTime-dependent DFT (TD-DFT) calculations were carried out to determine the
energy levels of the excited states using the same functional and basis set. oEnergy difference between S1 and T1.

pEnergy difference between S0 and
T1.

Figure 5. Preparation and characterization of LuCXB-based exosome nanophotosensitizer. (a) Summary of the procedure used to prepare the
CD133 aptamer-decorated nanophotosensitizer, Ex-apt@LuCXB, and its tumor-targeting ability. (b) Dynamic light scattering (DLS) particle size
distribution analysis of Ex-apt@LuCXB. The inset provides a transmission electron microscopy (TEM) image of the Ex-apt@LuCXB micrograph.
Scale bars indicate the length stated in the figure (Scale bar: 100 nm). Cellular uptake of Ex-apt and Ex-apt@LuCXB in (c) bone marrow-derived
dendritic cells and (d) Hepa1−6 liver cancer cells. Hoechst 33342-stained cell nuclei (blue color), Calcein-AM labeled cytosol of living cells (green
color), and 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR)-stained exosome membrane lipids (red color), respectively. Scale
bars indicate the length stated in the figures. Scale bars: 10 μm (c) and 20 μm (d). (e) Concentration of lutetium(III) metal ions found after
incubating with either LuTex or LuCXB for 24 h (10 μM, 37 °C) with H596 cyclooxygenase-2 (COX-2) positive (+ve) and A549 COX-2 negative
(−ve) cells, as determined using a inductively coupled plasma mass spectrometer (ICP-MS). Inset: Western blotting determination of COX-2
expression levels in A549 and H596 cell lines. Data are represented by the mean ± the standard deviation (s.d.) derived from n = 3 independent
experiments. Panel (a) was created with BioRender.com.
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4c,d). More efficient ISC and enhanced ROS generation were
thus expected for LuCXB than for LuTex.
Next, the energy levels of the S0/T1 states of the

photosensitizer, triplet oxygen (3O2), and 1O2 were calculated
in an effort to determine whether an electron transfer (type I)
or energy transfer (type II) pathway would be preferred. It is
well-known that if the ΔET1−S0 values of a photosensitizer are
smaller than the 3O2−1O2 spin state conversion energy gap
(1.61 eV), the energy transfer process is thermodynamically
disfavored.8,50 As shown in Table 1, the unfolded LuCXB
system exhibited a ΔET1−S0 value (1.78 eV) that is greater than
1.61 eV; conversely, the folded LuCXB conformation was
characterized by a smaller value (1.36 eV) (Figure 4c,d). The

results of the simulations proved concordant with the
experimental data. For instance, the use of LuCXB led to
exclusive 1O2 generation in DMSO but effective O2−•

production in an aqueous medium. The 11.8-fold type I/II
ROS generation ratio of LuCXB in aqueous media with respect
to LuTex is taken as evidence that LuCXB can be used to
produce O2−• effectively, in contrast to what is seen for LuTex
(Figure 4e). Given the potential anticancer benefits of O2−•

production, an effort was thus made to test the utility of
LuCXB as a photosensitizer in vitro and in vivo.
Preparation and Characterization of Nanophotosen-

sitizer Ex@LuCXB. For IPDT studies, cancer cell-derived
exosomes were prepared and used as carriers for LuCXB

Figure 6. In vitro evaluation of the biocompatibility and photodynamic anticancer effect of Ex-apt@LuCXB. (a) Illustration of a proposed
synergistic anticancer effect comprising (1) type I/II switchable ROS-induced damage; (2) antiangiogenesis; and (3) tumor microenvironment
immune boost. (b) Confocal laser scanning microscopy (CLSM) images corresponding to intracellular O2−• production in Hepa1−6 cells that
were preincubated with LuCXB followed by incubation with dihydroethidium (DHE) as an O2−• indicator (10 μM) as recorded in the absence or
presence of 730 nm lamp photoirradiation (100 mW/cm2, 1 min). Scale bar: 20 μm. Relative viability of Hepa1−6 cells as determined by CCK-8
assays for (c) LuTex and LuCXB, and (d) exosome-based nanophotosensitizers (Ex-apt@LuTex and Ex-apt@LuCXB) relative to control (1%
DMSO). After photoirradiation for 10 min (730 nm, 100 mW/cm2), the CCK-8 assay was used to determine the photodynamic effect in the Ex-
apt@LuTex and Ex-apt@LuCXB treatment groups in Hepa1−6 cells. Data are represented by mean ± s.d. (n = 5 independent experiments). ***p
< 0.001, **p < 0.01, *p < 0.05. Fluorescence images of (e) γ-H2AX (DNA fragmentation) and (f) JC-1 (mitochondrial apoptosis) in Hepa1−6
cells for the indicated treatment groups. All groups involving near-infrared (NIR) photoirradiation were irradiated with a 730 nm laser (100 mW/
cm2, 10 min). Scale bar: 100 μm. (g) Hematoxylin and eosin (H&E) staining of human umbilical vein endothelial cells (HUVECs) after treatment
with LuCXB (0, 50, and 100 μM). Scale bar: 100 μm. (h) Protein expression levels of COX-2 and vascular endothelial growth factor (VEGF) in
Hepa1−6 cells. Western blot showing endogenous COX-2 and VEGF expression levels after treatment separately with LuCXB or celecoxib (0, 10,
and 50 μM). (i) Immunohistochemical fluorescence of CD31-positive cells (green color) in tumor tissues as observed by CLSM. DAPI was used to
stain the cellular nuclei (blue color). Scale bar: 100 μm. Panel (a) was created with BioRender.com.
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(Figure 5a).52 Exosomes derived from the supernatant of
Hepa1−6 tumor cells, a mouse liver cancer cell line, were
extracted via ultracentrifugation (100,000g). In accordance
with previous reports, tumor-derived exosomes present a range
of tumor-specific antigens. Western blot studies confirmed that
the specific Hepa1−6-derived exosomes used in the present
study bear a large quantity of liver cancer-specific antigens,
namely glypican 3 proteins (GPC3), on the surface of the lipid
membrane (Figure S36a). To determine the localization of
exosomes after treatment, the as-prepared exosomes were
incubated with 1,1-dioctadecyl-3,3,3,3-tetramethylindotricar-
bocyanine iodide (DiR), a NIR cyanine dye; this was done
due to the poor fluorescence quantum yield of LuCXB under
physiological conditions (ΦF < 0.01). Next, LuCXB was
incorporated into the cancer cell-derived exosomes via
ultrasonication of a LuCXB-exosome mixture following an
established protocol.36 The resulting constructs, referred to as
Ex@LuCXB, were further functionalized with a CD133-
targeting aptamer, resulting in the formation of Ex-apt@
LuCXB (Figure 5b).40,53,54 Exosomes functionalized with the
CD133 aptamer but free of the LuCXB photosensitizer (Ex-
apt) were prepared as a control. The diameter of the Ex-apt
was found to be 100 nm as determined via dynamic light
scattering (DLS) and transmission electron microscopy
(TEM) analyses (Figure S36b). The corresponding diameter
of the exosomes containing LuCXB was approximately 10 nm
larger (Figure 5b).
To determine the cellular uptake of Ex-apt and Ex-apt@

LuCXB, fluorescence images of live murine bone marrow-
derived dendritic cells (DC) were obtained after the cells were
cocultured with Ex-apt or Ex-apt@LuCXB for 24 h. The
resulting images revealed internalization of Ex-apt and Ex-apt@
LuCXB, as inferred from the DiR-derived fluorescent
signature. To allow valid comparisons, Calcein-AM was used
to label the cytoplasm of the cells (Figures 5c and S37).
Furthermore, as can be seen from Figure 5d, cellular uptake of
both Ex-apt and Ex-apt@LuCXB is readily apparent in the case
of Hepa1−6 cells. We thus conclude that tumor cells are able
to take up Ex-apt@LuCXB and that the latter constructs
should act as an effective nanophotosensitizer.
Celecoxib-Driven Cellular Guiding and Accumulation

Behavior of LuCXB. Further support for the proposed
localizing features came from studies involving two different
lung cancer cell lines, namely H596 and A549. These two cell
lines were chosen because elevated COX-2 expression levels
have been observed in H596 cells, whereas A549 cells exhibit
negligible COX-2 expression levels. They were thus expected
to function as COX-2 positive (+ve) and negative (−ve)
models, respectively (inset to Figure 5e). As shown in Figure
5e, inductively coupled plasma mass spectrometry (ICP-MS)
analyses were used to quantify the lutetium(III) cation levels in
the corresponding cellular lysates. LuCXB exhibited a
significantly high concentration in COX-2 (+ve) cells (82.4
μg/L) as compared to the negative (−ve) model (16.2 μg/L).
In contrast, treatment with free LuTex led to little
accumulation of lutetium(III) in either the COX-2 (+ve,
12.2 μg/L) or COX-2 (−ve, 8.9 μg/L) cells. This supports the
design expectation that LuCXB, composed of a celecoxib
moiety linked to a LuTex core, is located well into cancer cells
where COX-2 is upregulated. Docking simulations were then
carried out in an effort to obtain insights into the binding
interactions between COX-2 and LuCXB at the atomic level.
Based on these studies (Figure S38), LuCXB is located in the

cleft region of COX-2 and bound favorably (binding free
energy = −71.3 kcal/mol).
Biosafety and ROS-Generation Efficiency of LuCXB.

Next, the anticancer effects of LuCXB-based on ROS-induced
photodamage, antiangiogenesis, and immunogenic tumor cell
suppression were examined. The experimental design is
summarized in Figure 6a. Initially, the production of ROS
induced by LuCXB was measured under light irradiation in
Hepa1−6 liver cancer cells. For this portion of the study,
Hepa1−6 cells were preincubated first with LuCXB, followed
by dihydroethidium (DHE), a known O2−• indicator. The
Hepa1−6 cells preincubated with LuCXB gave rise to intense
green confocal laser scanning microscopy (CLSM) images in
the DHE channels under 730 nm lamp irradiation (100 mW/
cm2, 1 min); this was considered indicative of ROS generation,
especially type I O2−• generation (Figure 6b).
The photocytotoxicity of LuCXB was assessed in Hepa1−6

cells as a function of photosensitizer concentration. For this
study, Hepa1−6 cells were preincubated with LuTex and
LuCXB, respectively, and the cell viability assay was evaluated
without or with NIR photoirradiation (730 nm, 100 mW/cm2,
10 min). Both texaphyrins displayed negligible cytotoxicity in
the absence of photoirradiation (Figure S39a). Upon photo-
irradiation, LuCXB produced a high level of cytotoxicity, while
less pronounced phototoxic effects were observed using LuTex
under identical photoirradiation conditions (Figures 6c and
S39b). The phototoxicities of Ex-apt@LuTex and Ex-apt@
LuCXB were slightly enhanced relative to the free forms with
negligible dark toxicity again being observed (Figure S40a).
Mirroring what was seen for LuTex and LuCXB, upon
photoirradiation, Ex-apt@LuCXB gave rise to a greater level of
phototoxicity than Ex-apt@LuTex (Figures 6d and S40b).
Next, Hepa1−6 cells incubated with LuTex, LuCXB, Ex-

apt@LuTex, or Ex-apt@LuCXB, respectively, were stained to
visualize DNA fragmentation via a γ-H2AX assay where live
and apoptotic cells appear blue and red, respectively. γ-H2AX
labeling revealed that NIR photoirradiation in conjunction
with Ex-apt@LuCXB causes DNA damage at a higher level
than seen with Ex-apt@LuTex (Figure 6e). When tested
without exosome encapsulation, neither LuTex nor LuCXB
produced significant DNA damage even under conditions of
photoirradiation; presumably, this reflects less effective cellular
uptake.
Phototoxicity-induced mitochondrial apoptosis was meas-

ured using the JC-1 assay. The phototherapeutic effect of Ex-
apt@LuTex and Ex-apt@LuCXB caused the depolarization of
mitochondrial membrane potentials as inferred from red and
green labeling for live and dead cells, respectively (Figure 6f).
Such findings are consistent with an apoptosis-induced cell
death mechanism. We thus conclude that cellular ROS
production from LuCXB, particularly via a type I O2−•

photogeneration mechanism, induces photocytotoxic effects
and leads to apoptosis in Hepa1−6 liver cancer cells under
conditions of NIR irradiation.
Antiangiogenic Effect of COX-2 Inhibition. While

therapeutic outcomes of PDT are often curative, incomplete
PDT can trigger neovascularization and allow for tumor
recurrence, effects potentially induced through tumor angio-
genesis. Additionally, PDT-induced oxidative stress can result
in hypoxic tumors. This, in turn, can lead to the expression of
angiogenic growth factors and cytokines as an adaptive
response through activation of signaling cascades, such as the
hypoxia-signaling pathway and VEGF, which initiates angio-

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c05978
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05978/suppl_file/ja4c05978_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c05978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


genesis. Thus, we were keen to see whether LuCXB would act
as a COX-2 inhibitor and inhibit VEGF pathways since this
might improve antiangiogenic activity during PDT. To test this
possibility, human umbilical vein endothelial cells (HUVECs)
and Hepa1−6 cells were indirectly cocultured using a transwell
system in a LuCXB-treated medium (Figure S41a). Treatment
with LuCXB resulted in a decreased growth rate of HUVECs
in a dose-dependent manner (Figure 6g). Additionally,
Western blot analyses confirmed that treatment with LuCXB

downregulated COX-2 expression levels in this Hepa1−6 cell-
based test while simultaneously decreasing VEGF production
relative to celecoxib (Figures 6h and S41b).
We also recorded the expression levels of CD31 angio-

genesis factors in Hepa1−6 cells under Ex-apt@LuCXB-
induced therapeutic conditions. Immunohistochemical fluo-
rescence monitoring of the CD31 marker revealed that Ex-
apt@LuCXB treatment induced suppression of microvessel
density as manifested by a lowered green fluorescence response

Figure 7. In vivo liver tumor (Hepa1−6) targeting and immune boost-based therapeutic effects of Ex-apt@LuCXB. (a) Live imaging of a
subcutaneous Hepa1−6-bearing BALB/c nude mice model as assessed in different treatment groups (control, Ex, Ex-apt, Ex@LuCXB, and Ex-
apt@LuCXB, respectively). Exosomes were labeled with the DiR dye, and the fluorescence intensity was recorded at 12, 24, and 48 h after tail vein
injection. (b) Statistical analysis of tumor fluorescence intensity at 48 h postinjection. Error ranges are represented as s.d. (n = 4 biologically
independent animals). **p < 0.01. (c) Ex vivo fluorescence images of the liver tumor and main organs (kidneys, lungs, spleen, liver, and heart)
recorded at 48 h postinjection. (d) Semiquantitative biodistribution of exosome-based nanodrugs, including Ex@LuCXB and Ex-apt@LuCXB, as
determined from the average fluorescence intensity per gram of tumors and main organs. Error ranges represent s.d. derived from n = 4
independent experiments. (e) Immunofluorescence histochemical analysis of cancer stem cell-targeting Ex-apt@LuCXB in mouse liver cancer
tissues. CD133-positive cancer stem cells are stained with CD133-FITC antibodies (green color), exosomes are stained with the DiR dye (red
color), and the cellular nuclei are stained with DAPI (blue color). Scale bar: 50 μm. (f) Statistical analysis of the time-dependent tumor volume
changes seen after treatment in each mouse group as monitored for 18 days. (g) Time-dependent body weight curves for animals subjected to
different treatment regimens for 18 days. Data are represented as the mean ± s.d. (n = 4 biologically independent animals). **p < 0.01, *p < 0.05.
(h) Immunohistochemical fluorescence of CD8 (green color) and CD4 (red color) positive cells in tumor tissues observed by CLSM. DAPI was
used to stain the cellular nuclei (blue color). Scale bar: 100 μm.
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(Figure 6i). LuCXB without the exosome nanocarrier
produced a slightly lower antiangiogenic effect, presumably
as a result of less efficient intracellular localization. In contrast,
the control group and Ex-apt exhibited significant green
fluorescence response, indicating high CD31 expression. Taken
in concert, these findings support the conclusion that
photoirradiation of Ex-apt@LuCXB leads to a decrease in
COX-2 expression levels and lowered VEGF production, as
well as suppression of angiogenesis.
Liver Cancer Stem Cell-Targeting and Immune Boost

Effect of Ex-apt@LuCXB. Based on the above in vitro
findings, an effort was made to evaluate the in vivo tumor
localization and therapeutic effects of the photosensitizers in
this study. With this goal in mind, BALB/c nude mice bearing
Hepa1−6-induced liver cancers were injected intravenously

with Ex, Ex-apt, Ex@LuCXB, or Ex-apt@LuCXB, and the
biodistribution was examined by fluorescence live imaging. It
was found that the red fluorescence response from DiR in the
tumor-bearing mice gradually increased over time, with
monitoring at 12, 24, and 48 h (Figure 7a). A statistical
fluorescence intensity analysis confirmed the proposed
enhanced targeting capability of the exosomes after aptamer
surface modification presumably because of interactions with
CD133, a common cancer stem cell marker in a wide variety of
tumors (Figure 7b).
Ex vivo fluorescence images of the tumor and major organs

(e.g., kidney, lung, spleen, liver, and heart) revealed that the
aptamer-modified exosomes localized in the tumor region 48 h
postinjection (Figure 7c). Statistically, Ex-apt@LuCXB was
found to exhibit tumor-localization capability (Figure 7d). In

Figure 8. Photodynamic tumor suppression effect of Ex-apt@LuCXB and activation of an anticancer immunity response in a 4T1 mouse breast
cancer model. (a) Schematic illustration of a therapeutic IPDT treatment procedure with different groups (control, celecoxib, LuCXB, and Ex-apt@
LuCXB), respectively, administered per os (p.o.) or intravenous (i.v.) injection with or without NIR irradiation based on synergistic IPDT/
antiangiogenesis in vivo. Flowchart for the establishment of a subcutaneous tumor model in BALB/c mice (4T1) and its use for each treatment
group. (b) Time-dependent tumor volume changes and (c) body weight curves for different treatment groups for 14 days. Data points and error
bars represent the mean value ± the s.d. based on n = 5 experiments involving biologically independent animals. ***p < 0.001, **p < 0.01, *p <
0.05. (d) Immunohistochemical fluorescence of regressive vasculature as determined using a CD31 marker (red color) and CD8+ T cells (green
color) in tumor tissues observed by CLSM. DAPI was used to stain the cellular nucleus (blue color). Scale bars: 50 μm. Quantitative analysis of
serum Th-1 cytokines, including (e) interferon-γ (IFN-γ), (f) tumor necrosis factor-α (TNF-α), (g) interleukin (IL)-6, (h) IL-10, and (i) IL-12 in
different mouse groups over 14 days based on an enzyme-linked immunosorbent assay (ELISA). Data represent the mean ± s.d. as derived from
studies of n = 5 biologically independent animals. **p < 0.01, *p < 0.05. Panel (a) was created with BioRender.com.
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addition, the targeting of Ex-apt@LuCXB to CD133+ liver
cancer stem cells was observed using frozen sections of tumors.
As shown in Figure 7e, aptamer-modified DiR-labeled
exosomes (red color) demonstrated apparent colocalization
with cancer stem cells marked by the CD133-FITC antibody
(green color). In contrast, DiR-labeled exosomes without the
aptamer (Ex) produced negligible red-emissive fluorescence in
the CD133 marker region. Collectively, these results are taken
as evidence that exosome surface modification with CD133
aptamers (Ex-apt and Ex-apt@LuCXB) leads to effective
targeting of CD133+ cancer stem cells in Hepa1−6-induced
liver cancer tissues.
Finally, the in vivo antitumor capability of Ex-apt@LuCXB

was investigated in a mouse liver cancer model. The liver
tumor model was established in B6 mice using Hepa1−6 cells.
The mice were then divided into 4 groups and subjected to
different treatments via intravenous (i.v.) injection: Control
(PBS), Ex-apt, LuCXB + NIR, and Ex-apt@LuCXB + NIR
groups, respectively. The time-dependent tumor volume
changes in each mouse group were observed for 18 days
(Figure 7f). Statistically significant tumor growth inhibition
was seen in the mice treated with Ex-apt@LuCXB + NIR (730
nm, 100 mW/cm2) without abnormal body weight changes
(Figure 7g). At the end of the therapeutic course, almost all
tumors were eliminated without relapse. Treatment with Ex-
apt also produced noticeable tumor growth inhibition, leading
us to suggest that the CD133 aptamer-decorated exosomes
could induce an antitumor immunotherapeutic effect even in
the absence of PDT. Immunohistochemical fluorescence
analyses of CD8 and CD4 revealed that tumor tissues were
in an immune-activated state. In contrast to the control and
Ex-apt groups, tumor treatment with LuCXB and Ex-apt@
LuCXB and NIR light (730 nm, 100 mW/cm2) produced a
higher infiltration of CD8+ and CD4+ T cells as inferred from
an increase in green and red fluorescence, respectively (Figure
7h).
Antitumor Effect of Ex-apt@LuCXB in a 4T1 Mouse

Breast Cancer Model. Prompted by the successful IPDT
results in the liver cancer mouse model, the antitumor effect of
Ex-apt@LuCXB was further explored in a breast cancer model.
In these in vivo experiments, exosomes derived from 4T1
breast cancer cells were modified with CD133 aptamer to
target CD133+ breast cancer stem cells. The 4T1-tumor-
bearing BALB/c mice were divided into 6 groups with different
treatments and administration routes, namely per os (p.o.) or
i.v. injection: (1) Control (PBS i.v. injection), (2) celecoxib
(p.o.), (3) LuCXB (p.o.), (4) Ex-apt@LuCXB (i.v.), (5)
LuCXB (i.v.) ± NIR irradiation, and (6) Ex-apt@LuCXB (i.v.)
± NIR irradiation, respectively (Figure 8a). After 14 days of
treatment, individual tumor volumes in the different groups
were measured, as shown in Figure 8b. Compared with the
control group (G1), tumors in the mice treated orally with
celecoxib (G2) or LuCXB (G3) were slightly inhibited,
presumably due to the antiangiogenic tumor growth
retardation. The group subjected to i.v. administration of Ex-
apt@LuCXB without light irradiation (G4) demonstrated a
moderate therapeutic benefit, a finding ascribed to an inherent
immunogenic antitumor effect. In contrast, the CD133
aptamer-modified Ex-apt@LuCXB group exhibited excellent
biocompatibility and tumor cytotoxicity under conditions of
NIR photoirradiation (730 nm, 100 mW/cm2) (G6), as
compared to the corresponding LuCXB + NIR group (G5).
None of the mice used in the study (i.e., across all groups)

displayed abnormal body weight changes (Figure 8c). A
histological analysis, including CD31 and CD8+ T cell staining,
provided evidence for an antiangiogenesis effect, as well as a
higher level of tumor microenvironment infiltration; these
latter findings are ascribed to an IPDT effect produced by
LuCXB under conditions of photoirradiation (G4−G6)
(Figure 8d).
In addition, serum cytokines in different mouse groups were

detected via an enzyme-linked immunosorbent assay (ELISA).
Mouse serum was collected from the breast cancer model
animals after each treatment. The quantity of cytokines in the
supernatant was determined, including interferon-γ (IFN-γ),
tumor necrosis factor-α (TNF-α), interleukin (IL)-6, IL-10,
and IL-12. The CD133 aptamer-decorated exosome-treated
groups (G4 and G6) showed increased IFN-γ levels regardless
of whether or not the animals were subjected to photo-
irradiation (Figure 8e). Relative to the control group (G1),
each treatment increased the TNF-α levels, as shown in Figure
8f. Based on the immune response, presumably generated by
the CD133 aptamer and LuCXB-induced IPDT, IL-6, and IL-
12 were found to be upregulated in each treatment group; in
contrast, negligible differences were observed for IL-10 (Figure
8g−i). Collectively, these results provide support for the
premise underlying this study, namely that effective tumor
localization provided by tumor-derived exosomes with CD133
aptamer surface modification, improved antiangiogenesis from
LuCXB IPDT, and enhanced cancer stem cell targeting with
immune activation leads to near-complete cancer cell
eradication. A statistically significant reduction in tumor
burden is also seen in vivo based on studies with mouse
models.

■ CONCLUSIONS
This study was undertaken to explore whether structural
refinement of LuTex to favor type I O2−• generation under
photoillumination conditions would enhance IPDT efficacy. A
desire to test this possibility led to the synthesis of the SMPC,
LuCXB, wherein a LuTex core is conjugated with celecoxib.
Both experimental and theoretical investigations confirmed
that intramolecular donor−acceptor interactions between the
LuTex core and the celecoxib moiety effectively reduce the
singlet−triplet energy gap (ΔET1−S0), which bolsters the
production of O2−•. Cancer cell targeting of COX-2 by the
celecoxib component facilitates tumor-specific localization,
minimizing the risk of off-target photoactivation during
treatment. Furthermore, LuCXB exhibits a chemotherapeutic
effect, particularly in antiangiogenesis, enhancing the overall
PDT efficacy. For therapeutic applications in vitro and in vivo,
CD133-targeting, aptamer-decorated exosomes were employed
as carriers to deliver LuCXB as a payload directly to liver and
breast cancer cells. Integrating LuCXB with these exosome-
based delivery systems (to give Ex-apt@LuCXB) led to
improved targeting specificity, enhanced biocompatibility,
and reduced systemic toxicity. The ability of these exosomes
to target cancer stem cells boosts the therapeutic efficacy and
reduces off-target effects, features that are deemed beneficial
for IPDT. Consistent with these design expectations, we found
that Ex-apt@LuCXB demonstrated good antitumor efficiency
in both cell culture and mouse models, while also appearing to
reduce tumor stemness. Based on the present findings, we
believe that SMPCs such as LuCXB will have a role to play in
IPDT-based cancer therapies, particularly in targeting and
ablating cancer stem cells.
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