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Aldehyde dehydrogenase 1A1 (ALDH1A1) stands out as one of the most reliable intracellular biomarkers
for stem cells because it is expressed in both cancer stem cells (CSCs) and normal somatic stem cells
(NSCs). Although several turn-on fluorescent probes for ALDH1Al have been developed to visualize
CSCs in cancer cells, the discrimination of CSCs from NSCs is difficult. We here report an AND-type
dual-responsive fluorescent probe, CHO_Bgal, the near-infrared fluorescence of which can be turned
on after responding to both ALDH1Al and B-galactosidase. The AND-type dual responsiveness enables
CSCs to be clearly visualized, whereas NSCs are non-emissive in microscopy. CSC-positive metastasis
model lungs were successfully discriminated from normal lungs in ex vivo staining experiments using
CHO_Bgal, whereas the single-input ALDH1Al-responsive probe failed to achieve this discrimination
owing to pronounced false-positive fluorescence output from lung NSCs. In tissue slice staining
experiments, even in the presence of adjacent normal tissues, the peripheral region-specific localization
of CSCs was clear. The versatility of CHO_fgal holds promise not only as a fundamental in vitro
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research tool for visualizing CSCs but also as a valuable asset in practical tissue staining diagnosis,
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Introduction

Cancer stem cells (CSCs) have generated great excitement in the
research area of cancer because these cells are closely related to
cancer initiation, progression, metastasis, and recurrence.'”
CSCs are a small population of cancer cells that present specific
antigens on the surface and/or express specific intracellular
enzymes.* During the past few decades, the CSC concept,"”
cancer plasticity,”® and dormant cancer stem cells®>'® have
been intensively discussed in the field of oncology in an effort
to understand the therapeutic response of cancers. Given that
details of cancer progression and metastasis mechanisms
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significantly contributing to the assessment of cancer malignancy.

remain controversial, the development of reliable molecular
imaging probes that can be used both to achieve a deeper
understanding of CSCs and as a more efficient imaging agent
for rapid and facile cancer malignancy assessment in clinical
diagnosis, is highly desired. CSC fluorescence imaging is
recognized as one of the most powerful tools because of its
technical simplicity, noninvasive nature, and high spatiotem-
poral resolution.'*?

Intracellular enzyme aldehyde dehydrogenase 1A1 (ALDH1A1)"*'*
is one of the most promising biomarkers overexpressed in CSCs,
and a variety of ALDH1A1l-specific fluorescent probes have
been developed to date." The always-on fluorescent probe
ALDEFLUOR" and analogous derivatives'®'® are frequently
used for CSC isolation based on fluorescence-activated cell
sorting. Recently, turn-on fluorescent probes,'®>* which are
non-emissive before ALDH1A1-mediated transformation, have
been developed for both visualization and isolation of CSCs in
cancer cells. Some of the near-infrared (NIR) turn-on fluorescent
probes were successfully applied to CSC-specific visualization
in vivo and ex vivo.>>*> However, ALDH1A1 is known to be an
intracellular biomarker of stem cells and it is overexpressed both
in CSCs in cancer tissues and normal somatic stem cells (NSCs)
in normal tissues (Fig. 1(A))."**>?® Hence, the discrimination
of CSCs from NSCs is considered to be difficult by using
single-input ALDH1A1-responsive probes (Fig. 1(B)). Given that

J. Mater. Chem. B, 2024, 12, 6959-6967 | 6959


https://orcid.org/0000-0002-4670-2302
https://orcid.org/0009-0006-1532-910X
https://orcid.org/0000-0002-9352-1520
https://orcid.org/0000-0001-8893-8893
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb00897a&domain=pdf&date_stamp=2024-06-24
https://doi.org/10.1039/d4tb00897a
https://doi.org/10.1039/d4tb00897a
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb00897a
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB012028

Open Access Article. Published on 10 June 2024. Downloaded on 10/29/2025 2:32:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
(A) s } differentiated normal cell (NC)
X ALDH1A1 X B-gal
S e b S
QAU > normal stem cell (NSC|
o0 @0 @ (O @ ea
(&0 © © € ¢ ¢/ OAwHIAL X pegal
® Yo (@ Yo .
) ©® @ A
(O} o@% ° oo normal cells
© 10 7o @yo (o)
® X0 o © differentiated cancer cell (CC)
° o
o D) o O @ X ADH1AL O B-gal
cancer stem cell (CSC)
cancer tissue OAWHIAL O B-gal
surrounded by normal tissue
cancer cells
€ AbH1AL (€ B-galactosidase (B-gal)
(B)
normal tissue cancer tissue
turn-on fluorescent probe
NC NSC cc csC
@ ALDH1A1-responsive probe
q., % on OFF ON | OFF ON
ALDH1A1 zL
n-system [n-sys(em] stem cell-specific response: false positive from NSC l

4@ B-gal-responsive probe
OH
HOL A _OH a«
OH - OH
i p-gal

s

OFF | OFF | ON | ON

cancer-specific response: false positive from CC ‘

" Connormns 9% on | OFF  OFF | OFF | ON
e
pgal ‘ CSC-specific response: no false positive sngnals!l
T T

Fig. 1 (A) ALDHIA1 and B-galactosidase (B-gal) expression in normal and
cancer tissues. (B) Turn-on properties of ALDH1Al-responsive, B-galacto-
sidase-responsive, and dual-responsive AND-type probes for CSC-
specific visualization.

contamination of NSCs is usually unavoidable in surgically
excised cancer tissues, a smart probe that becomes emissive in
CSCs but remains silent in NSCs is urgently needed for the
evaluation of cancer malignancy both in fundamental science
and clinical diagnosis/therapy.?”

Recently, dual-responsive fluorescent probes that can
respond to two concurrently generated biological stimuli have
been developed.”® Among dual-responsive probes, AND-type
probes can suppress false positive signals induced by one
of two target stimuli. It is known that the expression level
of B-galactosidase is upregulated in a wide range of cancer cells
(Fig. 1(A));*>*° therefore, a variety of B-galactosidase-responsive
fluorescent probes have been developed for cancer detec-
tion.*'®* Despite their cancer-specific identification, the dis-
crimination of CSCs from differentiated cancer cells is consid-
ered to be difficult (Fig. 1(B)). Based on this background, we
envisioned that a dual-responsive AND-type probe that
becomes emissive only after both ALDH1A1- and B-galactosi-
dase-mediated transformations would make specific visualiza-
tion of CSCs possible (Fig. 1(B)). We herein report a dual-
responsive turn-on fluorescent probe CHO_fgal (Fig. 2(A)), in
which an NIR fluorescent hemicyanine dye is modified with
both ALDH1A1- and p-galactosidase-responsive substrates.
In in vitro cell staining using CHO_fgal, CSCs in cancer cells
were specifically visualized with high contrast, whereas NSCs in
normal cells remained non-emissive. In CHO_fgal staining
of excised tissue slices, CSCs in cancer tissues as well as
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Fig. 2 (A) Dual-responsive AND-type fluorescent probe CHO_fgal. (B)
Absorption and (C) fluorescence spectra of CHO_gal (red) and COOH_OH
(blue) in PBS (20 uM, pH 7.4, 1% DMSO). Zex = 680 nm. The equilibrium
between open- and closed-ring forms of (D) CHO_ggal and (E) COOH_OH.

CSCs invading normal tissues were visualized even in the
presence of NSCs.

Results and discussion
Probe design

To construct dual-responsive probe CHO_figal, a member of
the hemicyanine dye family, [2-((E)-2-(6-hydroxy-2,3-dihydro-
1H-xanthen-4-yl)ethenyl)-3H-indol-1-ium], was selected as a

This journal is © The Royal Society of Chemistry 2024
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fluorophore, the NIR emission of which is suitable for both
in vitro and ex vivo applications.>>>® The NIR emission of the
hemicyanine fluorophore is derived from its acceptor-n-donor
structure consisting of an electron-accepting iminium group
and an electron-donating phenolate moiety. Hence, its fluores-
cence emission can be quenched by modifying either of these
two groups. The ALDH1A1l-responsive molecular structure
in CHO_fgal consists of an N-substituted benzoindole, an
o-formylbutyl group as an ALDH1A1l substrate, and an
w-mercaptopropyl group as a nucleophilic fluorescence
quencher. Before the ALDH1A1-mediated oxidation of a formyl
group, the intramolecular cyclization of the nucleophilic mer-
capto group takes place to form a 1,3-thiazinane ring structure
under physiological conditions. Because the electron-accepting
iminium group is masked by the mercapto group through this
cyclization, it can be expected that CHO_fgal does not show
NIR absorbance/fluorescence. After ALDH1A1-mediated trans-
formation, the resulting carboxy group acts as an activator to
promote ring-opening of the 1,3-thiazinane to generate an
iminium group, thereby recovering the inherent m-extended
dye skeleton. This activator-induced nucleophilic quencher
detachment (AiQd) mechanism has been developed by us for
enzyme-responsive turn-on fluorescent probes.>”*® However,
the electron-donating phenolate moiety remains capped
with a weakly electron-donating B-galactosyl group after the
sequential ALDH1A1-mediated transformation of CHO_[fgal
and AiQd-based ring-opening; therefore, it can be expected that
the plausible product COOH_fgal has NIR absorbance but
emits very weak NIR fluorescence. In the case of B-galactosi-
dase-mediated transformation, CHO_figal can be hydrolysed at
the anomeric position of the p-galactosyl group to afford
CHO_OH. Given that the 1,3-thiazinane ring is stable under
physiological conditions, CHO_OH is assumed to show neither
NIR absorbance nor fluorescence. After both ALDH1A1- and
B-galactosidase-mediated transformations of CHO_fgal, the
plausible product COOH_OH is expected to exhibit strong
fluorescence.

Based on this design strategy, we prepared CHO_fgal as a
dual-responsive AND-type turn-on fluorescent probe together
with the plausible products COOH_fgal, CHO_OH, and COO-
H_OH (Schemes S1-S3 and Fig. S1-S3, ESIt). Because the
closed-ring form of CHO_fgal contains two chiral quaternary
carbons, it is formed as a mixture of major and minor diaster-
eoisomers. Density functional theory (DFT) calculations sup-
port the conclusion that the w-formylbutyl group and the 2-(6-
galactosyl-2,3-dihydro-1H-xanthenyl)ethenyl group are located
on the same side in the major diastereoisomer (Fig. S4, ESIt).

Photophysical properties

Absorption and fluorescence spectra of CHO_fpgal and COO-
H_OH in neutral phosphate buffered solution (PBS, pH 7.4)
were measured (Fig. 2(B), (C) and Table S1, ESIT). In the case of
CHO_fgal, two broad signals were observed at 300-400 nm and
500-800 nm. As supported by time-dependent DFT calculations
(Fig. S5, ESIt), the former absorbance is attributed to the closed-
ring form in which the m-system is shortened. Because the

This journal is © The Royal Society of Chemistry 2024
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intramolecular nucleophilic cyclization of a mercapto group is a
reversible reaction, the open-ring form of CHO_figal was also
present (Fig. 2(D)). Therefore, the latter absorbance can be
assigned to a hemicyanine dye skeleton in the open-ring form.
The molar extinction coefficients (¢, L mol™* cm™") of CHO_pgal
are 1.2 x 10* at 381 nm, 7.6 x 10 at 614 nm, and 7.3 x 10> at
667 nm. The ¢ value at 667 nm attributed to the open-ring form is
much lower than those of common water-soluble hemicyanine
dyes (¢ = ~3 x 10%),* indicating that the closed-ring form of
CHO_fgal is a major component in the solution. As expected,
almost no NIR emission was detected in the fluorescence spectra.
In contrast to CHO_fgal, COOH_OH showed strong absorbance at
600-700 nm (¢ = 3.5 x 10* at 681 nm), indicating that the AiQd
mechanism is applicable to a hemicyanine skeleton and that the
equilibrium of COOH_OH shifts to the open-ring form under
neutral conditions (Fig. 2(E)). The broad absorbance around
800 nm can be assigned to the J-aggregate of the hemicyanine
dye.” The fluorescence intensity of COOH_OH at 710 nm was
more than 400 times stronger than that of CHO_fgal.
We confirmed that both CHO_OH and COOH_fgal were
slightly emissive but that the intensities were much weaker
than that of COOH_OH (Fig. S6(A), ESIt). Because both the 1,3-
thiazinane and phenolate moieties were expected to be pH-
responsive, the pH-dependent spectral changes were investi-
gated (Fig. S6-S9, ESIt). Although fluorescence intensity was
dependent on pH values, it was confirmed that COOH_OH
tends to be much more emissive than the other compounds
under physiological conditions. By considering the photophy-
sical properties of the compounds, CHO_fgal is expected to act
as an AND-type turn-on fluorescent probe for ALDH1A1 and -
galactosidase.

Enzyme responsiveness

The AND-type dual responsiveness of CHO_fgal to enzymes was
examined. In the absence of enzymes, no clear increase in
fluorescence intensity was detected (Fig. 3(A)). A buffered
aqueous solution of CHO_fgal (20 uM, pH 7.4) was incubated
with ALDH1A1 (200 nM) and its fluorescence intensity was
monitored. The broad peak at 700-750 nm in the fluorescence
spectrum increased gradually during incubation and a peak at
710 nm (excitation: 660 nm) was detected that became 4.4 times
stronger after 3 h incubation (Fig. 3(B) and (E)). As described in
the previous section, COOH_fgal was slightly emissive because
AiQd-based ring-opening shifts the equilibrium to its open-ring
form. Hence, the weak NIR fluorescence output after ALDH1A1-
mediated transformation is reasonable. When ALDH1A1
was pretreated with its inhibitor disulfiram and incubated
with CHO_fgal, the increase in fluorescence intensity was
suppressed, explaining the need for a formyl group (Fig. S10,
ESIf). When the B-galactosidase-mediated transformation of
CHO_pgal was examined, the fluorescence intensity was found
to increase 4.3 times after 3 h incubation (Fig. 3(C) and (E)). The
formation of weakly emissive CHO_OH was confirmed by liquid
chromatography-mass spectroscopy (LC-MS) (Fig. S11, ESIY).
The presence of an excess amount of p-galactose, which
is a potent capping agent of the B-galactosidase active site,
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Fig. 3 Time-dependent fluorescence change of CHO_fgal (20 uM) treated (A) without enzyme or with (B) ALDH1Al (200 nM), (C) B-galactosidase
(20 U mL™, and (D) both ALDHIAL and B-galactosidase. (E) Time-dependent fluorescence intensity change of CHO_pgal (20 pM) at 710 nm
(Jex = 660 nm) treated with ALDH1A1 (200 nM) and/or B-galactosidase (20 U mL™). (F) Fluorescence intensity of CHO_fgal at 710 nm (Je, = 660 nm)

after incubation with ALDH isoforms (50 nM) for 120 min.

suppressed the increase in the fluorescence intensity (Fig. S12,
ESIt). The increase of the fluorescence intensity after treatment
of CHO_fgal with both ALDH1A1 and B-galactosidase was then
monitored. LC-MS analysis after 1 h incubation confirmed that
CHO_fgal was fully consumed and that both COOH_fgal and
COOH_OH were generated (Fig. S13, ESIt). The fluorescence
intensity was gradually increased to 39.4 times after 3 h incuba-
tion (Fig. 3(D) and (E)). These results indicate that the treat-
ment of both ALDH1A1 and B-galactosidase smoothly generates
emissive COOH_OH and that there is no significant inter-
ference between the two enzymes. Thus, the AND-type turn-
on property of CHO_fgal mediated by ALDH1A1 and
B-galactosidase was demonstrated. The limits of detection for
ALDH1A1 and B-galactosidase were estimated at 1.7 uM and
0.032 U mL™", respectively, by measuring fluorescence inten-
sities at different concentrations (Fig. S14, ESIt).

The stability of CHO_figal under physiological conditions
was examined (Fig. S15, ESIt). The fluorescence intensities
after treatment of CHO_Pgal with biological thiols such as
cysteine, glutathione (GSH), and mercapto-containing protein
(bovine serum albumin: BSA) were much weaker than that
observed when CHO_fgal was incubated with both enzymes.
Treatment of CHO_fgal with either amino acids bearing other
functional groups or reactive oxygen species that oxidize a
sulfur atom did not lead to fluorescence turn-on. Given that
human ALDHs are found in 19 isoforms, the isoform selectivity
of CHO_pgal was also examined. To this end, CHO_fgal was
treated with several ALDH isoforms in the presence of
B-galactosidase. As shown in Fig. 3(F), no significant increase

6962 | J Mater. Chem. B, 2024, 12, 6959-6967

in fluorescence intensity was observed upon incubation with
any of the representative ALDH isoforms (ALDH1A2, ALDH1A3,
ALDH2, ALDH3A1, or ALDH7A1), indicating the pronounced
high selectivity to ALDH1A1.

In vitro CSC visualization

To verify the dual responsiveness of CHO_fgal in vitro, human
pancreatic carcinoma cell line SUIT-2 and human gastric signet
ring carcinoma cell line KATO-III, both of which are known to
contain CSCs with high ALDH1A1 activity, were treated with
CHO_pgal (Fig. 4 and Fig. S18, ESI{).>>*"**> Mouse embryonic
fibroblast cell line NIH3T3 and human umbilical vein endo-
thelial cell line HUVEC were chosen as representative
B-galactosidase-negative normal cells for control experiments.
To demonstrate the superiority of dual responsiveness, single-
input ALDH1A1-responsive fluorescent probe C5S-A** was used
as a control molecule. Based on the ALDEFLUOR assay,"> we
verified that NIH3T3 and HUVEC cells contain 11% and 33%
ALDH1-positive cells, respectively (Fig. S22, ESIt). After treat-
ment of SUIT-2 cells with C5S-A, a small population of brightly
emissive cells that could be assigned to CSCs was visualized
(Fig. 4(A) and Fig. S18(A), ESIT). In addition, it was confirmed
that another cancer cell KATO-III as well as normal cells
NIH3T3 and HUVEC contained brightly emissive ALDH1A1-
positive cells. These results clearly indicate that single-input
probe C5S-A is not suitable for discriminating between CSCs
and NSCs.

The high cell viability of both cancer and normal cells was
confirmed after 24 h incubation with CHO_fgal (0.01-100 uM),

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Confocal laser scanning microscope images of SUIT-2, KATO-III, NIH3T3, and HUVEC cells stained with (A) C5S-A (1 uM) or (B) CHO_Bgal (20 uM)
without a washing step. Confocal laser scanning microscope images of SUIT-2 and KATO-III cells co-stained with CHO_Bgal (20 pM) with
(C) ALDEFLUOR (1 uM) or (D) FDG (20 puM). Green channel: Aex = 488 nM (Aget = 500-600 nm); red channel: lex = 633 NM (Aget = 647-759 nm).

indicating that CHO_fgal has low cytotoxicity at a concen-
tration of <20 puM (Fig. S16, ESIf). We next examined the
turn-on nature of CHO_figal in both cancer and normal
cells. Cancer cell staining using CHO_fgal resulted in brightly
emissive cells being observed together with a large number of
non-emissive cells (Fig. 4(B) and Fig. S18(B), ESI{). Notably, no
washing step was necessary to obtain high-contrast visualiza-
tion because of the turn-on property of CHO_figal. Further-
more, the signal/noise ratios (Fgosc/Foc) of CHO_pgal, which
were obtained by dividing the fluorescence intensities of CSCs
(Fesc) by those of differentiated cancer cells (F¢c), were 11.4 +
2.0 for SUIT-2 and 15.4 + 3.5 for KATO-III, which are much
higher than those of C5S-A (Fcsc/Fcc = 4.4 £ 0.9 for SUIT-2 and
3.6 £ 1.3 for KATO-III) (Fig. S17, ESIT). The high signal/noise
ratios suggest that CHO_fgal is a suitable probe for high
contrast CSC visualization. It is noted that more than 10 uM
of CHO_fgal should be used for clear staining because of lower
fluorescence intensity of hemicyanine dyes compared with
cyanine dyes. As shown in the enzymatic transformation experi-
ments, conversion of CHO_fgal catalysed by either ALDH1A1-
or B-galactosidase alone did not yield a strong fluorescence
output; therefore, the strong fluorescence was obtained only
through conversion of CHO_fgal catalysed by both enzymes.
To confirm that the expression levels of ALDH1A1 and
B-galactosidase are both upregulated in CSCs, co-staining
experiments were conducted using CHO_fgal with green-
fluorescent ALDEFLUOR or fluorescein di-p-p-galactopyra-
noside (FDG),**** which is a commercial green-fluorescent
B-galactosidase-specific single-input probe (Fig. 4(C), (D) and
Fig. S19, ESIf). In low-magnification mode, ALDEFLUOR

This journal is © The Royal Society of Chemistry 2024

staining did not clearly distinguish ALDH1-positive cells of
SUIT-2 from ALDH1-negative cells because of its always-on
nature. On the other hand, in higher magnification mode,
slightly brighter cells were identified in the green channel
and the cells were also emissive in the deep-red channel
(Fig. 4(C) and Fig. S19(A), ESIf). In the case of KATO-III,
brighter cells were identified in the green channel even in
low magnification mode and the stained cells were the same
as those seen in the deep-red channel (Fig. S20, ESIt). This is
probably because the ALDH1A1 expression level in CSCs of
KATO-III is higher than that of SUIT-2.*° In co-staining experi-
ments using CHO_fgal with FDG, CHO_fgal-positive cells were
included in FDG-positive cells (Fig. 4(D), and Fig. S19(B), ESIt).
Surprisingly, fluorescence from CHO_fgal-negative cells was
observed in the green channel, but the intensity was signifi-
cantly weaker than fluorescence from CHO_fgal-positive cells.
The co-staining results strongly suggest that the -galactosidase
activity is upregulated in ALDH1A1-positive CSCs in both SUIT-
2 and KATO-III. The use of CHO_fgal confirmed that FDG is an
effective probe for detecting ALDH1A1-positive CSCs in specific
cell lines. Pre-treatment of cells with either the ALDH1A1
inhibitor disulfiram or B-galactosidase competitive substrate
p-galactose successfully suppressed the fluorescence turn-on of
CHO_fgal (Fig. S21, ESIt). No positive images were observed
with NIH3T3 and HUVEC (Fig. 4(B) and Fig. S18(B), ESIY),
indicating that CHO_fgal can be used to successfully distin-
guish CSCs from NSCs in vitro. Flow cytometry analysis of
HUVEC cells also supports that CHO_fgal remains silent in
NSCs (Fig. S23, ESIt). These results suggest that CHO_fgal
staining has the potential to selectively visualize/isolate CSCs
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from tissues containing both normal and cancer cells harvested
from patients. Furthermore, through co-staining experiments
using commercial single-input probes, we found that the -
galactosidase expression levels in CSCs are clearly higher than
those in differentiated cancer cells in specific cell lines. More
importantly, these results suggest that the new design of dual-
responsive probes for ALDH1A1 and other biological analytes
will find new biomarkers that are specifically expressed
in CSCs.

Ex vivo CSC visualization

In cancer metastasis, cancer cells break off from the original
cancer tissues and spread to other organs; therefore, cancer
metastasis is often associated with adverse prognoses. The
invasion of CSCs through the basal membrane into blood
vessels is proposed as one of the most plausible mechanisms
of cancer metastasis initiation.'” The intravenous injection of
cancer cells into mice is a facile method to prepare model mice
bearing metastatic cancer in the lungs,*” in which the CSC
population increases. The excised lungs of nude mice five days
after intravenous injection of SUIT-2 cells were stained by using
single-input probe C5S-A and dual-responsive probe CHO_fgal
(Fig. 5 and Fig. S24, ESIf). The excised lungs of nude mice
without injection of SUIT-2 cells were also stained for control
experiments. In the case of C5S-A, strong fluorescence was
observed in the lungs of both metastasis model mice and
normal mice (Fig. 5(A) and Fig. S24(A), ESIT); there was no
significant difference between these two groups. The strong
fluorescence is considered to be caused by ALDH1A1 expressed
in NSCs of lung tissues. In contrast, in the case of CHO_fgal,
much weaker fluorescence was observed in both the control
and metastasis lungs, indicating that CHO_fgal successfully
suppresses the false-positive signals from NSCs (Fig. 5(B) and
Fig. S24(B), ESIt). A significant difference between the two
groups was confirmed; however, the difference in fluorescence
intensities was not large. As shown in Fig. 3(E), the fluores-
cence intensity increments of CHO_fgal after the treat-
ment either with only ALDH1A1 or with both ALDH1A1 and
B-galactosidase were 4.4 times and 39.4 times, respectively.
The number of NSCs in metastasis model lungs is expected to
be much greater than that of CSCs. Although the difference in
fluorescence intensity increments was clear in the enzyme
treatment experiments, the fluorescence after conversion of
CHO_figal by ALDH1A1 in NSCs pushed up the background
fluorescence, resulting in the small difference in fluores-
cence intensity between the metastasis model lungs and
normal lungs.

Finally, by staining excised slices of both normal and cancer
tissue, we evaluated the CSC staining ability of CHO_fgal. The
normal and cancer tissues as well as the boundary region
between these two tissues were identified by using hematoxylin
and eosin (H&E) staining (Fig. 5(I) and Fig. S32, ESI{). No
strong fluorescence was observed from adipose tissue slices,
which were used as a normal tissue model with low -
galactosidase expression level (Fig. S25, ESIT). In cancer tissue
slices, which were prepared by the intraperitoneal injection of
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SUIT-2 cells into femoral subcutaneous adipose tissues of mice,
much stronger fluorescence was detected from the entire tissue
slice together with many bright spots (Fig. 5(C) and Fig. S26,
ESIT). When cancer tissue slices were treated with a mixture of
CHO_fgal and ALDH1A1 inhibitor disulfiram, the number of
bright spots decreased significantly (Fig. 5(D) and Fig. S27,
ESI{). Similar bright spots were observed in the cancer tissue
slices stained by C5S-A; however, these spots were difficult to be
discriminated because of the high background signal of C5S-A
(Fig. S28, ESIt). The number of bright spots was also decreased
under co-treatment of C5S-A with disulfiram (Fig. S29, ESIT).
These results clearly indicate that the bright spots observed in
both CHO_Pgal and C5S-A staining arise from fluorescence
from CSCs. The heat maps of the numbers of CSCs detected
in Fig. 5(C) and (D) are summarized in Fig. 5(E) and (F),
respectively. Interestingly, CSCs were localized in the peripheral
region of cancer tissues, whereas almost no CSCs were detected
in the core of the tissues. Considering that CSCs are closely
related to cancer progression and metastasis,® it is reasonable
to conclude that active CSCs are specifically localized at the
peripheral region of cancer tissues. It is known that cancer
tissues contain invasive leader cells, the so-called “leading
front”, having proliferative, invasive, and metastatic abilities
compared with other trailing follower cells.*” As shown in
Fig. 5(E), it is obvious that the density of CSCs was higher at
the left upper side, but lower at the lower side. This result
suggests that CHO_figal staining can point out the location of
the active “leading front” in malignant cancer tissues.

Because CSCs in cancer tissue slices were successfully
visualized, the discrimination of CSCs from NSCs in tissue
slices was next examined. When a boundary region between
cancer and adipose tissues was excised and the slices were
stained with CHO_pgal (Fig. 5(G) and Fig. S30, ESIt), many
bright spots were observed. It was confirmed that the ALDH1A1
inhibitor disulfiram successfully suppressed the fluorescence
turn-on in the sliced tissues (Fig. S31, ESIT). The many bright
spots that were assignable to CSCs were predominantly
observed on the side of the cancer tissue near the boundary
region. This observation is consistent with the distribution of
stained cells in cancer tissue slices shown in Fig. 5(C). In the
case of tissue slice staining using single-input probe C5S-A,
many bright spots were observed in both cancer and adipose
tissues (Fig. 5(H) and Fig. S28, ESIT) and the emission could
be suppressed by ALDH1A1 inhibitor disulfiram (Fig. S29,
ESIT). These results clearly indicate that the single-input
probe could respond to ALDH1A1 in both CSCs and NSCs,
being not suitable for CSC-specific visualization. In contrast,
in the case of CHO_fgal staining, the CSC-specific visualiza-
tion at the boundary region was not influenced by the
presence of NSCs. These results strongly suggest that CHO_pw
gal staining will be applicable to practical cancer malignancy
assessment using excised tissue slices that contain both
cancer and normal tissues. Some bright spots were observed
on the side of adipose tissues near the boundary region,
probably indicating that CHO_fgal staining can reveal CSCs
invading normal tissues.
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Fig. 5 Ex vivo fluorescence images of excised lungs of mice stained by (A) C5S-A and (B) CHO_Bgal. Metastasis model mice: SUIT-2 cell
suspension was intravenously injected 5 days before lung excision. Radiant efficiency (RE): (photon per s cm™2 sr )/(uWW cm™). * p < 0.05
(n = 3). Slices of cancer tissues stained by CHO_pgal (C) without or (D) with disulfiram. Yellow dashed squares A—H were enlarged. The distribution of
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Conclusions

In summary, we have developed the ALDH1A1- and f-galacto-
sidase-responsive turn-on fluorescent probe CHO_fgal and
applied it to in vitro and ex vivo CSC visualization. CHO_pgal
was successfully synthesized by decorating hemicyanine dye
with ALDH1A1 and B-galactosidase-responsive substrates. Both
ALDH1A1- and B-galactosidase-mediated transformations gave
the emissive COOH_OH from CHO_fgal, but neither of the two
independent transformations yielded strong fluorescence.
In in vitro confocal laser scanning microscopy observations,
CHO_fgal clearly and selectively lit up CSCs in the presence of
differentiated cancer cells. Thanks to the AND-type dual
responsiveness of CHO_fgal, false-positive signals from NSCs
were suppressed, which has not been attained with single-input
ALDH1Al-responsive probes. As shown in ex vivo imaging of
excised lungs, CHO_figal can effectively avoid false-positive
assignments, discriminating metastasis model lungs from
normal lungs. The tissue slice staining using CHO_fgal eluci-
dated that active CSCs localize at the peripheral region in
cancer tissues and it was able to point out the invasive “leading
front” in malignant cancer tissues. Furthermore, CSC-specific
visualization in tissue slices was not disturbed by NSCs. To our
knowledge, this is the first example of visualization of
ALDH1A1-positive CSCs in surgically excised tissue slices con-
taining NSCs. Hence, we believe that the CHO_fgal staining
will become not only a reliable and facile diagnostic method for
detecting CSC-positive cancer tissues and evaluating cancer
malignancy, but also a powerful and promising tool for pursu-
ing the origin of CSCs and cancer plasticity.
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