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ABSTRACT: Aldehyde dehydrogenase (ALDH) is an enzyme responsible
for converting aldehyde functional groups into carboxylate metabolites.
Elevated ALDH activity is a characteristic feature of cancer stem-like cells
(CSCs). As a novel approach to target the CSC trait of overexpressing
ALDH, we aimed to utilize ALDH activity for the selective accumulation of
a photosensitizer in ALDHHigh CSCs. A novel ALDH substrate photo-
sensitizer, SCHO, with thionylated coumarin and N-ethyl-4-(aminomethyl)-
benzaldehyde was developed to achieve this goal. Our study demonstrated
the efficient metabolism of the aldehyde unit of SCHO into carboxylate,
leading to its accumulation in ALDHHigh MDA-MB-231 cells. Importantly,
we established the selectivity of SCHO as an ALDHHigh cell photosensitizer as it is not a substrate for ABC transporters. SCHO-
based photodynamic therapy triggers apoptosis and pyroptosis in MDA-MB-231 cells and further reduces the characteristics of
CSCs. Our study presents a novel strategy to target CSCs by exploiting their cellular metabolism to enhance photosensitizer
accumulation, highlighting the potential of photodynamic therapy as a powerful tool for eliminating ALDHHigh CSCs.
KEYWORDS: aldehyde dehydrogenase, cancer stem cells, photosensitizer, thionylation, pyroptosis

■ INTRODUCTION
Cancer stem cells (CSCs), also referred to as tumor-initiating
cells (TICs), are a unique subset of cancer cells that can self-
renew, differentiate, and proliferate indefinitely.1−3 These cells
are capable of evading conventional antineoplastic modalities,
such as chemotherapy and radiotherapy, which can result in
tumor recurrence or metastasis post-treatment.4,5 As a result,
concerted efforts are being devoted to developing innovative
strategies aimed at selectively eradicating CSCs embedded
within the neoplastic milieu.6 However, despite the emergence
of diverse approaches, ranging from the mitigation of
mitochondrial H+ leaks to the design of artificial ionophores
(Figure 1A),7−10 there is still a lack of clinically approved CSC-
specific therapies.11 In light of this challenge, researchers have
been exploring safer and more effective therapeutic alternatives
with unique mechanisms of action (MoA).7,12−14 Here, we
report an intriguing finding that involves leveraging the CSC
metabolite, i.e., aldehyde dehydrogenase (ALDH) enzyme, to
“trap” therapeutic drugs, offering a promising avenue for
selectively eliminating CSCs (Figure 1B). We developed a first-
generation ALDH-mediated activatable type-I photosensitizer
named SCHO (Figure 1B). SCHO demonstrates a potential
for triggering photodynamic CSC ablation through an MoA
rooted in cell pyroptosis, as demonstrated in previous studies
using two-dimensional culture cell models.
Photodynamic therapy (PDT) is a photon-controlled

therapeutic modality that has garnered significant attention
in cancer treatment, with a growing emphasis on carefully

designing photosensitizers (PSs) to optimize therapeutic
outcomes.15,16 Although PDT offers the advantage of minimal
invasiveness by applying light to the tumor region, it is still
essential to selectively deliver PS to the tumor region to
improve the efficacy. In recent years, numerous tumor-
targeting strategies have been reported, such as antibody
conjugation,17 cell membrane receptor recognition,18,19 and
nanomedicine.20 However, PDTs targeting CSCs are relatively
rare, and methods for selectively accumulating PSs within
CSCs have not been properly elucidated.

ALDH is an NAD(P)+-dependent enzyme involved in
alcohol metabolism, converting aldehydes into nonreactive
acids. It processes aldehyde byproducts from amino acids, fats,
and exogenous sources.21 The resulting carboxylate metabo-
lites are prone to be difficult to diffuse out of cells; therefore,
they remain “trapped in cells.22,23 Moreover, ALDH has been
identified as a potential universal marker for CSCs and plays a
crucial role in CSC maintenance and differentiation.24 Elevated
levels of ALDH1 in triple-negative breast cancer (TNBC)
correlate with a poorer prognosis and are associated with a
lower overall survival rate.25,26 Hence, developing an ALDH-
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specific PS holds promise for selective PS accumulation and
phototherapy targeting of CSCs. However, several factors must
be considered. The PS structure needs to strike a hydrophilic−
hydrophobic balance, enabling easy cell membrane penetration
and subsequent oxidation by the ALDH enzyme into
carboxylate forms. Additionally, the PS should be resistant to
drug efflux pumps, such as CSC-overexpressed ABC trans-
porters, given the correlation with ALDH overexpression.27

Last, dark toxicity should be minimized to leverage PDT’s
controllability spatiotemporally through light irradiation at the
tumor site.
Considering these factors, we developed SCHO, a CSC-

selective type I PS harboring ALDH activity. Our hypothesis
suggested that N-ethyl-4-aminomethyl benzaldehyde would act
as an ALDH recognition moiety.28 We confirmed the oxidation
of the aldehyde group to a carboxylate in the presence of
ALDH enzymes and the NAD(P)+ oxidant. Importantly, we
observed that intracellularly captured SCHO remained
unaffected by ABC transporter activity. As a result, SCHO
exhibited selective phototoxicity in ALDHHigh TNBC cells
(e.g., MDA-MB-231) compared to ALDHLow cells by
generating superoxide radicals (O2

−•) under white LED lamp
irradiation. Moreover, it was interesting to find that SCHO
could induce CSC cell apoptosis and pyroptosis by activating
the caspase-3/gasdermin E pathway.29 Furthermore, we
observed that SCHO-mediated PDT not only decreased the
population of ALDHHigh cancer cells but also altered tumor
heterogeneity and drug resistance by lowering stemness
characteristics. Last, combination therapy SCHO with 5-
fluorouracil (5-FU) overcame chemotherapy resistance with 5-

FU. This study represents the first proof-of-concept of cellular
metabolism−based PS accumulation. Our findings present a
novel CSC-targeting strategy by designing PDT agents that
satisfy both CSC-overexpressing enzyme substrates and non-
ABC transporter substrates.

■ RESULTS AND DISCUSSION

Design, Synthesis, and Characterization of SCHO

The ALDH-responsive PS SCHO was designed by tethering a
thionylated coumarin-based PS to 4-aminomethyl benzalde-
hyde as the ALDH recognition group (Figure 1B). To enhance
the triplet yield and mitigate dark toxicity concerns, a heavy
atom−free strategy substituting oxygen atoms with sulfur
atoms) was used (Figure 1B).30,31 All synthetic routes are
illustrated in Schemes 1S and 2S. Lawesson’s reagent was used
to prepare thionylated coumarin 6 as the PS. One
terephthalaldehyde aldehyde was protected by an acetal
functional group, while the other aldehyde was employed to
create a secondary amine through reductive amination to yield
3. Subsequently, an azide moiety was introduced to form 4,
which underwent a click reaction with N-propargylated
coumarin to synthesize 7. Subsequent hydrolysis yielded
SCHO. To confirm that SCHO yields a carboxylate product
upon incubation with ALDH, we synthesized SCOOH, an
enzymatic product of ALDH. The ester was hydrolyzed under
basic conditions, followed by a click reaction with 6, i.e., the
obtained SCOOH. All new compounds were characterized
by1H NMR, 13C NMR, and ESI-MS; the results are provided
in (Figures S1−24).

Figure 1. (A) Reported approaches for cancer stem cell−targeting modalities. (B) Chemical structure and properties of type-I PS SCHO, along
with a schematic illustration of SCHO trapped in ALDHHigh cancer stem−like cells.
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Figure 2A illustrates the assessment of PS SCHO as an
ALDH substrate and demonstrates the proposed ALDH1A1-
mediated oxidation of SCHO to SCOOH. The corresponding
reference PS, SCou, was designed for comparison. The optical
properties of SCou, SCHO, and SCOOH were analyzed by
measuring their absorbance and fluorescence spectra. Both
SCou and SCHO exhibit similar broadband absorptions
centered at ∼450 nm (Figure S25). The fluorescence intensity
of SCou was considerably lower than that of the coumarin
scaffold, i.e., Cou (Figure 2B), which is attributed to the
increase in triplet population through intersystem crossing
(ISC) mediated by “S” atom substitution.32,33 Then, the
sensing ability of SCHO toward ALDH was investigated.
Concentration-dependent fluorescence intensities of SCHO

were measured from 1 to 20 μM, and its intensity at 503 nm

showed linearity with a fair R2 value (0.991) in this
concentration range (Figure S26). By comparing the
fluorescence spectrum of prepared SCOOH with that of a
carboxylate embracing the oxidized form of SCHO in PBS,
SCHO fluorescence was weaker than SCOOH (Figure 2C). It
is manifested that the fluorescence intensity of SCHO
increased to 3-fold after the aldehyde oxidation by incubating
with ALDH1A1 and NAD+ (Figure 2D). When ALDH1A1 is
absent, almost no fluorescence change was observed in SCHO,
even in the presence of the oxidant NAD+ (Figure 2E). These
observations led us to infer putative SCHO enzymatic
oxidation by the ALDH1A1 enzyme.

We chose to examine the enzyme kinetics of SCHO for
ALDH1A1, ALDH2, and ALDH3A1, among the 19 isoforms
of ALDH, as they are commonly expressed in human cancer.28

Figure 2. SCHO as an ALDH substrate. (A) Chemical structures of SCHO and the proposed activation mechanism in the presence of ALDH with
the cofactor NAD+. (B) Fluorescence spectra of Cou and SCou (10 μM, λex = 385 nm). (C) Fluorescence spectra of SCHO (10 μM) and the
synthetically prepared SCOOH (10 μM). (D) The fluorescence spectra of SCHO (10 μM) were recorded every 4 min after incubating with
ALDH1A1 (3.3 μg/mL) and NAD+ (1 mM) for up to 20 min. (E) Fluorescence spectra of SCHO (10 μM) with NAD+ (1 mM) but without
ALDH1A1. All samples are measured in tris buffer (pH 7.5) with 1% DMSO at 37 °C. (F) HPLC analysis (absorbance at 254 nm) of 10 μM
SCHO before and after incubation with 3.3 μg/mL ALDH1A1 and 500 μM NAD+ at 37 °C for 30 min. The chromatograms of SCHO and
SCOOH are also presented. (G) Time-dependent increase in the fluorescence of SCHO at 503 nm upon incubation with ALDH1A1 (3.3 μg/mL)
and NAD+ (1 mM), ALDH2 (3.3 μg/mL) and NAD+ (1 mM), or ALDH3A1 (3.3 μg/mL) and NADP+ (1 mM) in tris buffer (pH 7.5) at 37 °C.
Kinetic studies of the SCHO reaction under (G) ALDH1A1, (H) ALDH2, and (I) ALDH3A1 with varying concentrations of SCHO. (J) Kinetic
parameters for SCHO with ALDH isoforms. (K) Calculated binding of SCHO with ALDH1A1 (PDB ID: 4WB9) and ALDH3A1 (PDB ID:
3SZA).

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00642
JACS Au 2024, 4, 3657−3667

3659

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00642/suppl_file/au4c00642_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00642/suppl_file/au4c00642_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ALDH1A1 is found in the cytosol, while ALDH2 is expressed
in the mitochondrial matrix, contributing to the elimination of
lipid peroxidase byproducts.34 ALDH3A1 is expressed in both
the nucleus and cytosol, metabolizing aromatic and aliphatic
aldehydes.35 Even with the Aldefluor assay that indicated that
ALDH1A1 is not the sole ALDH isozyme responsible for
Aldefluor oxidation, various ALDH isoforms are also indicated
in this process.36

Recombinant ALDH2 and ALDH3A1 were exploited and
compared with the activity of ALDH1A1 in a physiological
solution. As shown in Figure 2C and E, the increase in
fluorescence at 500 nm indicated the conversion of SCHO into
SCOOH. The enzymes were incubated with SCHO at a
concentration range of 1−20 μM as the fluorescence intensity
was linear in that range (Figure S26). For ALDH1A1, SCHO
exhibited a linear increase in fluorescence intensity up to 8
min, except at a 1 μM concentration, which reached
fluorescence intensity saturation in 12 min (Figure S27).
ALDH2 oxidized SCHO to some degree but not as efficiently
as ALDH1A1 (Figure S28). The most prominent kinetics were
observed for ALDH3A1, in which linearity was not observed
after 2 min of incubation (Figure S29). Based on the enhanced
fluorescence, the kinetic parameters were determined from the
Michaelis−Menten plot (Figure 2G-I). The Michaelis−
Menten constant (KM) and Vmax values were obtained, and
the Vmax/KM values were calculated to compare enzyme
efficiency (Table S1 and Figure 2J). These three isoforms are
responsible for SCHO metabolism. However, ALDH1A1 and
ALDH3A1 are typically active in SCHO oxidation. Given that
ALDH1A1 and 3A1 enzymes contribute to anticancer drug
resistance,37 SCHO could be a potential CSC-selective PS that
can yield favorable therapeutic outcomes, especially when
combined with chemotherapy. Molecular docking was used to
assess the experimental data. SCHO exhibits good binding
affinity with ALDH1A1 and ALDH3A1 with thermodynami-
cally favorable binding energies of −10.1 and −9.7 kcal/mol,
respectively (Figure 2K).
High-performance liquid chromatography (HPLC) was

performed to confirm the chemical structural changes in
SCHO to SCOOH. After SCHO was exposed to the same
conditions as those in the model solution experiments, a
certain peak change was observed (Figure 2F). The retention
time of the new peak (12.3 min) was correlated with that of
the SCOOH peak. In addition, high-resolution mass analysis
was performed on the newly presented peak 12.3 min after
elution, and the exact mass of the structure (i.e., [M+1]+
546.1770 for SCOOH) is shown (Figure S30). These findings
validate ALDH1A1-mediated oxidation, resulting in the
incorporation of the SCHO aldehyde functional group into
the carboxylate (SCOOH).
ROS Generation by Photoirradiating SCHO and SCOOH

Type I PSs capable of generating O2
−• are compatible with

hypoxia through superoxide dismutase-mediated disproportio-
nation, which has gained considerable attention in terms of low
O2-dependent PDT.15,38,39 Consequently, we assessed the
ability of SCHO to act as an ALDH-activated O2

−• generator.
A specific fluorescent probe, dihydrorhodamine (DHR123),
was used to sense the generation of aqueous O2

−•. As expected,
relatively lower O2

−• generation was observed for SCHO after
light irradiation at 10 s intervals (Figure S31). However, when
ALDH was present (e.g., ALDH1A1), the incubated SCHO
solution exhibited a significant increase in the DHR123

absorbance (Figure 3A and B). This indicates that O2
−• is

more efficiently generated when the aldehyde SCHO is

oxidized to the carboxylate SCOOH. Negligible changes
were observed with light-irradiated DHR123 as a control
(Figure S32). Next, the SCHO generation of singlet oxygen
(1O2) upon light irradiation using 9,10-anthracenediylbis-
(methylene)-dimalonic acid (ABDA) as the 1O2 trapper was
attempted. The 1O2 produced exhibited little change in the
absorbance spectra of the ABDA indicator, even in the
presence of ALDH (Figure S33). These results suggest that the
designed thionylated PSs produced 1O2 in low yields,
indicating a preference for type-I electron transfer from an
excited triplet PS* to ground-state oxygen rather than a
competitive type-II energy transfer process.15,40 The O2

−•-
generating propensity was further demonstrated by measuring
the electron paramagnetic resonance (EPR) spectra with the
radical trap DMPO (Figure S34). The results confirmed that
thionylated coumarins acted as type-I PSs, with SCOOH
exhibiting the best performance among SCou and SCHO
(Figure 3C).

Considering the preference for type-I electron transfer
observed in our thionylated coumarin PSs, we conducted cyclic
voltammetry using Ag/AgCl as the reference electrode to
determine the redox potential of the developed PSs (Figure
S35). For the oxidation process, the potential HOMO levels
were calculated as −5.33 eV (SCou), −5.52 eV (SCHO), and
−5.08 eV (SCOOH) versus the vacuum level. By combining
this information with the UV−vis data, we constructed
HOMO and LUMO diagrams of the PSs for visual comparison
with the redox potential of O2/O2

−• (Figure 3D). The larger
energy difference (ΔE) between LUMO and the redox
potential of O2/O2

−• indicates a more preferable reduction
process,41 and the highest LUMO energy of SCOOH supports

Figure 3. (A) O2
−• detection using DHR123 (80 μM) as the specific

probe, and the light was irradiated every 10 s (10 mW/cm2). SCHO
(10 μM) was preincubated for 30 min with ALDH1A1 (3.3 μg/mL)
and NAD+ (1 mM) in tris buffer (pH 7.5). (B) Comparison of
DHR123 absorbance intensity at λ = 500 nm over time with light
irradiation, based on the presence or absence of ALDH1A1 enzyme.
(C) EPR spectra of PSs in DMPO measured after light irradiation.
(D) Calculated HOMO, LUMO energy, and band gap of each PS to
compare with the redox potential of the O2/O2

−•.
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the optimal type-I electron transfer−mediated O2
−• gener-

ation.
SCHO is Not a Substrate of ABC Transporters

Although ALDH1 is acknowledged as a dependable marker for
cancer stemness, numerous cancer cells displaying high ALDH
activity concurrently express ABC transporters, which are
responsible for the efflux of drugs or metabolites.42 In our prior
research, we identified a substantial elevation of multiple drug
resistance (MDR) family members (MDR1, MRP2, and
BCRP) in ALDHHigh MDA-MB-231 cells.43 Coexpression of
these transporters raises concerns regarding the potential efflux
of metabolized probes, posing challenges for effective PS
accumulation in the elimination of ALDH-positive cells.27 To
investigate this matter, we assessed whether SCHO is affected
by ABC transporters in the presence of specific inhibitors:
verapamil (MDR1 inhibitor), MK-571 (MRP1/2 inhibitor),
and novobiocin (BCRP inhibitor). Cellular staining with
SCHO revealed minimal differences in the presence of various
ABC transporter inhibitors (Figure 4A). Since the intracellular
entrapment strategy based on ALDH activity was inspired by
the commercial fluorescent dye Aldefluor, we conducted the
same experiment with Aldefluor to examine its effect on ABC
transporters. In contrast to SCHO, the population of
Aldefluor-stained cells increased in the presence of BCRP

and MRP1/2 inhibitors (Figure 4B). These results suggested
that SCHO is not a substrate for ABC transporters, whereas
Aldefluor can be pumped out through BCRP and MRP1/2
(Figure 4C). These findings support the feasibility of using
SCHO as a PS that selectively accumulates in CSCs with high
ALDH expression levels.
Selective Accumulation of SCHO by ALDH Activity

A cell viability assay was conducted to assess the darkness and
phototoxicity of SCou and SCHO in the MDA-MB-231,
BT549, and MCF7 breast cancer cell lines. Both molecules
exhibited no dark toxicity up to 50 μM, and SCHO
demonstrated effective anticancer effects in all cell lines
(Figures 5A and S36). This demonstrates the capability of
noninvasive photodynamic therapy by focusing light irradiation
on a specific targeted region. Given the higher discriminative
phototoxicity of SCHO compared to that of SCou in MDA-
MB-231 cells, we decided to delve deeper into MDA-MB-231
cells. Considering that ALDH1A1 is a representative cancer
stemness marker in MDA-MB-231 cells,44 we anticipated that
type-I PDT using SCHO would be beneficial for the
accumulation and production of ROS in ALDH-active breast
CSCs. The effective accumulation principles of SCHO and
SCou in ALDHHigh cells are compared in Figure 5B. In vitro
fluorescence of SCou, SCHO, and SCOOH was measured,

Figure 4. ABC transporters affect Aldefluor but not SCHO. Flow cytometry analysis of (A) SCHO- and (B) Aldefluor-treated MDA-MB-231 cells
in the presence of MRP (MK571, 50 μM), MDR1 (verapamil, 20 μM), and BCRP (Novobiocin, 200 μM) inhibitors, as well as in the absence
(null) of inhibitors. Assays are analyzed in PBS with 2% FBS. (C) Schematic diagram comparing the influence of ABC transporters on ALDH
substrate fluorophores.
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showing definite accumulation of SCHO, whereas negligible
fluorescence was observed in SCou- and SCOOH-treated
MDA-MB-231 cells (Figure 5B). The intracellular uptake of
SCou, SCHO, and SCOOH by MDA-MB-231 cells was
compared by measuring the absorbance before and after 2 h of
incubation. As expected, the cells absorb more SCHO than
SCou, and a significant reduction in uptake was observed in
the DEAB-pretreated cells (DEAB is an ALDH inhibitor; see
Figure 5C). The same was true for PS release, where a large
amount of SCHO penetrated DEAB-pretreated ALDH-
inhibited cells, supporting our assumption that SCHO is
metabolized by ALDH and trapped inside the cells. Flow
cytometry analysis of SCHO-treated MDA-MB-231 cells with
or without the ALDH inhibitor DEAB confirmed that ALDH

activity affected SCHO accumulation (Figure 5D). Confocal
laser scanning microscopy (CLSM) imaging further supported
SCHO accumulation in ALDH-active cells (Figure 5E).
SCHO-Mediated Type-I PDT Induces CSC-like Cell
Apoptosis and Pyroptosis

Calcein-AM/PI staining provided intuitive validation that
SCHO accumulated and elicited a superior phototherapeutic
response compared to that of SCou in CSC-like MDA-MB-231
cells (Figure 6A). To investigate apoptotic cell populations,
Annexin V/PI−stained cells were analyzed by flow cytometry,
which distinctly revealed early and late apoptotic cells in light-
irradiated SCHO-treated cells (Figures 6B and S37). Some
necrotic cells were observed in light irradiated groups, assumed
to be due to the high concentration of photosensitizer. We

Figure 5. (A) Viability of MDA-MB-231 cells treated with SCou or SCHO (0−50 μM) under dark or photoirradiation conditions after 24 h (white
light, 10 mW/cm2). (B) Illustration of the principle of SCHO accumulation in ALDH-expressing cells and CLSM imaging of each compound (50
μM)−treated MDA-MB-231 cell. Scale bar: 15 μm. (C) Cellular uptake and release of SCou, SCHO, and SCOOH in MDA-MB-231 cells. (D)
Flow cytometry analysis of SCHO-treated MDA-MB-231 with or without DEAB (ALDH inhibitor). (E) In vitro live cell fluorescence imaging of
SCHO (50 μM)−treated MDA-MB-231 cells with or without DEAB (1 mM). Scale bar: 100 μm.
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aimed to enhance PDT efficiency using SCHO to retain more
photosensitizers within the cells. This approach, indicated by
increased Annexin V and PI signals, suggests that our method
effectively shifts cell fate more toward apoptosis and
pyroptosis. Poly(ADP-ribose) polymerase (PARP) plays a
crucial role in genome stability and DNA repair, and cleaved
PARP indicates the induction of apoptosis in cancer cells.7

When MDA-MB-231 cells were photoirradiated after SCHO
treatment, Western blot analysis revealed elevated levels of
cleaved apoptosis-associated PARP and caspase-3 (Figures 6F
and S38). These results demonstrate that SCHO induces
apoptosis much more effectively than SCou at the same
concentration, attributed to the ALDH enzyme activity,
facilitating SCHO accumulation in the cytosol. Supported by
the ROS fluorescence probes and EPR results shown in Figure
4, light irradiation−mediated O2

−• generation in CSCs was
also visualized using dihydroethidium (DHE) staining. DHE
signals were observed only in light-irradiated SCHO-treated
cells, indicating that SCHO successfully accumulated and
produced O2

−• in MDA-MB-231 cells (Figure 6C). Flow
cytometry using DCFH-DA, an ROS-staining dye, further

confirmed that SCHO induced an increased level of ROS
accumulation in cells (Figures 6D and S39).

Pyroptosis, a programmed cell death associated with
inflammation, relies on gasdermin protein families.45,46 Hyper-
accumulation of intracellular ROS is known to be associated
with caspase-3/GSDME-dependent pyroptosis.39,47,48 Notably,
CSC-like SCHO-treated cells displayed characteristic pyrop-
tosis-like morphological changes during type I PDT treatment,
including cell swelling, formation of large bubbles in the
membrane, and intact nuclei (Figure 6E).45,46 Accordingly, a
Western blot assay was performed to examine the cleavage of
GSDME or GSDMD. Cleaved caspase-3 and the N-terminal
fragment (GSDME-N) were observed in photoirradiated
SCHO-treated MDA-MB-231 cells, whereas none of the
other dark- or light-irradiated SCou groups showed these
cleaved forms (Figures 6F). The concentration-dependent
release of pyroptosis markers, including lactate dehydrogenase
(LDH), from photoirradiated SCHO-treated cells further
supported the formation of GSDME pores and membrane
lysis, resulting in LDH leakage into the extracellular fluid
compartment (Figure 6G), suggesting pyroptotic cell death.
Collectively, these findings highlight that SCHO-induced

Figure 6. (A) Confocal imaging of SCou or SCHO (50 μM)−treated MDA-MB-231 cells after photoirradiation. Live cells were stained with
calcein-AM (green), while dead cells were stained with phosphoric acid (PI) (red). Scale bar: 100 μm. (B) Flow cytometry analysis using Annexin
V-FITC and propidium (PI) of MDA-MB-231 cells treated with SCou or SCHO (50 μM) 24 h after photoirradiation (white light, 25 mW/cm2, 10
min). (C) Confocal imaging of intracellular O2

−• production under dark or light irradiation using DHE (10 μM) staining dye. Scale bar: 100 μm.
(D) Flow cytometry analysis for DCFH-DA−stained MDA-MB-231 cells to show the ROS levels. MDA-MB-231 cells are treated with SCou or
SCHO (50 μM) for 2 h before photoirradiation (white light, 25 mW/cm2, 10 min). (E) Magnified cellular images used to visualize the
morphologic changes. Scale bar: 100 μm. (F) Western blot analysis of the cleavage of PARP-1, caspase-3, and GSDME from MDA-MB-231 cells
after treating with SCou or SCHO (50 μM) under conditions of dark or light irradiation (white light, 25 mW/cm2, 10 min). (G) Lactate
dehydrogenase (LDH) release from MDA-MB-231 cells treated with SCHO (0−50 μM) under conditions of photoirradiation (white light, 10
mW/cm2, 10 min), which was assayed after 6 and 12 h. (H) Schematic illustration of the proposed combinatory pyroptotic and apoptotic cell death
via accumulated and metabolized SCHO.
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photodynamic cell death involves a synchronized combination
of apoptotic and pyroptotic cell death; as illustrated in Figure
6H.
Study of CSC-like Characteristics Decrease After
SCHO-Mediated Type-I PDT

Encouraged by the accumulation of the SCHO metabolic
product SCOOH and the induction of cell death in MDA-MB-
231 cells after light irradiation, we evaluated whether selective
type-I PDT with SCHO removed cells with higher ALDH
activity, thereby reducing the characteristics of cancer stemness
in the cell population. The Aldefluor flow cytometry assay,49

which is widely used to investigate ALDH-active cell
populations, was performed. Based on the findings presented
in Figure 6 and a previous report indicating that ALDH1A1, 2,
and 3A1 are active ALDH isoforms in the Aldefluor assay, we
hypothesized that SCHO-mediated photodynamic cell death
resulted in a reduction of the ALDH-active population. MDA-
MB-231 cells were pretreated with 50 μM SCou and SCHO,
and white LED lamp light was irradiated for 10 min. Pretreated
and light-irradiated SCHO cells exhibited a remarkable
decrease in the fraction of ALDHHigh cells in their
heterogeneous population (Figure 7A). Along with ALDH
activity, CD44High/CD24Low is a breast CSC (BCSC) marker
correlated with a lower overall survival rate in patients.50,51

Exposure to SCHO and light irradiation significantly reduced
the CD44High/CD24Low-harboring population in MDA-MB-
231 cells compared to SCou (Figures 7B and S40).
To further establish the selective accumulation and

activation of SCHO in ALDH-active cells, we sorted ALDHHigh

and ALDHLow cells through fluorescence-activated cell sorting
(FACS) using the Aldefluor kit (Figure 7C). As anticipated,
the photodynamic effect of SCHO was significantly greater in
ALDHHigh cells (Figure 7D). Using the same analysis method
as that shown in Figure 5C, we compared the uptake of SCHO
by ALDHHigh and ALDHLow cells (Figure S41). As expected,
more SCHO accumulated in ALDHHigh cells than in ALDHLow

cells. We measured the fluorescence of the photosensitizer in
lysate after compound treatment in unsorted MDA-MB-231
cells and ALDHHigh cells and ALDHHigh cells exhibited higher
fluorescence intensity than that of unsorted cells, implying the
higher efficiency of accumulation as well as the conversion to
SCOOH (Figure S42). We analyzed and compared early and
late apoptosis in sorted MDA-MB-231 cells after SCou and
SCHO challenges. Significant difference in the apoptotic cell
populations was observed in SCHO-treated and photo-
irradiated ALDHHigh and ALDHLow cells, whereas few
differences were observed in SCou-treated cells (Figure
S43). Consistent with these results, a marked difference was
observed in SCHO-mediated O2

−• production between
ALDHHigh and ALDHLow cells, as analyzed by DHE-stained
live-cell CLSM imaging and flow cytometry using DCFH-DA
(Figure 7F,G). Photoirradiation in the presence of SCHO
significantly reduced the expression of stemness marker genes
(OCT4, NANOG, and SOX2), which are criteria for CSCs
(Figure 7H). Notably, little suppression of stemness character-
istics was observed in the SCou photoirradiated cells (control),
confirming our hypothesis that ALDH activity−based metab-
olism and trapping of SCHO could successfully decrease the

Figure 7. Investigation of ALDH population decreases by type-I PDT with SCHO. (A) Photodynamic effect of the test compounds on ALDH1
activity by an Aldefluor assay. Diethylaminobenzaldehyde (DEAB, a specific ALDH1 inhibitor) was used to define the Aldefluor-positive
phenotype. (B) CD44High/CD24Low populations determined by flow cytometry. (C) Description of ALDH1High and ALDH1Low cells by FACS. (D)
Flow cytometry analysis for measuring ALDH1 activity in ALDH1High and ALDH1Low MDA-MB-231 cells. (E) Cell viability after PDT in
ALDH1High and ALDH1Low MDA-MB-231 cells. (F) Confocal imaging of induced O2

−• production under DMSO or SCHO followed by light
irradiation in ALDHHigh and ALDHLow MDA-MB-231 cells. Scale bar: 100 μm. (G) Flow cytometry analysis of ROS accumulation by the DCFH-
DA indicator. (H) mRNA levels of CSC markers of human OCT4, NANOG, and SOX2 in MDA-MB-231 cells treated with 50 μM compounds
followed by photoirradiation (white light, 25 mW/cm2, 10 min).

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00642
JACS Au 2024, 4, 3657−3667

3664

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00642/suppl_file/au4c00642_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00642/suppl_file/au4c00642_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00642/suppl_file/au4c00642_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00642/suppl_file/au4c00642_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00642/suppl_file/au4c00642_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00642?fig=fig7&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


population of CSCs and alter tumor heterogeneity through
photoirradiation.
As ALDHHigh cancer cells show augmented DNA damage

and oxidative stress response pathways,52 we hypothesized that
5-fluorouracil (5-FU) treatment of MDA-MB-231 cells could
increase the ALDHHigh population. As shown in Figure 8A, a

distinct increase in the ALDHHigh population suggests that cells
with high ALDH activity are likely to exhibit resistance to the
chemotherapeutic drug 5-FU. Encouraged by this result, we
decided to explore SCHO type-I PDT as a means to overcome
5-FU resistance. The cells were pretreated with 5-FU, and the
surviving cells were subjected to photoirradiation in combina-
tion with DMSO, SCou, or SCHO (Figure 8B). As expected,
the number of apoptotic cells increased in SCHO photo-
irradiated with 5-FU pretreated cells (Figure 8C−E). This
suggests that the application of SCHO may be further
extended to treatment-resistant cancer cells associated with
ALDH activity.

■ CONCLUSION
In summary, we developed a thionylated coumarin-based
ALDH substrate, type-I PS, SCHO, and successfully
demonstrated that the enzymatic metabolism of SCHO
could facilitate selective uptake and accumulation in ALDHHigh

MDA-MB-231 cells, resulting in the induction of both
apoptosis and pyroptosis after PDT. This study highlights a
clear distinction between ALDH inhibitors that inhibit only
ALDH enzyme activity. SCHO-mediated PDT reduced the
population of ALDH-overexpressing cells. The design of an
ALDH enzyme substrate photosensitizer is unaffected by drug

efflux pumps such as ABC transporters because the nature of
the SCHO metabolite (SCOOH) remains unaffected. Addi-
tionally, we demonstrated that eliminating ALDHHigh cells
through type-I PDT could reduce the stemness of the
remaining cells. Consequently, we observed a reduction in
the cancer stemness of MDA-MB-231 cell population after
PDT with SCHO. Therefore, we believe that SCHO can be
used for further studies on outcomes after eliminating
ALDHHigh cells. Our photosensitizer design, which specifically
targets high-activity ALDH enzyme cells, can effectively
expand selective photosensitizer delivery strategies.
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Figure 8. (A) Flow cytometry analysis of ALDH1 activity for 5-FU
(500 μM) or DMSO-treated MDA-MB-231 cells. (B) Scheme of the
investigating SCHO photodynamic effects of 5-FU (500 μM) that
survived MDA-MB-231 cells. MDA-MB-231 cells were exposed to 5-
FU (500 μM) for 3 days in fresh medium and subsequently received
photodynamic therapy. (C) Depiction of an augmenting PDT effect
in combination with 5-FU chemotherapy. (D) Confocal imaging of
SCou- or SCHO (50 μM)−treated 5-FU pretreated MDA-MB-231
cells after photoirradiation. (E) Flow cytometry analysis to measure
apoptosis in 5-FU−pretreated MDA-MB-231 cells subjected to
photodynamic therapy. DMSO is treated as a negative control.
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