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Increasing evidence has highlighted the endogenous production of formaldehyde (FA) in a variety of
fundamental biological processes and its involvement in many disease conditions ranging from cancer to
neurodegeneration. To examine the physiological and pathological relevance and functions of FA,
fluorescent probes for FA imaging in live biological samples are of great significance. Herein we report
a systematic investigation of 2-aza-Cope reactions between homoallylamines and FA for identification of
a highly efficient 2-aza-Cope reaction moiety and development of fluorescent probes for imaging FA in
living systems. By screening a set of N-substituted homoallylamines and comparing them to previously
reported homoallylamine structures for reaction with FA, we found that N-p-methoxybenzyl
homoallylamine exhibited an optimal 2-aza-Cope reactivity to FA. Theoretical calculations were then
performed to demonstrate that the N-substituent on homoallylamine greatly affects the condensation
with FA, which is more likely the rate-determining step. Moreover, the newly identified optimal N-p-
methoxybenzyl homoallylamine moiety with a self-immolative B-elimination linker was generally utilized
to construct a series of fluorescent probes with varying excitation/emission wavelengths for sensitive

and selective detection of FA in aqueous solutions and live cells. Among these probes, the near-infrared
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Accepted 22nd September 2021 probe FFP706 has been well demonstrated to enable direct fluorescence visualization of steady-state

endogenous FA in live mouse brain tissues and elevated FA levels in a mouse model of breast cancer.
This study provides the optimal aza-Cope reaction moiety for FA probe development and new chemical
rsc.li/chemical-science tools for fluorescence imaging and biological investigation of FA in living systems.
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Introduction JmjC domain-containing histone demethylases (JHDM).*> Simi-
larly, demethylation of N-methylated DNA and RNA bases
Formaldehyde (FA) has been notorious as an environmental —mediated by RNA demethylase ALKBH5 (ref. 6) or alpha-
hazard that is detrimental and carcinogenic to human health.! ketoglutarate-dependent dioxygenase (FTO) also produces FA.
FA has also found widespread applications in chemical industry  In the process of one-carbon metabolism, oxidative deamina-
and medical science as disinfectant and preservative.> Beyond tion of endogenous methylamine by semicarbazide-sensitive
the traditional knowledge, recent studies have shown that FAis amine oxidases (SSAO)” or demethylation of dimethylglycine
endogenously produced in living systems during a series of by dimethylglycine dehydrogenase (DMGDH)® actively produces
normal physiological processes,’ including epigenetic regula- FA. Demethylation of folate derivatives that are essential for
tion, one-carbon metabolism, and alcohol detoxification. In mitochondrial one-carbon metabolism also generates FA.” In
epigenetic regulation, FA is generated as a by-product during alcohol detoxification, FA is released through the oxidation of
removal of the methyl groups on N-methylated lysines of methanol by alcohol dehydrogenase 1 (ADH1) or catalase.*
histone proteins by lysine-specific demethylase 1 (LSD1)* or Despite multiple endogenous sources, FA is actively metab-
olized by cellular enzymes, such as aldehyde dehydrogenase 2
(ALDH2) and alcohol dehydrogenase 3 (ADH3, also known as
“State Key Laboratory of Chemical Oncogenomics, School of Chemical Biology and ADH5) , to yield formate and CO,/H,0.* Due to the generatjon
Biotechnology, Peking University Shenzhen Graduate School, Shenzhen 518055,  ond degradation balance, endogenous FA is maintained at
China. E-mail: ipeng@phu.edi.cn submillimolar levels in living tissues and cells (e.g., 0.2-0.5 mM
f Electronic supplementary information (ESI) available: Supplemental figures, i? the brair? and intracell.ularly ) under phy siological Conldi-
data, and experimental methods. See DOI: 10.1039/d15c04387k tions," serving as a crucial one-carbon source for making
1 These authors contributed equally. important cellular building blocks, as well as a signaling
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molecule to mediate normal physiological processes.?”*?
However, abnormal accumulation of endogenous FA has been
implicated in many disease conditions, including cancer,*
Alzheimer's disease,>*'® stroke,'® diabetes,” and liver dis-
orders.”” For instance, FA concentrations in lung and breast
cancer tissues were found to be significantly higher than in
surrounding normal tissues, reaching as high as 0.8 mM."®
Elevated levels of FA were found in the urine samples of patients
with medium and severe degrees of dementia,' as well as in the
brain tissues of Alzheimer's animal models.*® Nevertheless, the
precise roles of FA in physiological and pathological contexts
remain to be elucidated.

During the past several years, FA-responsive fluorescent
probes affording noninvasive and spatiotemporal fluorescence
imaging have emerged as powerful tools for directly monitoring
FA generation in intact living biological samples and interro-
gating its biological roles. In this regard, a panel of activity-
based fluorescent probes have been developed to detect and
visualize FA,** based on its 2-aza-Cope reactivity** and for-
mimine-, aminal-, and hemiaminal-formation reactivity.>® The
2-aza-Cope reactivity of FA, first demonstrated and elegantly
utilized for developing FA fluorescent probes by the laboratories
of Chang and Chan,?*** involves the reaction of a homoallyl-
amine with FA to generate an aldehyde product through
a cascade of imine formation, 2-aza-Cope rearrangement, and
hydrolysis (Fig. 1A). Notably, the 2-aza-Cope reactivity of FA has
received great interest due to its modularity and generality, and
has been widely applied to a variety of small-molecule

(A) The aza-Cope reactivity of FA
o
Lo«

NH, H”H aza-Cope N hydrolysis o] H
A = L NS L Q™
Ar condensation Ar 'Ar H™ “Ar A

(B) Previous work

I
| . HJLH
o

(C) This work

(o]
ot o+ WNHZ + /\f

o

HN'R J‘L

Weak Fluorescence

o
Jj\ hydrolysis
H H B-elimination

condensation

Fluorescence Turn-on

aza-Cope

| SR
) —

> Screening of various R groups

> FA probes of varying emissions
> Optimal aza-Cope reaction for FA > Near-infrared FA probe FFP706

> Computational mechanistic analysis > In vitro and in vivo FA imaging

Fig. 1 The self-immolative aza-Cope strategy to construct fluores-
cent probes for detection and bioimaging of FA. (A) Previously re-
ported aza-Cope reactivity of FA. (B) Previous work on the self-
immolative aza-Cope strategy featuring the gem-dimethyl effect for
enhanced aza-Cope reactivity to FA. (C) The present work focuses on
systematic exploration of the effect of the N-substituent for identifying
the optimal aza-Cope reaction with FA and provides a series of fluo-
rescent probes for imaging FA in vitro and in vivo.
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fluorophores®?** and luminophores,” green fluorescent
proteins,*® and luciferase,* for constructing various fluorescent
and luminescent probes for FA detection and imaging. Despite
this progress, we envisioned that the 2-aza-Cope reaction could
be further optimized to enhance the reaction efficiency of the
probe with FA and thereby improve probe sensitivity for FA
detection. Moreover, to the best of our knowledge, near-infrared
fluorescent probes for imaging endogenous FA in live tissues
and animals have not been reported yet. To address these
questions, we herein report a systematic investigation of the 2-
aza-Cope reactivity of FA by screening a series of N-substituted
homoallylamine-derived probes and comparing them with
probes containing previously reported homoallylamine moie-
ties, which demonstrates that N-p-methoxybenzyl homoallyl-
amine provides the optimal 2-aza-Cope reaction with FA.
Theoretical calculations suggest that condensation is likely the
rate-determining step in the reaction of N-substituted homo-
allylamine with FA. We then show that the N-p-methoxybenzyl
homoallylamine moiety with a self-immolative B-elimination
linker can be generally incorporated into a series of fluorophore
scaffolds to construct differently colored fluorescent probes,
including probe FFP706 with near-infrared fluorescence, for
detection of FA in aqueous solutions as well as imaging of FA
level changes in live cells. We further establish the utility of the
near-infrared probe FFP706 to visualize steady-state endoge-
nous FA in live cells, tissues, and animals, and demonstrate
elevated FA levels in a breast cancer mouse model via in vivo
fluorescence imaging using FFP706.

Results and discussion

Design and synthesis of N-substituted homoallylamine-based
coumarin probes with aza-Cope reactivity for FA

Previously, the seminal work from Chang laboratory reported
a self-immolative aza-Cope strategy to construct FA fluorescent
probes, which relies on incorporation of the homoallylamine
aza-Cope reaction trigger and a p-elimination linker into
phenolic fluorophore scaffolds (Fig. 1B).?* It was demonstrated
that additional gem-dimethyl groups on the homoallylamine
moiety (Fig. 1B) were crucial to increase the rate of aza-Cope
rearrangement due to the gem-disubstituent effect.”” However,
whether and how substituents on the nitrogen atom influence
the aza-Cope reaction have not been systematically investigated
(Fig. 1B).>** At the time of this report, we had initiated a similar
approach for developing FA fluorescent probes and envisioned
that the N-substituent on the homoallylamine moiety would
affect efficiencies of the nucleophilic addition of homoallyl-
amine with FA and/or the following aza-Cope rearrangement.
Therefore, we sought to systematically explore various N-
substituents with the aim to optimize the homoallylamine-
based aza-Cope reaction for constructing sensitive and fast-
responsive FA fluorescent probes (Fig. 1C). To this end, we
designed a series of coumarin-derived probes, which contained
the commercially available 7-hydroxy-4-methylcoumarin fluo-
rophore caged with N-substituted homoallylamine moieties via
a self-immolative B-elimination linker (Fig. 1C and 2A). These
coumarin-derived probes were expected to react with FA

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Screening and comparison of various self-immolative aza-
Cope-based coumarin probes for determining optimal aza-Cope
reactivity of FA. (A) Chemical structures of aza-Cope-based coumarin
probes with varying N-substituents synthesized in this study. (B)
Screening of coumarin probes shown in (A) by fluorescence
enhancement of the probes toward FA. (C) Chemical structures of aza-
Cope-based coumarin probes with additional methyl groups. (D)
Comparison of the N-substituent effect with the gem-dimethyl effect
on aza-Cope reactivity by fluorescence enhancement of the probes
toward FA. Probe (10 uM) was treated with 1 mM FA in PBS (20 mM, pH
7.4) at 37 °C for 2 h. The fluorescence intensity at 445 nm was
recorded with excitation at 317 nm. Data are shown as mean fluo-
rescence enhancement after versus before FA treatment + standard
deviation (n = 3).
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through the cascade of imine formation, 2-aza-Cope rear-
rangement, hydrolysis, and B-elimination to generate the
coumarin fluorophore with fluorescence increases (Fig. 1C and
2A). Diverse N-substituents ranging from alkyl and phenyl to
heteroatomic groups with distinct steric and electronic effects
were chosen and incorporated into the homoallylamine moie-
ties for our systematic investigation (compounds 1b-1t in
Fig. 2A). Generally, these probes were synthesized through O-
alkylation of the coumarin fluorophore with the B-elimination
linker bearing protected N-substituted homoallylamines
(Scheme S1, ESIt). In some cases, the N-substituents were
introduced through late-stage N-alkylation of the primary
homoallylamine (Scheme S1, ESIT). Alternatively, a coumarin-
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derived intermediate bearing the B-elimination linker and an
allyl ketone was prepared, followed by reductive amination
reactions to transform the ketone into designed N-phenyl- and
N-heteroatom-substituted probes (Scheme S2, ESIt). The
synthetic routes and procedures for the coumarin-derived
probes are detailed in the ESL.{

Screening of the coumarin-derived probes for the optimal aza-
Cope reaction with FA

With the family of N-substituted homoallylamine-based
coumarin probes in hand, we evaluated their reactivity toward
FA in vitro using fluorescence spectroscopy. Our initial tests
showed that the probes displayed comparable fluorescence
responses to FA at 25 °C and 37 °C (Fig. S1A, ESIt). The biolog-
ically relevant temperature, i.e., 37 °C, was subsequently used
throughout our study. Specifically, the probes (10 puM) were
individually treated with FA (1 mM) in aqueous solutions buff-
ered at physiological pH (20 mM PBS buffer, pH 7.4) at 37 °C, and
the fluorescence spectra before and after FA treatment were
recorded and compared. As expected, most of the probes
exhibited apparent new fluorescence peaks with the emission
maxima at 445 nm upon treatment with FA (Fig. S1B, ESIt). It was
observed that N-substituents on the homoallylamine moieties
significantly and differentially affected the fluorescence
responses of probes at 445 nm (Fig. 2B). Generally, N-substitution
with alkyl and benzyl groups (i.e., 1b-1m) greatly enhanced the
probe response compared to non-substitution (i.e., 1a), with the
N-p-methoxybenzyl derivative (i.e., 1m) providing the highest
fluorescence increase (Fig. 2B). We speculated that N-substitu-
ents contributed to the observed enhancement of the fluores-
cence response in two aspects. On one hand, N-substituted
homoallylamines react with FA to generate iminium ions that are
known to accelerate the aza-Cope rearrangement due to the
presence of charge.”® By contrast, reaction of the non-substituted
homoallylamine with FA may generate neutral imine upon
deprotonation of the iminium ion. On the other hand, N-alkyl
and N-benzyl substituents enhance the nucleophilicity of
homoallylamines,* thereby leading to accelerated condensation
reactions with FA. In line with this, N-isopropyl, previously re-
ported to slightly increase nitrogen nucleophilicity,>” only
marginally enhanced the fluorescence response of the probe (i.e.,
1e) (Fig. 2B). The greater response of the N-p-methoxybenzyl-
bearing probe (ie., 1m) relative to other N-benzyl-bearing
probes (i.e., 1j-1I) may also be explained by increased nitrogen
nucleophilicity due to the electron-donating effect of the p-
methoxyl group. It is still worth mentioning that the N-p-
methoxybenzyl substituent may also contribute to efficiently
quench the fluorescence of coumarin via photoinduced electron
transfer,* resulting in low background fluorescence and
outstanding fluorescence enhancement of 1m to FA. Interest-
ingly, the N-o-dimethylbenzyl-bearing probe (i.e., 11) displayed
a weaker fluorescence response than other N-benzyl-bearing
probes (i.e., 1j-1k) (Fig. 2B), which may be attributed to the
steric effects of o-dimethyl groups decelerating condensation
with FA. Notably, probes with N-phenyl and N-heteroatomic
substituents (i.e., 1n-1t) exhibited fluorescence responses

Chem. Sci,, 2021, 12, 13857-13869 | 13859
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generally comparable with the non-substituted probe (i.e., 1a)
and weaker than those with N-alkyl and N-benzyl substituents
(i.e., 1b-1m) (Fig. 2B). We speculated that N-phenyl and N-het-
eroatomic substituents may result in relatively slow iminium-
forming reactions at neutral pH as previously noted.*® To
further corroborate the screening results, we monitored the
fluorescence responses of selected probes to FA over time and
confirmed that the N-p-methoxybenzyl-bearing probe (i.e., 1m)
exhibited a greatly enhanced reaction rate and fluorescence
response toward FA (Fig. S2, ESIY).

We then sought to compare our newly identified N-p-
methoxybenzyl homoallylamine moiety with the previously re-
ported gem-dimethyl aza-Cope reaction trigger for FA detection.**
For this purpose, homoallylamine moieties bearing additional
methyl groups at the o or B position were installed into the
coumarin fluorophore via the B-elimination linker, providing
probe derivatives 2a-2f with additional methyl groups (Fig. 2C
and Scheme S3, ESIt). Their fluorescence responses to FA were
measured as described above and compared (Fig. 2D and S3,
ESIt). We observed that the addition of a single methyl group at
the o position (i.e., 2a) resulted in a similar fluorescence response
relative to 1a, whereas gem-dimethyl groups at the B position (i.e.,
2¢) led to a higher fluorescence response compared to probes 1a
and 2a (Fig. 2D). Probe 2e with methyl groups at both the o and
B positions displayed an even higher fluorescence response than
2¢, indicating that the methyl group at the a position and the
gem-dimethyl groups at the B position are indispensable for the
previously reported gem-disubstitution effect leading to acceler-
ated aza-Cope rearrangement.”* Interestingly, the introduction of
the N-propyl substituent on B-gem-dimethyl probe 2c¢ further
increased the fluorescence response (2d versus 2¢). However, N-
propyl substitution on a-methyl probes 2a and 2e produced
a similar (ie., 2b) or greatly decreased (ie., 2f) fluorescence
response relative to parent probes 2a and 2e (Fig. 2D), respec-
tively, probably resulting from increased steric encumbrance.
Nevertheless, the probes 2a-2f that possess additional methyl or
gem-dimethyl groups were all less responsive to FA than the N-p-
methoxybenzyl-bearing probe 1m (Fig. 2D). Additional compar-
ison of response kinetics further confirmed the greater fluores-
cence enhancement and faster response rate of 1m toward FA
compared to 2e that contains the previously reported gem-
dimethyl aza-Cope reaction trigger®* (Fig. S4, ESIf). The N-
substituted homoallylamine moiety possesses other advantages
such as simple synthesis and structural versatility. The N-
substituent on simple homoallylamine may be utilized for
further derivatization to construct, for example, two-fluorophore
cassettes for ratiometric detection of FA.** Taken together, these
results identify N-p-methoxybenzyl homoallylamine as a more
efficient and versatile aza-Cope reaction moiety for FA, which
provides new opportunities for developing FA fluorescent probes.

Theoretical calculations on the reaction of N-substituted
homoallylamine with FA

To understand the different reactivities of N-substituted
homoallylamines with FA, density functional theory (DFT)
calculations were performed.*® As illustrated in Fig. 3A, the
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reactions of homoallylamines with FA undergo multiple steps
including nucleophilic addition with transition state I (TS1) and
aza-Cope rearrangement with transition state II (TS2). The
Chang laboratory previously reported that aza-Cope rearrange-
ment of high efficiency enhanced the signal-to-noise responses
of self-immolative aza-Cope fluorescent probes to FA.*** There-
fore, we first focused on the aza-Cope rearrangement step and
calculated the activation free energies of TS2 (Fig. 3A,
AGS shown in red). However, the aza-Cope rearrangement
barriers of N-substituted homoallylamines are not well-
correlated with the fluorescence responses of the correspond-
ing coumarin probes (Fig. 3B). This finding suggests that the
fluorescence increases of probes to FA, as well as the aza-Cope
reactivity of homoallylamine, is not governed by aza-Cope
rearrangement. We then calculated the energy barriers of
condensation (TS1) for a series of N-substituted homoallyl-
amines (Fig. 3A, AG} shown in black), and found that the acti-
vation free energies of condensation processes were largely
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Fig. 3 Theoretical calculations on the effect of the N-substituent in
the reaction of homoallylamine with FA. (A) The reaction and free
energy profiles in the reaction of N-substituted homoallylamine with
FA. TS: transition state; Int: intermediate. (B) Relationship between
fluorescence enhancement of coumarin probes and energy barriers of
condensation and aza-Cope processes. Calculations were performed
with Gaussian software and optimizations were conducted with
B3LYP-D3 and 6-31G(d) basis sets for all atoms as detailed in the ESI.T

© 2021 The Author(s). Published by the Royal Society of Chemistry
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correlated with the measured fluorescence increases of the
corresponding probes (Fig. 3B). Specifically, N-substituted
homoallylamines with high barriers of condensation processes
(AGY) were generally corresponding to probes showing low
fluorescence responses to FA, and vice versa (Fig. 3B). With the
p-methoxybenzyl group as the N-substituent, the calculated
lowest energy barrier was consistent with the highest fluores-
cence response of the corresponding probe 1m. We also noticed
two exceptions, ie. non-substitution (R = H) and N-amino
substitution (R = NH,), that were calculated to be inconsistent
with this trend (Table S1, ESIt). The former exception (R = H)
may be explained by deprotonation of the iminium ion to form
neutral imine that disfavors the following aza-Cope rearrange-
ment,”® whereas the latter exception (R = NH,) may be
presumably due to the side-reaction of FA with the primary
amino group. Overall, these results suggest that the condensa-
tion, rather than the aza-Cope rearrangement, is more likely to
be the rate-determining step in the reaction of N-substituted
homoallylamine with FA.

Development of a series of FA fluorescent probes with the
optimal aza-Cope reaction moiety

The N-p-methoxybenzyl-bearing coumarin probe 1m exhibited
the maximum emission wavelength at 445 nm in aqueous
buffer upon FA treatment and hereby was named FA Fluores-
cent Probe 445 (FFP445). We further created a palette of FA
fluorescent probes that possess varying fluorescence emission
wavelengths by caging a series of fluorophore scaffolds with the
optimal N-p-methoxybenzyl homoallylamine moiety via the self-
immolative B-elimination linker (Chart 1). Specifically, a Tokyo
Green* analogue was utilized to prepare FFP511 as a green-
fluorescing probe with a maximum fluorescence emission
wavelength of 511 nm. 1,8-Naphthalimide was derivatized with
N-p-methoxybenzyl homoallylamine to provide FFP551,
a yellow-fluorescing probe with a maximum fluorescence
emission wavelength of 551 nm. Additional carboxylic ester
functionalities were introduced into the structures of FFP511
and FFP551 to enhance the intracellular retention of the
probes.* In addition, the resorufin scaffold was chosen to
prepare the red-fluorescing probe FFP585 with a maximum
fluorescence emission wavelength of 585 nm. The N-p-methox-
ybenzyl homoallylamine moiety was also installed into the near-
infrared hemicyanine fluorophore® via a carbamate linkage,
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generating probe FFP706 with a maximum fluorescence emis-
sion wavelength of 706 nm in the near-infrared spectral region.
The synthetic routes and procedures for FFP511, FFP551,
FFP585, and FFP706 are detailed in Schemes S4-S7, respec-
tively, in the ESL}

With these probes in hand, we evaluated their fluorescence
responses to FA in aqueous PBS buffer at physiological pH.
Generally, dose-dependent (Fig. 4A-E) and time-dependent
(Fig. 4F-]) fluorescence increases were observed for all probes
upon FA treatment, and the maximum fluorescence emission
intensities were linearly correlated with the treatment time and
FA concentration at low levels (Fig. S5-S9, ESIt). In particular,
FFP445 exhibits a ca. 15.5 fold fluorescence enhancement to 100
uM FA after 2 h. FFP511 exhibits a ca. 6.6 fold fluorescence
increase upon treatment with 100 uM FA for 2 h. Meanwhile,
FFP551 shows a ca. 116.8 fold fluorescence turn-on response to
100 uM FA after 2 h. FFP585 displays a ca. 4.3 fold fluorescence
enhancement to 100 uM FA after 2 h. FFP706 exhibits a ca. 13.1
fold fluorescence increase upon treatment with 100 uM FA for
2 h. With a 10 uM probe after 2 h treatment at 37 °C, the
detection limits of FFP445, FFP511, FFP551, FFP585, and
FFP706 for FA were estimated to be in the range of 1-2.5 M
(Fig. S5C-S9C, ESIt). To assess the reaction rates with FA, we
monitored the fluorescence increases of these probes over time
immediately after the addition of large excess of FA (5 mM). The
rate constants of pseudo-first-order reactions at 25 °C were
thereby calculated to be around 9.3-10 x 10™* s~ for FFP445,
FFP511, FFP551, FFP585, and FFP706 (Fig. $10-S14, ESIt),
suggesting faster reactions of these probes than the previously
reported gem-dimethyl-based probes.”* Moreover, LC-MS anal-
yses were performed to confirm the generation of correspond-
ing decaged fluorophores upon reactions of the probes with FA
(Fig. S15-519, EST}).

We then examined the selectivity of the probes for FA
detection. As expected, FFP445, FFP511, FFP551, FFP585, and
FFP706 all displayed obvious fluorescence turn-on responses
only in the presence of FA, but were largely irresponsive to
a panel of biologically relevant aldehydes (e.g:, 4-hydox-
ynonenal, acetaldehyde, and methylglyoxal), intracellular
oxidizing and reducing conditions (e.g., H,O, and glutathione)
(Fig. 4K-0), and various representative cations, anions, amino
acids, reductants, and oxidants (Fig. S20, ESIt). Moreover, we
showed that the addition of HEK293T cell lysates did not cause
obvious fluorescence changes of the probes and hardly

o

¢

FFP585
Aem =585 nm

FFP706
Aem =706 NM

Chart1 Chemical structures of a palette of differently colored aza-Cope-based FA fluorescent probes with N-p-methoxybenzyl substituents.
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Fig. 4 Photophysical characterization of FA fluorescent probes in chemical systems. (A—E) Fluorescence emission spectra of (A) FFP445, (B)
FFP511, (C) FFP551, (D) FFP585, and (E) FFP706 upon treatment with different amounts of FA at 37 °C for 2 h. Data were acquired in PBS (20 mM,
pH 7.4) with 10 uM probe concentration. Probes FFP445, FFP511, FFP551, FFP585, and FFP706 were excited at 317 nm, 490 nm, 441 nm, 542 nm,
and 670 nm, respectively. (F-J) Fluorescence emission spectra of (F) FFP445, (G) FFP511, (H) FFP551, (1) FFP585, and (J) FFP706 upon treatment
with 0.5 mM FA at 37 °C for indicated time periods. (K—O) Relative fluorescence intensity of (K) FFP445 at 445 nm, (L) FFP511 at 511 nm, (M) FFP551
at 551 nm, (N) FFP585 at 585 nm, and (O) FFP706 at 706 nm upon treatment with various RCS and relevant biological species (0.5 mM) at 37 °C for
different time periods: (1) blank, (2) FA, (3) acetaldehyde, (4) glucose, (5) L-dehydroascorbate, (6) glucosone, (7) pyruvate, (8) oxaloacetate, (9)
methylglyoxal, (10) H,O,, (11) glutathione, (12) glyoxal, (13) benzaldehyde, (14) 4-hydroxynonenal, (15) p-nitrobenzaldehyde, (16) p-methox-
ybenzaldehyde, and (17) trichloroacetaldehyde. Bars in (K-O) represent relative fluorescence intensities upon treatment with each species for 0,
40, 80, and 120 min.

interfered with their fluorescence responses to FA (Fig. S21, suppress the fluorescence responses of the probes to FA in
ESIT). We also investigated the effect of NaHSO; as a FA scav- a dose-dependent manner (Fig. S22, ESIT), thus confirming the
enger.”** While NaHSO; does not induce significant fluores- scavenging ability of NaHSO; toward FA. Lastly, we examined
cence changes of the probes (Fig. S20, ESI{), it can indeed the effect of pH on detection of FA with the probes. Our results

13862 | Chem. Sci., 2021, 12, 13857-13869 © 2021 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that upon FA treatment the fluorescence inten-
sities of these probes increased drastically within wide pH
ranges, especially at physiological pH values around 7.4
(Fig. S23, ESIt). Overall, these results demonstrate that the N-p-
methoxybenzyl homoallylamine aza-Cope reaction moiety could
be generally incorporated into a variety of fluorophore scaffolds
via an ether or carbamate linkage to construct highly efficient
fluorescent probes for FA detection.

Fluorescence imaging of exogenous FA in live cells

We continued to evaluate the potential of FFP probes to visu-
alize intracellular FA changes in living cells. For these experi-
ments, we mainly focused on FFP511, FFP551, FFP585, and
FFP706, as these probes possess fluorescence excitation and
emission wavelengths above the ultraviolet spectral region and
therefore are more suitable for fluorescence imaging in living
cells. Generally, HEK293T cells were incubated with the probe,
treated with FA, and then monitored by confocal fluorescence
microscopy. As shown in Fig. 5, HEK293T cells loaded with
FFP511 (20 uM), FFP551 (10 pM), FFP585 (5 uM), and FFP706 (2
uM) generally showed low fluorescence imaging signals. These
results, together with the in vitro assays using HEK293T cell
lysates (Fig. S21, ESIt), suggest that the probes are minimally
responsive to intracellular enzymes or components. In contrast,
treatment of probe-loaded cells with exogenous FA at physio-
logically relevant levels (0.1-1 mM) resulted in significant and
dose-dependent increases of green, yellow, red, and near-
infrared intracellular fluorescence for FFP511, FFP551,
FFP585, and FFP706, respectively. The cytotoxicities of these
probes were assessed in HEK293T cells using MTT assays
(Fig. S24, ESIt), which confirmed that they were largely nontoxic
to cells at working concentrations. Taken together, these results
demonstrate that the FFP probes are capable of detecting
changes in intracellular FA levels in living cells by fluorescence
imaging.

Fluorescence imaging of endogenous FA in breast cancer cell
models

We next focused on FFP585 and FFP706 to evaluate their utility
in detecting endogenously produced FA due to their relatively
long fluorescence excitation and emission wavelengths. To this
end, we chose the MCF7 breast cancer cells that are known to
overexpress LSD1 and thereby may have elevated endogenous
FA levels.?***” Indeed, MCF7 cells loaded with FFP585 or FFP706
exhibited strong intracellular fluorescence signals (Fig. 6, S25,
and S26, ESIT). By contrast, pretreatment of the cells with LSD1
inhibitors, e.g.,, GSK-LSD1 (ref. 38) or TCP,* substantially
attenuated intracellular fluorescence intensities of FFP585 and
FFP706 (Fig. 6, 525, and S26, ESIT), suggesting that inhibition of
LSD1 resulted in reduced FA levels. In addition, incubation of
probe-loaded MCF7 cells with FA scavengers,
NaHSO0;,>*  B-mercaptoethanol (BME),** and dimedone
(DMD),** led to greatly decreased intracellular fluorescence
(Fig. 6, S25, and S26, ESIT). We also applied FFP706 to MDA-MB-
231 breast cancer cells that were also reported to overexpress
LSD1 (ref. 37a) for imaging endogenous FA. Similarly, the

such as
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results showed that the strong fluorescence signals of FFP706 in
MDA-MB-231 cells were greatly suppressed in the presence of
LSD1 inhibitors or FA scavengers (Fig. S27, ESIt). Lastly, MTT
assays suggested that FFP706 exhibited low cytotoxicity in MCF7
and MDA-MB-231 cells below 20 uM (Fig. S28, ESIf). Together,
these data show that both FFP585 and FFP706 are able to
visualize changes in endogenous FA levels in breast cancer cell
models.

Fluorescence imaging of FA in live tissues from mouse brains

Encouraged by the fluorescence imaging results in live cells, we
proceeded to apply the near-infrared probe FFP706 to visuali-
zation of endogenous FA in live tissue samples. It has been re-
ported that high steady-state levels of FA are maintained in the
brain under physiological conditions."> However, direct
imaging evidence on endogenously produced FA in the brain is
still limited. In this context, fresh brain tissues were isolated
from four-month-old C57BL/6] mice (z = 3) and cut into slices
on a vibratome. The brain slices were incubated with FFP706
and then monitored by confocal fluorescence imaging. As
shown in Fig. 7, brain slices loaded with FFP706 displayed
strong near-infrared fluorescence with a depth of up to 80-90
um. On the other hand, brain slices from the same mouse that
were pretreated with NaHSO; before probe loading exhibited
significantly lower fluorescence, confirming that the fluores-
cence observed in FFP706-loaded slices was attributed to
endogenously maintained FA. Moreover, no fluorescence was
observed in slices that were only treated with NaHSO; but not
loaded with FFP706. These results thus provide direct visuali-
zation evidence on endogenously maintained FA in the mouse
brain, and also suggest that FFP706 is well-suited for fluores-
cence imaging of endogenous FA in live tissue samples.

In vivo fluorescence imaging of FA in living mice

Finally, we sought to investigate the suitability of FFP706 as
a near-infrared fluorescent probe for imaging FA in vivo.
Elevated FA levels have been implicated in certain cancers, such
as breast and lung cancers. In this regard, we employed a breast
cancer mouse model in which tumors were grown in the living
mice via subcutaneous implantation of MDA-MB-231 breast
cancer cells. After injection of FFP706 (20 uM) in saline into the
tumor region, the fluorescence emission was collected at
720 nm upon excitation at 675 nm. Kinetic monitoring of the
fluorescence demonstrated that the near-infrared fluorescence
signals in the tumor region increased gradually over time, with
about 10 min to reach the plateau (Fig. S29, ESIT). The fast in
vivo kinetics may be due to high local concentrations of FA and
the probe that was directly injected into the tumor region, as
also noted in intratumoral drug administration.”” These high
locoregional concentrations could accelerate the reaction
between the probe and FA. Similarly, a faster in vivo response,
relative to in vitro, was previously observed for a nitroreductase
fluorescent probe during in vivo fluorescence imaging.** By
contrast, the FFP706 solution in the syringe alongside the
mouse showed negligibly low fluorescence over time (Fig. S29,
ESIf). A ca. 5 fold fluorescence increase was observed in the
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Fig. 5 Confocal fluorescence imaging of exogenous FA with FFP fluorescent probes in HEK293T cells. (A-D) Cells were loaded with (A) FFP511
(20 uM), (B) FFP551 (10 uM), (C) FFP585 (5 uM), or FFP706 (2 uM) for 30 min and treated with FA of varying concentrations (0—1 mM) for 60 min
before being imaged by confocal fluorescence microscopy. Scale bars represent 50 pm. (E—H) Quantification of fluorescence images shown in
(A-D), respectively. The y-axis represents fluorescence intensities of cells upon FA treatment relative to those without FA treatment. Data are
shown as mean relative fluorescence intensity + standard deviation (n = 3 independent experiments). Statistical analysis for multiple comparison
was performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

tumor region post injection of FFP706 (Fig. 8A and B). To
confirm that the fluorescence increase was induced by FA,
a solution of NaHSO; or DMD was injected into the tumor
region prior to FFP706 injection. As a result, significantly lower
fluorescence signals were observed due to scavenging of FA by
NaHSO; or DMD (Fig. 8A and B, and S30, ESIT). Comparison of
FFP706 fluorescence in the tumor region versus normal tissue

13864 | Chem. Sci,, 2021, 12, 13857-13869

indicated that endogenous FA was indeed highly accumulated
in MDA-MB-231 breast cancer tumors (Fig. 8C and D, and S31,
ESIT). We further explored whether the endogenous FA level is
related to the tumor size. As shown in Fig. 8E and F, the fluo-
rescence signal was about 5 fold higher in the 45 day tumor (d =
10-11 mm) than that in the 20 day tumor (d = 5 mm), sug-
gesting more FA accumulation in larger tumors (Fig. 8E and F,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Confocal fluorescence imaging of endogenous FA with FFP706 in MCF7 cells. (A) Cells were pre-treated with GSK-LSD1 (1 uM) or TCP (20
uM) for 24 h and then loaded with FFP706 (2 uM) for 60 min before being imaged by confocal fluorescence microscopy. For the NaHSO= group,
cells were treated with NaHSO3 (200 pM) for 30 min before probe loading. Nuclei were stained with Hoechst 33342. Scale bars represent 50 um.
(B) Quantification of fluorescence images shown in (A). The y-axis represents fluorescence intensities of cells relative to those with vehicle
treatment. Data are shown as mean relative fluorescence intensity 4 standard deviation (n = 3 independent experiments). Statistical analysis for
multiple comparison was performed using one-way ANOVA. **p < 0.01, ****p < 0.0001.

and S32, ESIf). We attempted to administer FFP706 to MDA- region, probably because of notable FA levels in blood (ie.,
MB-231 tumor-bearing mice via tail-vein injection for tumor about 0.1 mM)*?* and lack of tumor-targeting ability of FFP706.
imaging, but failed to observe fluorescence signals in the tumor We also applied FFP706 to in vivo fluorescence imaging of

endogenous FA in living mice under physiological conditions.
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Fig.7 Confocal fluorescence imaging of endogenous FA with FFP706 in mouse brains. (A) Mouse brain specimens were sliced into 400 um thick
sections and the slices were incubated with FFP706 (2 uM) for 60 min before imaging. (B) Mouse brain slices were pre-treated with NaHSO3 (400
uM) for 30 min and incubated with FFP706 (2 uM) for 60 min before imaging. (C) Mouse brain slices were treated with NaHSOz (400 pM) for
90 min before imaging. Nuclei were stained with Hoechst 33342. Scale bar represents 2 mm. Labels above the images from 0-100 pm indicate
scanning depths of the brain tissue slices.
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Fig. 8 In vivo fluorescence imaging of endogenous FA with FFP706 in
the MDA-MB-231 breast cancer mouse model. (A) Representative in
vivo fluorescence imaging of the MDA-MB-231 tumor-bearing mouse
after intratumoral injection of FFP706 in saline (20 pM, 100 pl) with
(left-side tumor, d = 11 mm) or without (right-side tumor, d = 11 mm)
pre-injection of NaHSOz (400 puM, 100 pl). (B) Relative fluorescence
intensities of FFP706 in the tumor regions with or without pre-injec-
tion of NaHSOz shown in (A). (C) Representative in vivo fluorescence
imaging of the tumor region (d = 9 mm) versus normal region in the
MDA-MB-231 tumor-bearing mouse after intratumoral injection of
FFP706 in saline (20 uM, 100 ul). (D) Relative fluorescence intensities
of FFP706 in the tumor regions versus in the normal regions shown in
(C). (E) Representative in vivo fluorescence imaging of FA in differently
sized MDA-MB-231 tumors (left-side tumor, d = 5 mm; right-side
tumor, d = 11 mm) in the tumor mouse model after intratumoral
injection of FFP706 in saline (20 uM, 100 ul). (F) Relative fluorescence
intensities of FFP706 in differently sized MDA-MB-231 tumors shown
in (E). The fluorescence signal was collected at an emission wave-
length of 720 £ 10 nm upon excitation with a 675 nm laser. Quanti-
fication data in (B, D, and F) are shown as mean relative fluorescence
intensity + standard deviation (n = 3 independent MDA-MB-231
tumor-bearing mice). Statistical analysis for multiple comparison was
performed using Student's t-test. *p < 0.05, ***p < 0.001.

To this end, living mice were intravenously injected with
FFP706 in saline and imaged with near-infrared fluorescence.
As shown in Fig. S33, strong and time-dependent fluorescence
signals were observed in the mice that were only given FFP706.
By contrast, intravenous injection of NaHSO; before FFP706

13866 | Chem. Sci, 2021, 12, 13857-13869
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resulted in weaker fluorescence signals in the living mice, due
to scavenging of endogenous FA by NaHSOj; in vivo.

Together, these data demonstrate that FA is indeed endog-
enously produced and maintained at high levels over the
progression of breast tumors. Moreover, our study also suggests
that the near-infrared probe FFP706 represents a powerful tool
for direct visualization of endogenous FA in live animals
through fluorescence imaging.

Conclusions

In summary, we present a systematic investigation of the aza-
Cope reaction between homoallylamine and FA, identification
of the optimal N-p-methoxybenzyl homoallylamine moiety for
reaction with FA, and its application in general construction of
a set of fluorescent probes for imaging FA in live cells, tissues,
and animals. We initially examined a series of N-substituted
homoallylamine-based coumarin probes by comparing their
fluorescence responses to FA and found that N-p-methoxybenzyl
homoallylamine afforded the most efficient aza-Cope reactivity
to FA. Further comparison with previously reported gem-
dimethyl aza-Cope reactive structures revealed that newly
identified  N-p-methoxybenzyl homoallylamine provided
a greater fluorescence enhancement and a faster response rate
toward FA. Theoretical calculations on the reaction of N-
substituted homoallylamine with FA suggested that the fluo-
rescence increases of coumarin probes to FA were mainly
determined by the condensation reaction step, rather than the
following aza-Cope rearrangement. By incorporating the
optimal N-p-methoxybenzyl homoallylamine moiety into
a series of fluorophore scaffolds via a self-immolative B-elimi-
nation linker, a total of five new fluorescent probes, i.e., FFP445,
FFP511, FFP551, FFP585, and FFP706, were convergently
developed. This probe series exhibits different excitation and
emission wavelengths that span the visible and near-infrared
spectral regions and has been thoroughly characterized for
sensitive and selective fluorescence turn-on detection of FA in
chemical systems, and for fluorescence imaging of physiologi-
cally relevant FA levels in live cells. Among them, FFP706 shows
desirable fluorescence enhancement to FA and a near-infrared
excitation/emission profile, and is therefore favorable for
imaging of FA in living systems. Using FFP706, we have directly
detected the endogenously produced FA in live breast cancer
cells. In addition, FFP706 allows fluorescence imaging of
steady-state endogenous FA in live mouse brain tissues. More
importantly, we demonstrate that FFP706 is capable of imaging
endogenous FA in live animals and enables direct visualization
of endogenous FA in a mouse model of breast cancer, providing
new insights into FA production during tumor progression.
Compared with the previously reported FA fluorescent probes
(Table S2, ESIT), the series of probes presented in this work
show some advantages such as modular design, low detection
limits, great fluorescence enhancement, high selectivity, excel-
lent water-solubility, near-infrared fluorescence longer than
700 nm, and broad biological applicability in living cells,
tissues, and mice. Overall, the optimal aza-Cope reaction moiety
and new FA fluorescent probes, especially near-infrared FFP706,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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should greatly facilitate FA probe development and biological
studies on FA physiology and pathology in various contexts of
living systems.

Data availability

Primary data for probe synthesis, characterization, photo-
physical measurements, and fluorescence imaging, as well as
atomic coordinates and electronic energy calculations, are
provided in the ESL.{
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