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We describe fluorescent probes to detect formaldehyde (FA) in aqueous solutions and cells. The probes

rapidly respond to FA in aqueous solutions and have great selectivity toward FA over other biologically
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rsc.li/rsc-advances and exogenous FA in live cells.

Reactive carbonyl species (RCS) produced through metabolic
processes are highly reactive and, thus, their overproduction
causes damage to a variety of organisms.' Formaldehyde (FA),
the simplest RCS, is a human toxin and carcinogen as a result of
its ability to crosslink DNA and proteins.”> FA is generated in
cells by several metabolic events, including methanol oxidation,
histone demethylation and N-methylamine deamination.’
During normal metabolic processes, the concentration of FA is
maintained at physiological levels in the range from 100 pM in
blood to 200-400 puM in brain,* where it is involved in spatial
memory formation and cognition.®> However, upregulation of
FA-producing enzymes or exposure to exogenous FA (e.g,
industrial pollutants, cigarette smoke, and natural products)
can lead to abnormal elevation of FA levels up to as much as 800
uM.** Elevated levels of FA cause memory impairments,
cancers, diabetes and neurodegenerative disorders.® Owing to
the physiological and pathological significance of FA, selective
and sensitive tools to monitor this RCS in cells are in critical
demand.

Fluorescence imaging is a powerful method to detect intra-
cellular analytes (e.g, ions, reactive species and biomolecules)
owing to its advantageous features such as operational
simplicity, sensitivity and non-invasive properties.” Several
fluorescent probes for detection of FA in cells, which are based
on specific chemical reactions including 2-aza-Cope rearrange-
ment, formimine reaction and aminal formation, have been
devised thus far.®* However, most of these probes have draw-
backs such as low selectivities over other aldehydes and/or slow
fluorescence responses to FA.

Department of Chemistry, Yonsei University, Seoul 03722, Republic of Korea. E-mail:
injae@yonsei.ac.kr; jstae@yonsei.ac.kr

T Electronic supplementary information available. See
https://doi.org/10.1039/d2ra02104h

} Two authors equally contributed to this study.

(ESI)

© 2022 The Author(s). Published by the Royal Society of Chemistry

relevant analytes. The results of cell studies reveal that probe 1 can be utilized to monitor endogenous

To develop FA-responsive fluorescent probes that do not
suffer from the limitations described above, we designed
rhodamine-based cyclic hydrazide derivatives 1 and 2 (Scheme
1), which should be weakly fluorescent owing to the absence of
an appropriate fluorophore. We reasoned that the tethered
amine groups in 1 and 2 would react with FA to form iminium
ions A, which would then undergo intramolecular addition of
the hydrazide NH to generate cyclic aminals B. We also envis-
aged that rapid opening of spirocyclic moiety in B would take
place to generate highly fluorescent xanthenes C.’

On the basis of this strategy, the new FA-reactive fluorescent
probes 1 and 2 were synthesized using reactions of rhodamine B
acid chloride with the corresponding amine-appended hydra-
zines (Schemes S1-S37). All new compounds were characterized
using standard spectroscopic methods. To assess the design
strategy displayed in Scheme 1, we measured time-dependent
changes in the intensities of fluorescence arising from the
probes following treatment with FA at a physiologically relevant
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Scheme 1 The proposed mechanism of fluorescence sensing of
formaldehyde by rhodamine cyclic hydrazide-based probes 1 and 2.
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Fig.1 (a) Time-dependent change of the fluorescence spectra of 1 (10
uM) promoted by addition of 10 equiv. FA in PBS buffer (1% DMSO, pH
7.4) at 37 °C (Aex = 520 nm). Inset is a plot corresponding to the time-
dependentincrease in fluorescence intensity of 1 following addition of
FA (Aex/Aem = 520/583 nm). (b) FA concentration-dependent changes
of the fluorescence spectra of 1 (10 uM), 10 min after each addition of
FA. Inset is a plot corresponding to the FA concentration-dependent
increase in fluorescence intensity of 1 (10 uM). (c) Color and fluores-
cence (Fl) images of probe 1 in the absence and presence of FA.

concentration (10 equiv., 100 uM) in PBS buffer (1% DMSO, pH
7.4).* As shown in the spectra and plots (Fig. 1a and S17), the
secondary amine tethered probe 1 underwent an immediate
fluorescence response to FA and the emission intensity reached
a maximum within 5 min. In the case of probe 2 containing
a primary amine appendage, the fluorescence intensity
promoted by treatment with FA reached a plateau after 2 min
but a lesser extent than that from 1 (Fig. S21). The pseudo-first-
order rate constants for the fluorescence-monitored reactions of
1 and 2 with FA were determined tobe k = 1.8 x 107> M ' s~ "
and 4.6 x 107> M~ ' s, respectively (Fig. S31).’° The FA-
concentration dependencies of reactions of probes 1 and 2 in
aqueous buffer were determined by measuring fluorescence
intensities, 10 min after treatment of the probes with 10 equiv.
FA. The results showed that 1 and 2 exhibit a respective 15- and
6.5-fold enhancement in fluorescence intensity after addition of
50 equiv. FA (Fig. 1b and S47).

The selectivity of fluorescence responses of the probes
toward FA was then assessed by individually treating 1 and 2 (10
uM) with various biologically relevant analytes, including reac-
tive carbonyl species (FA, acetaldehyde, benzaldehyde, 4-
hydroxybenzaldehyde, ethyl pyruvate, ethyl glyoxalate, propio-
naldehyde, glucose), reactive oxygen species (H,0,, HOCI, NO',
'0,, 0,"7, "OH) and cations (Cu**, Fe**, Fe’", K*, Zn**). The
results showed that both probes respond to FA but not to the
other analytes (Fig. 2 and S51). Taken together, the above
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Fig. 2 Change of fluorescence intensity of 1 (10 pM) at 583 nm (Aex =
520 nm) promoted by addition of each of biologically relevant analytes
(10 equiv.) in PBS buffer (1% DMSO, pH 7.4) at 37 °C. Numbering of the
analytes in the graph is as follows: 1, acetaldehyde; 2, benzaldehyde; 3,
4-hydroxybenzaldehyde; 4, ethyl pyruvate; 5, ethyl glyoxalate; 6,
propionaldehyde; 7, p-glucose (1 mM); 8, H,O,; 9, HOCL; 10, NO*; 11,
10,; 12, 0,°7; 13, "OH; 14, Cu*; 15, Fe®*; 16, Fe*; 17, K*; 18, Zn*; 19,
FA.

findings indicate that probes 1 and 2 respond rapidly and
selectively to FA in aqueous buffer.

To shed light on the mechanistic basis for the responses of
probes to FA, the product generated by reaction of 1 and FA was
isolated (see ESIT for the detailed procedure) and characterized
by using spectroscopic methods. Analysis of the "H and **C
NMR spectra of the isolated product in CDCl; suggests that
a 1,2,4-triazinane ring system exists, as judged from chemical
shifts that correspond to bridging methylene protons (CH,) and
carbon (3.24 ppm (s, 2H) and 72.5 ppm, respectively) (Scheme
2). Also, the spectral analysis suggests that the isolated product
contains a spirocyclic ring system because of the presence of
a signal at 61.3 ppm in the '*C NMR spectrum, which is ex-
pected for a quaternary carbon in a spiro ring. Furthermore,
analysis of UV-Vis absorption and fluorescence spectra revealed
that the product in CH,Cl, displays very weak absorbance at
560 nm as well as very weak fluorescence at 583 nm (Fig. S6T).
These observations led us to conclude that the product in
CH,Cl, has the spirocyclic structure represented by 3 (Scheme
2).

In contrast, the isolated product in aqueous buffer (1%
DMSO, pH 7.4) had a strong absorbance at 560 nm and intense
fluorescence at 583 nm (Fig. S77), spectral properties that are
quite similar to those of the substance generated by treatment
of 1 with FA in aqueous buffer. Collectively, the results suggest
that while the product of the reaction of 1 with FA exists in the
ring-closed form 3 in nonpolar organic solvents, in aqueous
buffer it exists in the ring-opened xanthene containing form 4
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Scheme 2 Solvent (nonpolar organic solvent versus aqueous buffer)
dependence of the equilibrium between ring-closed (3) and open (4)
forms of the product generated by reaction of 1 with FA.
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(Scheme 2). As a consequence, it is reasonable to conclude that
the reaction responsible for fluorescence generation when 1 is
treated with FA in aqueous buffer involves formation of 4. In
addition, extinction coefficients (e514), quantum yields and
fluorescence outputs (quantum yield x ¢514) of 1, 2 and 3 were
determined (Table S1}). Furthermore, the limits of detection of
1 and 2 for FA were calculated to be 1.24 uM and 0.59 pM,
respectively (Fig. S87).

Next, the utility of 1 to image FA in live cells was evaluated.
Because 1 displayed a larger increase in fluorescence intensity
upon treatment with FA than does 2, 1 was utilized in the cell
studies described below. To determine the optimal conditions
for cell imaging, HeLa cells (human cervical cancer cells) were
incubated with 10 uM 1 for various times and with various
concentrations of 1 for 1 h. Analysis of confocal fluorescence
microscopy images showed that cells exposed to 10 uM 1 for
0.5-1 h display the intense fluorescence signal (Fig. S9t). In
addition, based on the results of an MTT assay as well as the
observation of an intact nucleus morphology, 1 had negligible
cell death activity under these treatment conditions (Fig. S107).

We also probed the FA concentration-dependence of the
fluorescence response of 1. For this purpose, HeLa cells were
first treated with 10 uM 1 and then incubated with concentra-
tions of FA (0-1.0 mM) that are in a physiologically relevant
concentration range (ca. 400 uM in normal cells and up to 700-
800 pM in cancer tissues).*'* The results showed that fluores-
cence signals arising from 1 in cells increase gradually as the FA
concentration increases (Fig. 3), indicating the ability of 1 to
serve as a probe for FA in live cells.

To evaluate the detection of endogenous FA in cells, several
cell lines, including HeLa, MRC-5 (human fibroblast cell line
derived from normal lung tissue), HaCaT (human keratino-
cytes), HEK293T (human embryonic kidney cells) and MCF-7
cells (human breast cancer cells), were incubated with 1 for
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Fig. 3 Detection of FA in cells using probe 1. Hela cells were incu-
bated with 1 (10 puM) for 1 h followed by treatment with several
concentrations of FA for 1 h. Cell images were obtained using confocal
fluorescence microscopy (scale bar = 10 um). The nucleus was stained
with Hoechst 33342. The graph shows normalized fluorescence
intensity (Fl) in the treated cells (mean + s.d., n = 3).
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Fig. 4 Detection of endogenous FA in cells using probe 1. MRC-5,
HaCaT, HEK293T, Hela and MCF-7 cells were incubated individually
with 1 (10 puM) for 1 h. Cell images were obtained using confocal
fluorescence microscopy (scale bar = 10 pm). The nucleus was stained
with Hoechst 33342. The graph shows fluorescence intensities in the
treated cells (mean + s.d., n = 3).

1 h. Analysis of cell images revealed that whereas the treated
HEK293T cells display the low fluorescence intensity,* the other
four cell lines exhibit similarly strong fluorescence (Fig. 4 and
S117). The findings indicate that while HEK293T cells produce
a low level of FA, the other four cells generate high levels of FA.

It is known that FA is generated in cells by the actions of
several demethylases and oxidase enzymes.® The enzyme lysine-
specific demethylase 1 (LSD1) catalyzes the removal of one or
two methyl groups from modified lysines to produce free lysine
and FA.*>" Also, it is known that GSK-LSD1 serves as a potent
inhibitor of LSD1."® As a result, production of FA by LSD1 in
cells was evaluated by incubating MCF-7 cells with 1 in the

GSK-LSD1
- +
- +
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Fig. 5 The effect of an inhibitor on LSD1-promoted generation of FA
in cells. MCF-7 cells were incubated with 1 uM GSK-LSD1 for 20 h
followed by incubation with 1 (10 uM) for 1 h. Cell images were ob-
tained using confocal fluorescence microscopy (scale bar = 10 um).
The nucleus was stained with Hoechst 33342. The graph shows
normalized fluorescence intensities in the treated cells (mean + s.d., n
=3).
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absence and presence of GSK-LSD1. The results revealed that
the intensity of the fluorescence arising from probe 1 in MCF-7
cells is slightly attenuated when GSK-LSD1 is present (Fig. 5 and
S121).%? The findings suggest that LSD1-promoted generation of
FA in cells does not occur at high levels in comparison to the
amounts formed by several other metabolic events. Taken
together, the findings demonstrate that the rhodamine-based
probe 1 is capable of detecting endogenous and exogenous FA
in live cells.

In conclusion, we have developed novel rhodamine-based
cyclic hydrazide derivatives as fluorescent probes for the
detection of FA in both aqueous media and live cells. Upon
addition of FA to the probes in aqueous buffer, a fluorescence
enhancement occurs within a few minutes. In addition, the
probes respond to FA but not to other biologically relevant
species, indicating that they have a high selectivity toward FA.
Furthermore, the results of cell studies demonstrate that probe
1 can be employed to image exogenous and endogenous FA in
live cells. As a result, this probe should be useful in efforts
aimed at gaining a more detailed understanding of FA-
associated biological processes.
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