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Abstract

Developing novel aldehyde dehydrogenase (ALDH) probes is essential for enhancing the localization and
visualization of cancer stem cells (CSCs) by improving specificity and signal-to-noise ratios. This study introduces
four new ALDH fluorescent probes (AldeCou 1-4), designed using a coumarin-linker-benzaldehyde scaffold.
Among them, AldeCou-1 exhibits a significant stokes shift of 125 nm (A /Aen, = 380/505 nm), which enhances the
signal-to-noise ratio and minimizes inner-filter effects. AldeCou-1 demonstrated superior green fluorescence
imaging in A549 and MDA-MB-231 cells, enabling differentiation between these cell lines based on ALDH
activity. Compared to conventional ALDH activity assay kits, such as ALDEFLUOR, which require additional
buffers and inhibitors that complicate imaging protocols, AldeCou-1 enables simplified assay conditions by
eliminating the need for ATP-binding cassette (ABC) transporter inhibitors and specialized buffers. Computational
analysis suggests that the fluorescence turn-on mechanism of AldeCou-1 is driven by ALDH-mediated
photoinduced electron transfer (PET). These findings provide valuable mechanistic insights and pave the way for

developing next-generation ALDH probes for improved CSC screening and characterization.
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Introduction
Cancer stem cells (CSCs) are cells with stem cell characteristics within tumors, and they remain an obstacle to
cancer treatment'-® by causing tumor progression and heterogeneity due to their ability for self-regeneration and
differentiation.>” The high drug efflux system and quiescent cell cycles make CSCs chemo-resistant, limiting the
effectiveness of chemotherapy. This might lead to recurrence and metastasis, as CSCs can regulate the gene
expression of epithelial-to-mesenchymal transition (EMT).%!1- 1213 On the other hand, aldehyde dehydrogenase
(ALDH) is an enzyme that catalyzes the oxidation of aldehydes to carboxylic acids through NAD(P)*-dependent
oxidation.'* Recent investigations support that ALDH is a widely recognized CSC biomarker in most cancer types.
An overexpression of ALDH in CSCs increases the metabolism of toxic aldehydes into carboxylic acids, which
lowers oxidative stress in CSCs and promotes cancer cell survival.'’ Therefore, developing fluorescence probes to
detect high ALDH activity levels (ALDH"ig") in cells is a valuable strategy for assessing and locating the
populations of CSCs. 1618

Using fluorescent probes to detect ALDH enzymes is a promising strategy due to fast response times
and non-invasive and non-destructive detection, enabling live cell imaging and analysis. ALDH
fluorescent probes usually consist of an aldehyde group, which is oxidized into carboxylic acids by
intracellular ALDH enzymes.'% 2° The low lipophilicity of the oxidized carboxylic acids groups restricts
the permeability of these oxidized probes across biological membranes.?!-2> The retention of these probes
within the cell leads to the accumulation of oxidized ALDH fluorescent probes in CSCs which enables
high sensitivity and specificity during the fluorescence imaging of CSCs.?* In other words, the current
design of ALDH probes leverages on this oxidative response towards intracellular ALDH enzymes and
the hydrophobic nature of the resulting oxidized carboxylic acid groups to become effective CSC markers.
17, 18,24.25 The fluorescence turn-on response mechanism of ALDH probes has been discussed by other
groups, where they attribute this response to either photoinduced electron transfter (PET) or intramolecular
charge transfer (ICT) mechanisms. Li, Tang, and Duan, developed a fluorene—thiophene oligomer-based
probe that exhibits an excellent 365-fold fluorescence intensity enhancement when detecting ALDH1A1,

an isoform of ALDH. They attributed the turn-on fluorescence response to the suppressed ICT following
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the oxidation of the aldehyde sensor to the carboxylate.!® Anorma et al. had designed a rhodamine-based
ALDH probe that exhibits a ~20-fold fluorescence turn-on response via a donor-photoinduced electron
transfer (d-PET) mechanism when sensing ALDHI1A1. Chan’s group further developed a red
fluorescence emitting ALDH probe based on a xanthene scaffold that also use PET as a fluorescence turn-
on mechanism.?® As one of the most widely recognized ALDH probes, ALDEFLUOR is often utilized in
flow cytometry analysis to compare and sort CSC populations based the ALDH activity.!” 27 However,
CSCs not only overexpress ALDH, but exhibit elevated levels of ATP-binding cassette (ABC)
transporters, such as MDR1, MRP2, and BCRP.?® As ALDEFLUOR is also a substrate for ABC
transporters, ALDEFLUOR assays require additional buffers containing ABC transporter inhibitors for
flow cytometry analysis, which poses challenges when imaging is needed in a natural cell medium. As
such, the development of next-generation ALDH fluorescent probes must be unaffected by the effluxion
mediated by ABC transporters. This improvement would enhance detection accuracy, increase the signal-
to-noise ratio, and eliminate the need for additional buffer solutions during flow cytometry.?®

In this study, we have designed four novel ALDH fluorescent probes, AldeCou 1-4, based on a
coumarin-linker-benzaldehyde scaffold. Unlike other reported fluorescent turn-on ALDH probes, which
have a fully conjugated structure to facilitate efficient electron/charge transfer mechanisms,!% 82526, 30 e
incorportated linker groups bearing an sp?® alkyl-secondary amine scaffold that disrupts conjugation
between the fluorophore and the ALDH substrate. Although Yagishita et a/. had previously reported the
incorporation of a flexible alkyl linker into their design with a rhodamine-linker-benzaldehyde scaffold,
the poor stokes shift of 22 nm potentially hinders the quantum efficiency of their probes.?® Instead,
AldeCou-1 not only has characteristics of conventional ALDH probes (accumulation within ALDH"e
cells and a fluorescence turn-on response), but it also exhibits a significant stokes shift of 125 nm
(Aex/Aem=380/505 nm) which is one of the largest stokes shift amongst ALDH probes to date, which greatly
reduces self-absorption and improved signal-to-noise ratio.3! Moreover, we observed that our probes are
not expelled from CSCs; in other words, our probes can perform live cell imaging and flow cytometry
analysis without specific buffers. These experimental findings suggest that our probes can be more
conveniently used in ALDH activity detection assays than conventional kits. An additional new finding of

our AldeCou series was that ALDH isoform selectivity is influenced by the linker length in the chemical
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structure. For example, AldeCou-1, which contains a shorter linker, was reactive toward both ALDHIA1
and ALDH3A1, whereas AldeCou-2, with a longer linker, was reactive toward ALDH1A1 but not
ALDH3ALI. This characteristic was reflected in fluorescence imaging, which revealed a marked difference
between AldeCou-1 and AldeCou-2 in HeLa cells that endogenously overexpress ALDH3AIL.
Furthermore, our computational studies considers the conformational dynamics of our probes arising from
the flexible linkers, and we unravel a through-space PET mechanism instead of the conventional
intramolecular PET. This rationalization of through-space PET in our study not only explains the
fluorescence turn-on response of our probes, but also paves the way for future ALDH probes with more
advanced designs and to explore different fluorescent turn-on mechanisms. As such, these experimental
and computational findings provide insight and considerations into future designs of high-performance

ALDH fluorescent probes.

Materials and Methods

All the materials used for the synthesis were purchased from Aldrich (St. Louis, MO, USA), TCI (Tokyo, Japan),
Alfa-Aesar (MA, USA), and SYinnovation (Kyeongi, Korea) and used without further purification. ALDH1A1,
and ALDH3A1 were purchased from NKMAX (Kyeongi, Korea). TLC Silica gel 60 F254, 0.25 mm (Merck) and
PLC Silica gel 60 F254, 1 mm (Merck) were used for analytical and preparative thin layer chromatography. 'H and
BC NMR spectra were collected in NMR solvents (CDCl;, MeOD) on a Brucker 500 MHz spectrometer (MA,
USA). The mass spectra were obtained using an LC/MS-2020 Series (Shimadzu) and Compact Q-TOF (Bruker)
from Sogang University. The reaction mixtures were prepared by combining ALDH enzyme, 100 mM KCl, 2 mM
DTT, and 1 mM NAD" (for ALDH1A1) or | mM NADP* (for ALDH3A1) in 100 mM pH 7.5 Tris buffer solution

with 1% DMSO.

General synthesis protocol of the intermediates, probes AldeCou-1-4, AcidCou-1 and characterization.
The four probes comprise of a common coumarin fluorophore, varying 1,2,3-triazole-alkyl-amine linkers across
the four probes, and a common 4-methyl benzaldehyde substrate. The synthetic routes are outlined in ESI Schemes
S1 and S2, and detailed procedures for the synthesis of intermediates and final compounds are provided in ESI

Section 1.1. A brief description of the synthesis of the probes AldeCoul-3 follows the preparation of the alkyl
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linkers functionalized with azides (1, 7, and 12) through past reported procedures, with the size of the alkyl linker
varies from propyl, hexyl, and propyl for AldeCou-1, AldeCou-2, AldeCou-3, respectively. Compounds 1, 7, and
12 then react with a protected benzaldehyde moiety (2 and 3) via SN2 to generate the benzaldehyde-alkyl linker
fragments (4, 8, and 13). Next, a common alkyne functionalized coumarin fragment, 5, reacts with 4, 8, and 13 via
azide-alkyne Huisgen cycloaddition to generate the precursors 6, 9, and 14. Lastly, the precursors 6, 9, and 14 were
reacted with 4 M HCI for acid-catalyzed hydrolysis of the acetal group into the benzaldehyde fragments to generate
AldeCou-1, AldeCou-2, and AldeCou-3, respectively. On the other hand, AldeCou-4 was prepared via the nitrile
reduction of 4-(bromomethyl)benzonitrile to 15, followed by the conversion into the azide 16 before Huisgen
cycloaddition with 5 to form the AldeCou-4. (See Scheme S1 and Scheme S2 for the detailed synthetic pathways)
All intermediates and final compounds were characterized by 'H NMR, 3C NMR, and ESI-MS, with the

characterization data provided in the Supporting Information (ESI Section 2, Figures S1-42).

Spectroscopic Characterization. UV-Vis spectra were recorded on a Jasco V-750 spectrometer (Tokyo, Japan),
and FL spectra were recorded on a Jasco FP-8500 spectrofluorometer (Kyoto, Japan). Analytical or preparative
high-performance liquid chromatography (HPLC) was performed on a ReproSil 100 C18 (5 um, 4.6 x 250 mm)
column using ChroZen (YL-Clarity). EPR measurements were conducted by JES-X320 (MA, USA) at Kangwon
National University. Stock solutions of AldeCou-1, AldeCou-2, AldeCou-3, AldeCou-4, and AcidCou-1 were

prepared in DMSO with 10 mM concentrations and diluted into 10 pM.

Reverse Phase HPLC Analysis. Analysis was performed to investigate the conversion of AldeCou-1 into
AcidCou-1. The reaction was initiated by adding ALDH1A1 (3.33 pg/mL) and NAD" (1 mM) to the AldeCou-1
(10 uM) solution. Aqueous 100 mM Tris pH 7.5, 100 mM KCI, and 2 mM DTT with 1% DMSO as a co-solvent
was used for all solution test experiments. The mixture was then incubated at 37 °C for sufficient time to allow
complete conversion into carboxylate. To monitor the conversion of aldehyde to carboxylate, each sample was
eluted at a flow rate of 1 mL/min using the mobile phase (solvents A: deionized water containing 0.1% TFA and
solvent B: acetonitrile) with a binary gradient (Solvent A: 60% for 5 min, 60% to 20% for next 15 min, 20% to 0%

for 1 min, 0% for 10 min).

Selectivity Testing of Physiological Analytes. 10 mM of fluorescence probe (AldeCou-1, AldeCou-2, AldeCou-

3, and AldeCou-4) was diluted into 10uM in Tris-buffer (100 mM, pH 7.5) containing 100 mM KCI and 1%
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DMSO. Then, an oxidant (H,0,), a reductant (GSH), metal salts (ZnCl,, CaCl,, MgCl,, and CuSO4), and amino
acids (Cysteine, Glucose, and Serine) were added to the mixture solution respectively. ALDH1A1 (3.33 pg/mL),
NAD™ (1 mM), and DTT (2 mM) were added to the mixture solution. The concentration was as follows: H,O, (2
mM), GSH (100 uM), ZnCl, (100 uM), CaCl, (2 mM), MgCl, (2 mM), CuSO, (50 uM), Cysteine (1 mM), Glucose

(10 mM), and Serine (1 mM). All reactions were incubated at 37 °C for 1 hour and excited at 390 nm.

Cell Lines and Reagents. Human breast cancer cell line MDA-MB-231 was purchased from Korea Cell Line
Bank (Seoul, Korea). MDA-MB-231 was cultured in RPMI 1640 media (HyClone, Chicago, IL, USA). All media
were supplemented with 10% FBS (GIBCO, Grand Island, NY, USA) and 1% penicillin/streptomycin (GIBCO),

and cells were cultured at 37 °C in a humidified atmosphere with 5% CO..

Cellular Imaging. MDA-MB-231 cells and A549 cells (5.0 x 10* per dish) were plated in 35-mm confocal glass
bottom dishes and allowed to adhere for 24 h. For living cell imaging following N,N-diethylaminobenzaldehyde
(DEAB) treatment, DMSO or 1 mM of DEAB (diluted from 100 mM DEAB) was pretreated for 1 h. Subsequently,
the cells were treated with AldeCou-1 and AldeCou-2 (diluted from 10 mM DMSO stock solution ). After 2 h
incubation, the cells were washed twice with PBS, and the fluorescence emission was recorded. For ALDHHigh or
ALDHM Y MDA-MB-231 cells (5.0 x 10* per dish) were seeded in 35-mm confocal glass bottom dishes (SPL) and
incubated for 24 h. Then, 20 uM of AldeCou-1 and AldeCou-2 in the media was treated. After 30 min incubation,
the cells were washed twice with media and incubated for the next 2 h before the fluorescence emission was
recorded. Confocal laser scanning microscope (CLSM) images were obtained using an Olympus FV3000 confocal
laser scanning microscope with ex/em wavelength set at 405/505 nm. Fluorescence intensity was measured by

image J program.

Flow Cytometry

ALDH Activity Assays of AldeCou Probes. Assays were performed in PBS containing 2% FBS. 5 x 10° MDA-
MB-231 cells were incubated with 10 uM AldeCou series at 37 °C for 30 min. For DEAB control, ] mM DEAB
was incubated with 10 uM AldeCou series. Cells were centrifuged for 5 min at 250 x g, and the supernatant was

removed, exchanged to fresh 2% FBS in PBS buffer, and kept on the ice. FACSymphony A1 Cell Analyser (BD
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Bioscience) was used for detection. AldeCou series were detected by the BV480 channel (ex/em 405/480 nm), and

voltages were tuned to detection.

AldeCou-1 ALDH Activity Assays with ABC Transporter Inhibitors. Assays were performed in PBS
containing 2% FBS. 5 x 10° MDA-MB-231 cells were incubated with DMSO (null), MK571 (50 uM), Verapamil
(20 uM), or Novobiocin (200 uM) with 10 uM AldeCou-1 or ALDEFLOUR at 37 °C for 30 min. Cells were
examined using the same procedure described above. AldeCou-1 was detected by the BV480 channel,

ALDEFLOUR was detected by the FITC channel (ex/em 488/515 nm), and voltages were tuned to detection.

ALDEFLOUR Assay and Cell Sorting. According to the manufacturer’s instructions, the ALDEFLUOR™ Kit
was used for ALDH Assays (StemCell Technologies, Durham, NC, USA). Briefly, after harvesting MDA-MB-231
cells, they were washed with PBS and resuspended in ALDEFLUOR assay buffer containing the ALDEFLUOR
reagent at 2.5 x 103 cells per assay. The cells were then incubated for 30 min at 37°C. As a negative control, a
fraction of the cells were treated with 15 pM diethylaminobenzaldehyde (DEAB), a specific inhibitor of ALDH.
The DEAB-treated cells were used to baseline the fluorescence intensity of the negative control population. The
ALDH-positive and ALDH-negative cell populations were analyzed using a BD Accuri™ C6 Plus flow cytometer
(BD Biosciences, San Jose, CA, USA) and FlowJo™ v10.8 Software (BD Life Sciences). The ALDEFLUOR
substrate was excited at 488 nm, and emission was detected in the FL1 channel. To isolate the ALDH"&g" and
ALDH!®" subpopulations, sorted cells were collected using a FACSAria flow cytometer (BD Biosciences). The
same gating strategy described above confirmed the purity of sorted populations. After sorting ALDH"¢" and
ALDH"¥ cells through cell sorter, cells were stabilitzed by subculturing for 4 days before conducting confocal
imaging or flow cytometry. To separate sub-populations enriched in CD133* and CD133" cells, the magnetic-

activated cell sorting (MACS) was conducted following the procedure reported in a previous report.3?

Computational Methodology. Ground state conformational analysis, geometry optimizations, and electronic
energy calculations in ground states were conducted using density functional theory (DFT). Excited state energies
and geometry optimizations were conducted using time-dependent density functional theory (TD-DFT). Both DFT
and TD-DFT calculations were performed in Gaussian 16 software.>3-33 DFT calculations were performed using
®B97XD and M06-2X functionals to cross-check the results.3*3® Most TD-DFT calculations of the excited states

were performed using M06-2X and 6-31+g(d,p) basis set unless stated otherwise.?* 40 Solvation effects were
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considered by deploying the SMD solvent model and corrected linear-response (cLR) approach in H,O.#43 The
optimized molecular geometries in the locally excited (LE) and electron transfer (ET) excited states were confirmed
through frequency analysis of vibrational modes. Avogadro software was used to visualize the optimized
geometries and molecular orbitals of the compounds.* During the optimization of the adiabatic electron-transfer
state of AldeCou-1, TD-DFT calculations using the M06-2X/6-31+g(d,p) level of theory were unsuccessful. We
then attempted a hybrid approach of optimizing the excited state geometries using B3LYP/6-31+g(d,p), followed
by single point energy correction using m062x/6-31+g(d,p). However, this treatment is still unsuccessful for
AldeCou-2, AldeCou-3, and AldeCou-4. As such, we report the successful computational results for AldeCou-1.
While using the M06-2X and B3LYP functional, we employed GB3 empirical dispersion correction to account for

intramolecular interactions.

Results and Discussion

Optical properties, substrate selectivity, and flow cytometry analysis of AldeCou-1-4. The structures of the four
coumarin-based ALDH fluorescent probes are shown in Figure 1A. A, of the four probes ranges from 380 to 395
nm, while the four probes all showed a common maximum emission A, at 505 nm, with varying intensities (Figure
S44A and B), suggesting that the size of the linker had little effect on the spectral peaks of the four probes. We
first tested the fluorescence properties of the four probes with ALDHIAT1 in aqueous Tris-buffer solution at
physiological pH with NAD" as an oxidant. After 15 minutes of incubation, the probes showed a two-to-three-fold
increment in fluorescence intensities, reaching ca. 1000 — 1300 emission arbitrary units (a.u.) except for AldeCou-
3 which did not exhibit strong emission (ca. 400 a.u). AldeCou-1 and AldeCou-2 appeared to reach their maximum
emission intensity after 30 and 25 minutes, respectively, of ca. 1300 a.u, corresponding to a three-to-four-fold
increment in their emission intensities (Figure 1B). We also tested the fluorescence turn-on selectivity of our probes
towards ALDH1A1 against other common physiological analytes such as various metal ions (Zn?*, Ca?*, Mg?*,
and Cu?"), hydrogen peroxide (H,0,), glutathione, amino acids (Cys and Ser), and glucose. All four probes show
a clear selectivity towards ALDH1A1 with NAD", as represented by a two-to-five-fold emission intensity
difference compared to the other analytes (Figure S45). We additionally evalulated the stability of AldeCou-1 in
the presence of oxidants such as H,O,, potassium superoxide (KO,), and tert-Butyl hydroperoxide (t-BuOOH) by

measuring absorbance and fluorescene spectra of various 0.1 mM and 1 mM solutions of these oxidants incubated
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with AldeCou-1 (Figure S46). The negligible spectral changes after 30 minutes of incubation suggest that AldeCou-

1 is sufficiently stable and do not undergo unwanted oxidation by other oxidants.

Motivated by the turn-on characteristic of the probes towards ALDHI1Al, flow cytometry analysis was
conducted in A549 cells. To ascertain if the increase in emission intensities is indeed in response to ALDH, we
gated cells that showed a fluorescence enhancement by comparing them to cells treated with DEAB, an ALDH
inhibitor. A549 cells treated with AldeCou-3 and AldeCou-4 showed a much lower percentage of stained cells
(0.99 and 12.8 %, respectively) than those treated with AldeCou-1 and AldeCou-2 (61.5 and 38.4 %, respectively;
Figure 1C). Next, we monitored the change in fluorescence intensity over 30 min for AldeCou-1 and AldeCou-2
with ALDH1A1 and ALDH3A1 (Figure 1D), two overexpressed ALDH enzymes in cancer and CSCs.*> AldeCou-
1 showed a similar oxidative response towards both ALDH1A1 and ALDH3A1, where a similar emission of ca.
1200 units was reached after 20 min. However, AldeCou-2 showed higher selectivity towards ALDH1A1 than
ALDH3A1, where the fluorescence intensity of AldeCou-2 with ALDH3A1 is approximately half that with
ALDHI1AL1. This could be one explanation for AldeCou-1 exhibiting a larger population of stained cells compared
to AldeCou-2 (61.5 versus 38.4 %, respectively) (Figure 1C). To evaluate the differential activity of AldeCou-1
and AldeCou-2 toward ALDH1A1 and ALDH3A1, we compared the fluorescence imaging of both probes in HeLa
cells, since HeLa cells exhibit significantly higher expression of ALDH3A1 compared to A549 and MDA-MB-
231 cells, and ALDH3AL1 levels were markedly greater than those of ALDHIA1 (Figure S47A). Given that
AldeCou-2 is selective toward ALDH1AI, it exhibited only weak staining in HeLa cells, in contrast to AldeCou-
1, which yielded a much stronger signal. This result underscores the functional difference between AldeCou-1 and
AldeCou-2 in cells with distinct ALDH isoform profiles, indicating that ALDH3A1 activity can be reflected in
live-cell fluorescence imaging. In light of the fact that both ALDH1A1 and ALDH3A1 are linked to cancer
stemness, AldeCou-1 is more suitable for detecting cancer stem cells. Thus, we selected it for subsequent cellular

imaging and computational studies.
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Figure. 1 (A) Chemical structures of coumarin-based ALDH probes AldeCou-1 to AldeCou-4 with different

triazole-alkyl-amine linkers. (B) Fluorescence spectra of AldeCou-1 to AldeCou-4 (10 uM) upon incubation with

ALDHI1AT1 (3.3 pg/mL) and NAD" (1 mM) in Tris-buffer (100 mM, pH 7.5) containing 100 mM KCI and 1%

DMSO at 37 °C. (C) Flow cytometry analysis of AldeCou-1 to AldeCou-4 (2 uM) in A549 cells with or without

DEAB (1 mM). (D) Time-dependent fluorescence intensity increase of AldeCou-1 and AldeCou-2 after incubating

with ALDH1A1 (3.3 pg/mL) with NAD* (500 pM) or ALDH3A1 (3.3 pg/mL) with NADP* (500 uM) (Aex/em =

390/490 nm).
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Fluorescence turn-on response of AldeCou-1 to ALDH1A1. The absorbance and fluorescence properties of
AldeCou-1 were measured and compared against 7-amino-4-trifluoromethyl coumarin (Cou) in pH 7.5 Tris buffer
solution (Figure 2A and B). AldeCou-1 exhibited maximum absorbance (A.,s) and fluorescence (A.y,) at 390 and
505 nm, respectively. We also synthesized AcidCou-1, the expected enzymatic product of AldeCou-1, to test the
hypothesis that the respective 4-aminomethyl benzaldehyde fragment of AcidCou-1 is responsible for the
fluorescence turn-on response of the probes. We observed that the fluorescence of AldeCou-1 is quenched in
aqueous Tris-buffer, but not in dichloromethane (Figure S48A). To confirm that this observation in the Tris-buffer
is not attributed to aggregation-caused quenching, we implemented fluorescence characterizations of Cou,
AldeCou-1, and AcidCou-1 in dilute (0.1 pM) and concentrated (1 uM) concentrations in aqueous Tris-buffer and

we still observed the fluorescence quenching of AldeCou-1 in both concentrations (Figure S48 B and C).

Next, we investigated the enzymatic reaction of AldeCou-1 by incubating it with NAD* cofactors and
ALDHI1A1 enzyme. The fluorescence turn-on mechanism of these probes is expected to be from the oxidation of
the 4-aminomethyl benzaldehyde fragment to 4-aminomethyl carboxylate by intracellular ALDH1A1 (Figure S43).
The fluorescence intensity of AldeCou-1 gradually increased over 30 minutes of incubation (Figure 2C),
suggesting that the aldehyde functional group in AldeCou-1 was oxidized into the carboxylate to form AcidCou-
1. The fluorescence response of the incubated AldeCou-1 after 30 minutes was compared to synthesized AcidCou-
1, and the fluorescence profiles and fluorescence intensities of both the enzymatic oxidized product of AldeCou-
1 and synthesized AcidCou-1 were similar (Figure 2B), further suggesting that the expected AcidCou-1 be
produced from the oxidation of AldeCou-1. The oxidation of AldeCou-1 into AcidCou-1 was further validated
through HPLC analysis, where the incubation of AldeCou-1 with ALDH1A1 and NAD" yielded a new peak after
80 minutes of incubation corresponding to the synthesized AcidCou-1 peak (Figure 2D). In contrast, incubating
AldeCou-1 with only NAD* and without ALDH1A1 showed no fluorescence turn-on response, confirming that

the fluorescence turn-on of our probes is due to the oxidative reaction to ALDH1A1 (Figure S49).
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Figure. 2 (A) UV-vis absorption spectra of Cou, AldeCou-1, and AldeCou-1 with ALDH1A1 (10 uM, each) in
pH 7.5 Tris buffer with 1% DMSO. Cou: 7-Amino-4-(trifluoromethyl)coumarin. (B) Fluorescence spectra of Cou
(10 uM), AldeCou-1 (10 uM), synthesized AcidCou-1 (10 uM), and AldeCou-1 incubated with ALDH1A1
(spectra taken from Fig. 2C at the 30th-minute mark). (C) Overlayed fluorescence spectra of AldeCou-1 (10 pM)
with the addition of ALDH1A1 (3.3 pg/mL) and NAD* (500 uM), measured for 30 min in pH 7.5 Tris buffer with
1% DMSO at 37 °C. (D) HPLC analysis (absorbance at 365 nm) of synthesized AcidCou-1 (reference peak),
AldeCou-1 (10 pM) incubated with ALDH1A1 and NAD* at 37 °C, and AldeCou-1 without ALDH1A1 and NAD*
(E) In vitro live cell fluorescence imaging of MDA-MB-231 cells treated with (i) Cou (10 uM), (ii) AldeCou-1

(10 uM) without DEAB, (iii) AldeCou-1 (10 uM) with DEAB, and (iv) synthesized AcidCou-1 (10 uM). Scale


https://doi.org/10.1039/d5tb01253h

Page 13 of 23 Journal of Materials Chemistry B

Published on 19 August 2025. Downloaded by Y unnan University on 8/23/2025 5:32:34 PM.

View Article Online
DOI: 10.1039/D5TB01253H

Live cell imaging of AldeCou-1 in MDA-MB-231 cells. The live cell imaging performance of AldeCou-1 was
tested with a standard human breast cancer cell line, MDA-MB-231. We observed a difference between the relative
fluorescence intensities of AldeCou-1 and Cou in aqueous pH 7.5 Tris buffer and in treated MDA-MB-231 cells,
where AldeCou-1 exhibited a much stronger green fluorescence than Cou in MDA-MB-231 cells (Figure 2E i and
ii). In contrast, AldeCou-1 and Cou exhibited similar fluorescence intensities in the aqueous solutions (Figure 2B).
The discrepancies in fluorescence intensities of AldeCou-1 and Cou in solution and in MDA-MB-231 cells can be
attributed to their differences in cell membrane permeabilities.*¢ Firstly, the oxidation of AldeCou-1 into AcidCou-
1 by intracellular ALDH present in MDA-MB-231 cells leads to an initial fluorescence turn-on response within
MDA-MB-231 cells. To validate this, we separately pretreated MDA-MB-231 cells with DEAB (1 mM), an ALDH
inhibitor, before introducing AldeCou-1 (10 pM). Remarkable fluorescence quenching was observed in the
DEAB-pretreated MDA-MB-231 cells (Figure 2E iii), suggesting that the strong fluorescence signal observed in
AldeCou-1 treated MDA-MB-231 cells (Figure 2E ii) was indeed due to oxidation of AldeCou-1 by ALDHI1AL.
Secondly, the oxidized product, AcidCou-1, contains a benzoic acid fragment that deprotonates into a benzoate at
intracellular pH, and thus retaining AcidCou-1 within the MDA-MB-231 cells. We tested the cell membrane
permeability of AcidCou-1 by treating a solution of MDA-MB-231 cells with synthesized AcidCou-1 separately,
and we observed almost zero fluorescence in these MDA-MB-231 cells after washing (Figure 2E iv). This result
indicates no cellular uptake of AcidCou-1 into the MDA-MB-231 cells, attributed to the low lipophilicity and poor
cell membrane permeability of a negatively charged benzoate group. Hence, we inferred that AcidCou-1
accumulates within MDA-MB-231 cells after sensing ALDHI1A1, leading to a strong fluorescence turn-on
response within these cells. On the other hand, Cou, with no benzoate fragment, has better cell membrane

permeability, and its efflux leads to a weaker fluorescence signal observed (Figure 2E 1).
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Figure. 3 (A) Flow cytometry analysis of AldeCou-1 (1 puM) treated A549 and MDA-MB-231 with or without

DEAB (1 mM). (B) Confocal live cell imaging of AldeCou-1 (2 pM) treated A549 and MDA-MB-231 cells.

DEAB-treated cells were pretreated with 1 mM DEAB before staining with AldeCou-1. (C) Flow cytometry

analysis of AldeCou-1 (10 pM) treated MDA-MB-231 cells without any inhibitors or with MK571 (50 uM),

Novobiocin (200 uM), and Verapamil (20 uM) in PBS with 2% FBS. (D) Confocal imaging of ALDH"" and
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ALDHY" MDA-MB-231 cells treated with AldeCou-1 (20 uM). Scale bars: 50 um. (E) Relative fluorescence
intensities of ALDH"gh and ALDH"" MDA-MB-231 cells treated with AldeCou-1 (0-50 uM) for 2 hours on
HBSS (ex/em 390/490 nm). (F) Flow cytometry analysis of AldeCou-1 probe stained CD133+ and CD133- MDA-

MB-231 cells. DEAB was used for negative control. min in pH 7.5 Tris buffer with 1% DMSO at 37 °C.

AldeCou-1 as a potential assay kit for ALDH activity detection. To explore the potential of AldeCou-1 as a
substrate for ALDH activity detection assays, we evaluated its performance against ALDEFLUOR on two ALDH-
expressing cell lines, A549 and MDA-MB-231. The first flow cytometry was performed with ALDEFLUOR to
establish a baseline of ALDH activities in both A549 and MDA-MB-231 (Figure S50), and another flow cytometry
was performed with AldeCou-1 (Figure 3A) to compare the results against ALDEFLUOR. Both AldeCou-1 and
ALDEFLUOR show similar results of significant CSC population staining (52.9 and 23.2 % in A549 and MDA-
MB-231 cell lines with AldeCou-1, respectively, and 78.9 and 16.4 % in A549 and MDA-MB-231 cell lines with
ALDEFLUOR, respectively). Furthermore, both assays consistently showed higher ALDH activity in A549
compared to MDA-MB-231 cells (Figure 3A and Figure S50), with the live cell imaging and recorded fluorescence
intensities of AldeCou-1 in both A549 and MDA-MD-231 cells, with cells treated with DEAB as a negative control
(Figure 3B and Figure S51). Although ALDH1AT1 expression levels may vary within a cell population, resulting
in greater variability in fluorescence intensities (Figure S51), the average fluorescence intensity in A549 cells is
higher than in MDA-MB-231 cells. From this, we conclude that the fluorescence signals observed from AldeCou-
1 assays are attributed to ALDH activity, and AldeCou-1 can quantitatively visualize ALDH activities in both

A549 and MDA-MB-231 cell lines.

As mentioned earlier, ALDEFLUOR assays require the addition of buffers that contain ABC transport inhibitors
for accurate quantification of CSCs. Hence, we wanted to investigate the dependency of AldeCou-1 on ABC
transport inhibitors to see if AldeCou-1 can be employed without additional buffers. We compared assays of
AldeCou-1 without any ABC transport inhibitors to AldeCou-1 with verapamil, MK-571, and novobiocin (MDR1,
MRP1/2, and BCRP inhibitors, respectively). We observed that the population of stained CSCs was consistent
between assays with and without ABC transport inhibitors sans MK-57 (5.11% without any inhibitors versus 7.91
and 6.66% in novobiocin and verapamil, respectively). This suggests that including various ABC transporter

inhibitors was unnecessary (Figure 3C), improving the conditions needed for an ALDEFLOUR assay.
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ALDH activity detection of MDA-MB-231 cells by AldeCou-1. MDA-MB-231 cells were sorted via
fluorescence-activated cell sorting (FACS) with ALDEFLOUR assay into ALDH"ig" and ALDH"" MDA-MB-
231 cells, and were then incubated with AldeCou-1 for live cell imaging. AldeCou-1 was able to quantitatively
distinguish ALDH activity in these sorted MDA-MB-231 cells, where brighter fluorescence was observed in
ALDH"i¢" cells compared to ALDH™ cells (Figure 3D and Figure S52). We also compared the difference in
fluorescence intensities with varying amounts of AldeCou-1 (10 — 50 uM) in ALDH"i¢" and ALDH*" MDA-MB-
231 cells, observing that the fluorescence intensity of AldeCou-1 is approximately two times stronger in ALDH"igh

than ALDH™" MDA-MB-231 cells, even at low concentrations of AldeCou-1 used (10 uM) (Figure 3E).

Lastly, we tested if AldeCou-1 exhibits cell surface protein recognition as an alternative method to detect CSCs.
One such surface protein of interest is CD133 (Prominin-1), a marker of CSCs due to its association with
proliferation and metastatics.”*® We sorted CD133%igh and CD133% MDA-MB-231 cells through MACS sorting,
and the sorting was validated using western blot analysis (Figure S53). Then, the sorted MDA-MB-231 cells were
stained with AldeCou-1 and analyzed via flow cytometry. We observed that MDA-MB-231 cells with CD133Hieh
had significant population staining compared to CD133%°¥ cells (40.8 vs 20.2 %, respectively). This result shows
that AldeCou-1 can quantitatively detect cells with overexpressed CD133 protein (Figure 3F), making AldeCou-
1 a versatile ALDH fluorescent probe for detecting CSCs through both ALDH enzymatic activity and

overexpression of CD133 proteins.
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Figure. 4 Theoretical calculations to rationalize the fluorescence turn-on mechanism. (A) Calculated electron
affinity of the benzaldehyde and benzoate moieties in water. Comparison of the energy levels of frontier molecular
orbitals between coumarin and (B) benzaldehyde, or (C) benzoate in water. (D) Calculated energy gaps between
the high-lying electron transfer (ET) and low-lying intramolecular charge transfer (ICT) states in the four probes
and their corresponding oxidized products during vertical excitations. (E) Schematic illustration of the state-
crossing from an ICT to an ET state and calculated excitation/de-excitation energy (as well as oscillator strength,
f) of AldeCou-1 in water; the inset shows the corresponding electron and hole distributions of the adiabatic ICT
and ET states. (F) Schematic illustration of the potential energy surface and calculated excitation/de-excitation
energy (as well as oscillator strength, /) of AcidCou-1 in water. The energy levels are not drawn to scale in (E) and

(F) for improved clarity.
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Computational Studies of AldeCou-1 and elucidation of PET mechanism. Quantum chemical calculations were
conducted on AldeCou-1 to 1) elucidate the fluorescence turn-on mechanism and 2) explain the fluorescence
quenching in aqueous environments and bright emission in DCM (Figure S48). Firstly, we calculated the electron
affinities (EA) to rationalize the difference in electron-withdrawing strengths of benzaldehyde and benzoate in
water. We observe that benzaldehyde exhibits a substantially larger EA (-2.62 eV) compared to benzoate (-1.56
eV) in terms of absolute values, indicating the greater electron-withdrawing capacity of benzaldehyde (Figure 4A).
We also analyzed the electronic gap between the frontier molecular orbitals (FMOs) of benzaldehyde, benzoate,
and the coumarin moiety (Figures 4B and C, S54 and S55). The pronounced electron-withdrawing nature of
benzaldehyde results in a smaller electronic gap (0.353 eV) between the lowest unoccupied molecular orbitals
(LUMOs) of coumarin and benzaldehyde, as compared to the more significant electronic gap (1.372 eV) between
coumarin and benzoate. The difference in electronic gaps between the LUMOs of coumarin and benzaldehyde or
benzoate provides an intuitive basis for predicting that donor-photoinduced electron transfer (d-PET) should be
more favorable between coumarin and benzaldehyde than between coumarin and benzoate. Although the calculated
LUMO energies of both benzaldehyde and benzoate are higher than that of coumarin—seemingly suggesting that
d-PET should not occur—this frontier molecular orbital (FMO) analysis serves only as a preliminary assessment
of d-PET feasibility, as it considers only the electronic gap between the donor and acceptor fragments. However,
this electronic gap alone fails to account for both exciton binding energy during photoexcitation, and solvent
stabilization effects on the electron-transfer (ET) state of the fluorophore via strong electrostatic interactions with
surrounding polar solvents molecules. Therefore, FMO analysis does not provide an accurate measure of d-PET

feasibility alone.*

Next, we conducted conformational analysis on the structures of the four probes, given the flexible nature of the
alkyl linkers, to arrive at the optimized geometries in the ground state. Interestingly, all probes adopt a folded
conformation where the coumarin and benzaldehyde/benzoate fragments exhibit a face-to-face stacking
configuration, which is more stable than the extended arrangement (Figure S56, Table S1).°° We then conducted
excited-state calculations on the folded conformations of the four probes to determine the “optical gaps”; given a
sufficiently small vertical energy gap (AE) between the intramolecular charge transfer (ICT) and ET states upon
photo-excitation (Figure 4E, 4F), a state crossing could potentially occur from the ICT to the ET state upon excited

state geometry relaxation.’>? For AldeCou-1, i.e., before sensing ALDH1A1, vertical AE is 0.14 eV (Figure 4E);
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while in AcidCou-1, i.e., after sensing ALDHI1A1, vertical AE is significantly widened to 1.16 eV (Figure 4F).
This stark difference in AE of AldeCou-1 and AcidCou-1 suggests that state crossing, and d-PET as a result, could
transpire upon relaxation of the excited-state geometry in the former but not in the latter. Performing vertical
excited-state calculations on the other probes also yielded a consistent trend of a smaller AE in the AldeCou series

compared to the oxidized AcidCou series of the probes (Figure 4D, Table S2).

To validate the occurrence of d-PET in AldeCou-1, extensive excited-state calculations to optimize both ICT
and ET states revealed a state-crossing (red intersection) between the two states (Figure 4E). Calculations further
revealed that the dark ET state (3.08 eV, with nearly zero oscillator strength, f) is more stable than the bright ICT
state (3.27 eV, f=0.750) by 0.19 eV. This result substantiates the activation of d-PET, effectively quenching the
fluorescence of AldeCou-1. However, as the driving force for entering the dark ET state is only moderate (0.19
eV), weak emission can still occur through de-excitation from the bright ICT state, which explains two observations
of (1) considerable initial background emission of AldeCou-1 without the addition of ALDH1A1 (Figure 1B) and
(2) the modest 2.5-fold increase in fluorescence intensities of AldeCou-1 upon sensing ALDHI1A1 (Figure 1B).
Conversely, state crossing and d-PET become unfeasible in AcidCou-1 due to the large AE (Figure 4F).
Consequently, a fluorescence turn-on response in the oxidized AcidCou product of the probes is observed (Figures
S57 — S60), facilitating the monitoring of ALDH1A1 activities. Our computational findings align perfectly with
experimental observations, affirming that the modulation of d-PET enables the fluorescence turn-on of the

AldeCou probes upon reaction with ALDH1AL.

Finally, to address the fluorescence quenching in aqueous medium and the lack thereof in DCM, it is worth
noting that d-PET exhibits strong polarity dependence.* The d-PET-induced excited ET state has a high polarity
due to complete charge separation. In polar solvents (such as water), this ET state is stabilized through strong
dipole-dipole interactions with solvent molecules. Conversely, these stabilizing interactions are absent in low-
polarity solvents, such as DCM, making the ET state unstable. In other words, d-PET is inactive in non-polar
solvents. This polarity dependence explains why fluorescence modulation of our probes is only observable in water

but not in DCM.

Conclusion
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Four novel ALDH probes were synthesized following a coumarin, 1,2,3-triazole-alkyl-amine linker, and a 4-
methylbenzaldehyde fragment, with A, ranging from 380 to 395 nm and showed a common maximum emission
of Ay at 505 nm. They also exhibited a strong selectivity towards ALDH1A1 over other common physiological
analytes. AldeCou-1 showed the highest percentage of CSC staining in A549 cells with a propensity to detect both
ALDHI1A1 and ALDH3A1 enzymes; live cell imaging of MDA-MB-231 cells treated with AldeCou-1 revealed
fluorescence turn-on in response to ALDH activity in these CSCs. Flow cytometry analysis suggests the
employability of AldeCou-1 in ALDH activity detection assays. AldeCou-1 displayed similar quantitative
detection capabilities to ALDEFLUOR, distinguishing MDA-MB-231 from A549 cell lines based on CSC staining
populations, and identifying ALDH"ie" and ALDH cells based on varying fluorescence intensities. AldeCou-1
can also detect CD133, a surface protein present in CSCs, showcasing the versatility of AldeCou-1 to mark CSCs
via both ALDH enzymatic activity and overexpression of CD133 proteins. More importantly, AldeCou-1 showed
little dependency on ABC transporter inhibitors for accurate quantifications of CSCs, removing the need for
additional buffers for ALDH assays, a stark improvement to ALDH assay conditions. Computational findings
elucidated the working mechanism of our probes, where we discovered that solvent/polarity dependency and
substrate-induced PET-on/off were responsible for the fluorescence turn-on response of our probes with ALDH.
Overall, the promising experimental and computational findings from this study can provide crucial insights into
the design of next-generation ALDH probes, where multi-detection methods of CSCs and simplifying conditions

for ALDH activity assays are made possible.
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