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ABSTRACT

Formaldehyde (FA), as the simplest endogenous carbonyl molecule, participates in many biosynthesis and metabolism in living
organisms, such as nucleotides and adenosine triphosphate (ATP). FA concentrations are sub-millimolar in the normal healthy
body, but can rise significantly in a number of disease pathologies. As a result, detecting endogenous FA is critical for illness
diagnosis and rehabilitation therapy monitoring. Recent studies have focused on the FA-responsive turn-on fluorescence probe,
which has huge promise in the detection and visualization of FA in living cells and organisms, as well as exceptional use in
disease diagnosis and therapeutic monitoring. This review summarizes the fluorescence luminescence mechanism and design
concepts of FA fluorescent probes, as well as their recent applications in bioimaging and illness diagnostics. Additionally, this
article indicates the present dilemma of FA-responsive fluorescent probe, including selectivity, specificity, and detection mode,
which may provide references for the development of FA-responsive fluorescent probes.
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1 Introduction

The World Health Organization has included formaldehyde (FA),
the most basic reactive carbonyl and aldehyde found in nature [1],
on its list of Group I carcinogens due to its toxicity and cancer-
causing potential. Excessive exposure to FA deteriorates memory
and increases the risk of acquiring dozens of diseases, including
cancer, diabetes, and asthma [2]. FA has harmful effects on the
cardiovascular and reproductive systems and can cause disruption
of the human endocrine system [3]. According to the research by
Burgos-Barragan’s  team, the oxidative breakdown of
tetrahydrofolic acid and folic acid in the human body results in the
production of FA, and the cleavage of serine by serine
hydroxymethyltransferase leads to the production of endogenous
FA [4, 5]. FA is labeled with C13 isotope, and experimental results
show that FA is involved in nucleotide synthesis and promotes
adenosine triphosphate (ATP) synthesis [6]. In addition, the
overexpression of endogenous FA may lead to neurodegenerative
diseases such as Alzheimer’s disease [7]; FA can decrease
superoxide dismutase activity, thereby damaging cardiomyocytes;
excess FA can cause endothelial cell damage and apoptosis; and
excess endogenous FA can crosslink with DNA strands, leading to
decreased stability of DNA strands. Thus, excess endogenous FA
will generate an increased incidence of diseases such as dwarfism,
Fanconi anemia, and cancer [8-10].

Under normal conditions, endogenous FA generation and
consumption in vivo are usually dynamically balanced at the sub-
millimolar level. However, in the event of disease occurrence or
other external factors, the level of endogenous FA in the body may
exceed normal levels. Lots of studies have shown a strong
association between excess FA and many diseases, wherein the
dynamic equilibrium of endogenous FA is disrupted, and its level
of FA concentration increases to 2-8 times approximately [11, 12].
Typically, the level of endogenous FA is elevated in cancer tissue.
Therefore, the exploration of an efficient detection method for FA
is strongly necessary for disease diagnosis and rehabilitation
therapy monitoring.

Currently, FA detection methods based on mass spectrometry,
chromatography, colorimetry, electrochemistry, and fluorescence
methods have been continuously developed [13-26]. Among
them, FA fluorescence detection method has attracted more and
more attention because of its non-invasiveness, high sensitivity,
and outstanding interference suppression ability. For example,
high-performance  liquid = chromatography (HPLC) and
colorimetry detection method have the advantage of sensitivity
and wider inspection range, but they cannot be used to detect FA
in organisms. High precision and sensitivity are benefits of mass
spectrometry and gas chromatography, while the disadvantage is
the cumbersome operation and sample pretreatment.
Electrochemical methods have high specificity response and can
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be output as digital signal, but they are not applicable in turbid
samples and have low quantum yield. These strategies were all
used to quickly screen for FA in biological materials. However,
none of them can be used to directly diagnose and identify specific
diseases, nor are they appropriate for the genuine analysis of
endogenous FA production. The fluorescence methods can
overcome the above limitations, which show simplicity and
quickness, as well as high sensitivity to changes in endogenous FA
in timely manner without causing harm to the organism. In order
to detect FA, fluorescent probe design and construction are
therefore crucial.

Many in situ chemical reactions of FA can realize fluorescence
turn-on, suggesting the potential for FA-responsive bioimaging.
However, the clinical application of endogenous FA fluorescent
probes should consider: (i) high selectivity, high specificity with
FA, and minimal to no reaction to physiologically significant
aldehyde-containing species including acetaldehyde, glucose, and
methylglyoxal; (ii) good tissue permeability, which can enter into
tumor cells stably, and respond with endogenous FA; and (iii) low
systemic toxicity and no damage to cells. Up to now, most
reported chemical reactions of FA with clinical potential can be
divided into three categories, including (1) 2-aza-cope
rearrangement reaction, which converts the high allyl amine
group into an aldehyde group; (2) condensation of -NH, and FA
to form a formyl imide; and (3) reaction of -NHNH, and FA to
form hydrazone (Fig.1). As a result, under this review, we
highlight the present research development of FA fluorescent
probes that can be utilized for bioimaging, as well as address their
biological applications in illness detection. The design philosophy
and construction techniques of FA probes in terms of responsive
turn-on attributes are also focused on. Besides, current
endogenous FA fluorescence turn-on mechanisms are illustrated
and thoroughly investigated. Ultimately, we hope to provide
researchers with a deep understanding of the construction of FA
fluorescence turn-on probes and anticipate achieving a novel FA
fluorescent probe with higher imaging quality to reveal the
intrinsic connection between endogenous FA and diseases.

2 Luminescence mechanism

Researchers have long utilized photo-induced electron transfer
(PET), intramolecular charge transfer (ICT), excited state
intramolecular proton transfer (ESIPT), and fluorescence
resonance energy transfer (FRET) to design fluorescent probes.
The probe structure based on PET mechanism includes
fluorescence group and recognition group. The recognition group
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contains electron donor group, which is not conjugated with
fluorescence group through unsaturated bond, but is connected
with fluorescence group by o-bond [27]. PET mechanisms are
classified as reductive-PET or oxidative-PET based on the
distribution of molecular orbitals prior to the binding of
fluorescent probe molecules. The reductive-PET mechanism states
that the fluorescent group is excited when the highest occupied
molecular orbital (HOMO) energy level of the probe’s
intramolecular recognition group exceeds the HOMO amount of
energy of the fluorescent group. When the electron transitions to
the lowest unoccupied molecular orbital (LUMO), the electron
donor group in the recognition group transitions from the
fluorescent group’s HOMO to the fluorescent group’s HOMO,
preventing the electron in the fluorescent group’s LUMO from
transitioning to the ground state and causing fluorescence
quenching. The oxidative-PET mechanism is similar. As the
electrons of the excited fluorescent group may not go to the
ground state but to the LUMO of the recognizing group,
fluorescence is quenched when the LUMO energy level of the
recognizing group is lower compared with the fluorescent group.
When the identification group reacts with the material to be
evaluated, its energy level changes, so that the identification group’
s LUMO energy level is higher than that of the fluorescent group.
The recognition group’s HOMO energy level is lower than that of
the fluorescence group, and the fluorescence transition is normal,
which prevents the formation of PET and subsequently lights up
the fluorescence [28-31].

ICT is a probe molecule based on intramolecular charge
transfer, and its structure contains three parts: an electron-
absorbing group (A), an electron-donating group (D) with a
conjugated structure, and a fluorophore. The three units form a
large D-n-A conjugated system, and the electron-donating group
can transfer electrons to the electron-absorbing group due to the
conjugation effect [32]. The electron-donor state of the probe
molecule and the HOMO of the electron-absorbing group are
both filled with electrons in the initial state, however its LUMO is
empty. At this time, the probe molecule’s electron donor group
will transfer electrons from the HOMO of the electron donor
group to the LUMO of the electron absorption group via
intramolecular charge transfer. Because the molecule is unstable in
the excited state, it will produce fluorescence in the form of
radiation when it recovers to the initial state [33]. And because the
aromatic plane is small, it can effectively reduce the excitation
interference and thus improve the imaging quality [34].

The probe molecules of the ESIPT mechanism have enolic and

Figure1 The luminescence mechanism and the FA-responsive turn-on fluorescent probe.
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ketonic reciprocal isomerism. ESIPT fluorescence refers to the
luminescence mechanism of the interaction between
intramolecular hydrogen-bonded donor and acceptor [35,36].
When the molecule exists in the enol form, the heteroatoms inside
the molecule form stable hydrogen bonds, but when the molecule
receives an exciting leap to the enol excited state, the proton inside
the molecule is transferred to another heteroatom, which
undergoes  rearrangement, leading to the enol-keto
interconversion isomerization and the molecule transitions to an
agitated ketosis isomer state. Following the enol-keto
isomerization, the electron leaps toward the ketoisomeric initial
state and returns to enol base state. In comparison with directly
emitted fluorescence photons, the ESIPT method emits lower
fluorescence energy and seems to have a significant Stokes shift,
great selectivity, as well as the capacity to avoid interference from
other fluorescence signals [37, 38].

FRET is a photophysical phenomenon, which refers to the
physical process that enables the non-radiative transferring energy
with an energized molecular chromophore to another
chromophore through long-range intermolecular dipole-dipole
coupling [39]. FRET occurs between the donor and recipient at a
distance of 10 to 100 A [40,41]. The efficiency of energy
transmission increases with decreasing distance and increasing
spectral overlap between the donor and the receiver [42, 43].

3 FA-responsive turn-on fluorescent probe

3.1 Fluorescence turn-on depending upon 2-aza-cope
rearrangement

2-Aza-cope rearrangement reaction is a process in which an aza-
1,5-diene is isomerized by [3,3]-0 rearrangement [44]; the high

2-Aza-cope-based probes
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Figure2 Chemical structure of FA probe based on 2-aza-cope probes.
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allylamine moiety of the FA in the probe is condensed with FA
and reacted by 2-aza-cope rearrangement with hydrolysis to
provide an aldehyde or ketone with strong fluorescence [45].
Furthermore, when compared with other reactive carbonyl
compounds, the 2-aza-cope rearrangement mechanism exhibits
great selectivity and specificity with FA, allowing for the
development of FA fluorescent probes (Fig. 2).

Roth’s and Brewer’s teams are independent of each other, and
the 2-aza-cope rearrangement reaction was applied simultaneously
in the construction of a fluorescent probe of FA for the initial time
[46, 47]. Brewer’s group created the FAP-1 FA fluorescent probe,
which uses aminomethylsilanolamine dye like a fluorescence and
homoallylamine as an FA reaction site (Fig. 3(d)). The
fluorescence intensity increased 8 times after 1 h of FA contact
with the probe, and 45 times with incubation period extension.
The fluorescence intensity of FA is dose-dependent with that of
FAP-1 within the range of physiological dissolution of living cells,
and endogenous FA can be identified in illness models (Fig. 3).

Meanwhile, Roth’s team designed a fluorescent probe FP1 with
a silicone Rhodol dye as a fluorescent scaffold, 4-nitrobenzyl as a
bursting agent, and a high allylamine reacting with FA [46], where
the d-PET effect of 4-nitrobenzyl makes the probe FP1 non-
fluorescent before FA treatment, reducing the background
fluorophores of FP1. After 2-aza-cope rearrangement and
hydrolysis reaction, the PET effect is ended when FP1 is attached
to FA, and the probe exhibits intense fluorescence (Fig. 4). The
fluorescence intensity of the sensor grew to 7 times after 3 h when
the FA solubility was 0.25 mM, and the expression level of FP1
increased as the FA solubility increased. When FA solubility is
5 mM, the fluorescence intensity can reach 33.5 times after 3 h.
And the probe FP1 showed low or no response with bio-relevant
aldehyde-containing species such as acetaldehyde, glucose,
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Figure3 (a) FAP-1-treated MCF7 cells as seen by confocal microscopy. (b) 20 uM tranylcypromine (TCP). Reproduced with permission from Ref. [48], © Elsevier
Ltd. 2016. (c) 1 uM GSK-lysine-specific demethylase 1 (LSD1).Reproduced with permission from Refs. [49, 50] © Liu, J. et al. 2013 and Taylor & Francis 2016. Scale
bar: 50 pum. Blockers for LSD1 include TCP and GSK-LSDI. Inhibiting the production of LSD1 can reduce the production of endogenous FA. (d) Chemical structure
diagram of FAP-1 fluorescent lighting. Reproduced with permission from Ref. [47], © American Chemical Society 2015.
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Figure4 Pictures of HEK293TN cells taken with a confocal microscope. HEK293TN cells were pretreated with 2 uM FP1, and then treated with FA with different
solubility. (a) 0 mM, (b) 1 mM, (c) 2.5 mM, and (d) 5 mM. Scale bar: 20 pum. (e) Chemical structure diagram of FP1 fluorescent lighting. Reproduced with permission

from Ref. [46], © American Chemical Society 2015.

methylglyoxal, and pyridoxal, proving that FP1 has excellent
selectivity. The probe FP1 did not react with intracellular thiol-
reducing chemicals like glutathione, glutathione (GSH), and sulfur
oxides, nor with hydrogen peroxide oxidizing molecules, showing
that FP1 is chemically stable under physiological conditions. The
fluorescence did not decrease after 100 scans at 25% laser power,
demonstrating the excellent photostability of the probe FP1. FP1
exhibited good dose-dependent properties by treating cells with
different FA solubilities.

Chen’s lab originally created a two-photon FA fluorescent
probe (FATP-1) and utilized it to detect endogenous FA in cells,
nematodes, and mice brain tissue with robust fluorescence
imaging and low toxic effects [51]. The quinoline structure in the
probe gives it strong penetration into deep cellular tissues and two-
photon excitation properties. The 2-aza-cope reaction, which uses
allylamine as a recognition group for FA, affords the probe great
selectivity with FA as well as strong cellular permeability. The aza-
heterocycle was converted into an electron-donating group by
nitrogen-containing rings of various sizes, which improved the
fluorophore’s brightness and photostability while preserved its
spectral characteristics and cell permeability. After the probe
FATP-1 was reactivated with FA, the most significant fluorescence
intensity increased by about 46 times, which indicated that
nitrogen heterocyclic substitution could effectively reduce the
internal charge transfer of the probe and improve the fluorescence
brightness. The blood-brain boundary was not an obstacle for
FATP-1 as it tracked the dynamic FA changes within the brains of
mice with epilepsy (mice with epilepsy induced by intraperitoneal
injection of kainite) [52] in real-time (Fig.5). The results of the
experiment demonstrated that epilepsy causes abnormal elevation
of endogenous FA and harm to the brain’s neurons and that
inhibiting abnormally elevated endogenous FA can lessen this
injury.

N-p-Methoxybenzyl high allylamine was found to have a more
potent azetidine reactivity toward FA by Du et al. [53] when they

designed and compared the fluorescence responses of a number of
N-substituted high allylamine coumarin probes to FA. The
intensity of the fluorescence was significantly larger; density
functional theory (DFT) calculations of the reaction of N-
substituted higher allylamines with FA revealed that enhanced
fluorescence of the coumarin probe towards FA could be
determined by the condensation step compared to the 2-aza-cope
rearrangement. The cytotoxicity of the FFP706 probe can be
ignored in the range of working solubility, confocal microscopy of
the FFP706 probe can detect changes in intracellular FA levels in
living cells, and because of the overexpression of endogenous FA
in brain tissue, mouse brain sections were incubated with an
FFP706 probe. FFP706 has the capability to image intrinsic FA in
live tumor tissues using confocal microscopy. By injecting the
FFP706 probe into regions of tumors in live mice, fluorescence
imaging was about 5 times that of normal cells. The FFP706 probe
has a low detection limit, good sensitivity, good water
hydrophilicity, and a near-infrared (NIR) fluorescent wavelength
of 706 nm, allowing it to be used in a variety of biological
applications in live cells, tissues, and also mice. Zhang et al. [54]
developed an active gene editing-based fluorescent probe for
detecting endogenous FA. The probe blends FA’s 2-aza-cope
sensitivity with protein engineering enhanced green fluorescent
protein (EGFP) and firefly luciferase neutralization regulation in
an organic manner. The probe is applied to analyze endogenous
FA through living mammalian cells, which offers a novel
approach to the design of an FA fluorescent probe.

Liu et al. [55] developed a dual-key FA fluorescence probe Ru-
FA, which shows fluorescence only in the combined action of an
acidic microenvironment and FA. It not only prevents false-
positive probe fluorescence but also reduces interference
fluorescence of heterosignal, and makes Ru-FA lysosomal-targeted
(Fig.6(a)). The probe’s Ru(Il) complex functions like a
chromophore, and 2,4-dinitrobenzene functions like a bursting
group, which inhibits the expression of the fluorophore through

ﬁ f;ﬁ ? A @ Springer | www.editorialmanager.com/nare/default.asp

Y Tsinghua University Press



Nano Res. 2023, 16(12): 13029-13041

Two-photon imaging formaldehyde in epileptic brains
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Figure5 Design and imaging principles of the two-photon probe FATP-1.
Reproduced permission from Ref. [51], © American Chemical Society 2020.

its electron-absorbing and photoelectron-transfer effects, making
the probe show weak fluorescence before responding with FA.
The probe Ru-FA was added together with FA and exhibited
strong fluorescence in the range of pH 3-6. It was demonstrated
that Ru-FA can only react with FA and exhibit strong fluorescence
in acidic environment. A pH of 4-6 inside the lysosomes of cells is
favorable for the probe’s fluorescence expression [56]. The
fluorescence intensity of the probe Ru-FA showed a nice positive
linear correlation with the solubility of FA, Ru-FA can detect
endogenous FA in HeLa cells with exceptional specificity, and the
detection concentration is as low as 19.8 nm (Fig. 6(b)). Liu et al.
used sensors to identify the solubility of endogenous FA in mouse
blood and major organs, with the brain having three times the FA
content of the liver, indicating that probe Ru-FA is useful for the
identification and quantification of FA. After pretreatment of
tumor areas of mice with NaHSO; solution (a scavenger of FA)
and injection of the Ru-FA probe, the areas treated with NaHSO;
solution were weakly fluorescent and the areas not treated were
strongly fluorescent, indicating that the Ru-FA probe is capable of
detecting endogenous FA and has the potential to be used as a
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fluorescent probe for imaging in living organisms (Fig. 6(c)).
Chen’s group [57] developed their probe FormAFP, depending on
the ESIPT effect, using 2-(2’-hydroxy-phenyl) benzothiazole
(HBT) as a fluorophore and high allylamine as little more than a
responsive site for FA. FormAFP responds to FA and is
accompanied by B-elimination of allyl aldehyde after 2-aza-cope
rearrangement to obtain HBT, which fluoresces based on the
ESIPT fluorescence mechanism due to its intramolecular
hydrogen bonding. The probe FormAFP has an ultra-fast
response characteristic and can illuminate fluorescence within
10 min. The probe’s reaction with FA produces hydrophobic
molecules of HBT, which self-assemble in an aqueous solution to
form nanoparticles with an average diameter of 398 nm, thereby
decreasing the amount of material of the products in the solution
phase, accelerating the reaction, increasing the conversion rate of
the reaction, and achieving a rapid response. The solution’s
fluorescence intensity rose by as much as 240-fold after being
treated with 1 mM FA, and its detection limit was 66 nM,
enabling the rapid detection of intracellular FA solubility within
15 min and the precise detection of changes in endogenous FA
due to oxidative stress stimulation in cells.

3.2 Fluorescence turn-on based on formylimine

generation

The probe has an amino group and a fluorescent group, and the
probe quenches its fluorescence under the action of photoinduced
electron transfer or internal charge transfer. When the probe’s
amine group interacts with FA to establish a formylimine group,
the fluorescence is restored as the inhibited electron interaction is
lifted. Yoon’s group [58] first proposed a fluorescent probe for FA
detection in 2012 (Fig.7) and opened up the possibility of
biological applications for later generations. The probe uses
BODIPY as a fluorophore and explains the optical properties of
the probe AnB by molecular orbital energy level theory. Yang’s
group [59] modified the near-infrared fluorophore IR780 [60] to
construct the amine-based near-infrared FA fluorescent probe
probe-NH,, whose fluorophore has a fluorescence emission of
708 nm and is capable of imaging THF-induced endogenous FA
production in mice.
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(a) Schematic diagram of Ru-FA FA detection as well as imaging probe. (b) FA confocal visualize in HeLa cells using the sensor Ru-FA. Scale bar: 10 pm. (c)

Analyzing endogenous FA through imaging in healthy and tumor-bearing mouse model. Reproduced with permission from Ref. [55], © American Chemical Society

2019.
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Figure7 Chemical structure of FA probe based on aminal probes.

o-Diamines can also be used as probes for FA response sites,
but since o-diamines react with methylglyoxal in living cells [61,
62], resulting in a reduced selectivity for endogenous FA, one of
the amino groups is usually modified to increase the spatial site
blocking effect and thus achieve enhanced specificity. Cai’s group
[63] used a naphthalimide derivative as a fluorophore and
modified the probe NP2 with an isopropyl, which reacts with
endogenous FA in live 1929 cells to produce a naphthalimido-
imidazole derivative, illuminating the yellow fluorescence. The
first o-diamine-based fluorescent probe with endogenous FA
imaging in lysosomes, NP-Lyso, was developed by attaching a
morpholine group to probe NP2 as a lysosomal target [64]. Jnna’s
group [65] developed an ultra-simple fluorescent probe for o-
diaminobenzaldehyde, 3,4-diamino benzoic acid (DAB). The
probe is cheap and easy to prepare. DAB reacts with FA to give 3,4-
bis(methyleneamino) benzoic acid (MABA) and 1H-benzo [d]
imidazolium-6-carboxylic acid (DICA). DICA does not really emit
light and MABA emits light. MABA luminescence is due to the
fact that dimethylimine provides electrons for the carboxyl group
on the benzene ring, which makes the molecule in the excited
state, which is more conducive to the ICT interaction, resulting in
fluorescence. Surprisingly, although the probe DAB does not have
a modified amino group, it has low activity and no fluorescence in
reaction with methylglyoxal, nitric oxide, and other bioactive
compounds. In cancer cells and fibroblasts, probe DAB is able to
identify both exogenous and endogenous FA. Probe L [66] has the
same properties; in particular, probe L fluoresces itself purple,
fluoresces red upon reaction with FA, and quenches its
fluorescence upon reaction with methylglyoxal and glyoxal.

3.3 Fluorescence turn-on based on hydrazones

The formation of methylene hydrazine is facilitated by the
hydrazine-FA condensation. FA has high reaction activity and
small steric hindrance, which serves as the reaction foundation for
the probe. Most of the hydrazine fluorescent probes take the
mechanism (Fig. 8).

Lin’s team developed a number of hydrazine-based FA
fluorescent probes utilizing 1,8-naphthalimide as the fluorophore

The methylenehydrazine-based probes
o
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or backbone [67,68], including the first hydrazine-based two-
photon FA fluorophores Na-FA. The probe Na-FA reacts with FA
and absorbs strongly at 543 nm. The fluorescence intensity can be
increased by 900 times after FA treatment. Titration calculated the
concentration range of Na-FA to be 7.1 nM, the probe Na-FA has
high sensitivity, and the probe Na-FA has high selection specificity
in the pH range of 5-7. Endogenous FA was found primarily in
the endosome, Golgi, and lysosomes when HeLa cells had been co-
cultured with probe Na-FA (Fig.9 and Table 1). Lin’s group
created the first hydrazine-based lysosome-targeted FA biosensor,
Na-FA-Lyso, that employs fluorophore 1,8-naphthylimine,
hydrazine also as FA response site, as well as morpholine as
lysosomal attacking unit. The expression level was accelerated
350-fold after treatment with 200 pM FA at a solubility of 5 for
30 min, with a concentration range of 5.02 uM. The probe
exhibited strong absorption at 440 nm. Na-FA-Lyso can image
endogenous FA in Hala cells using fluorescence. His group
created first endogenous FA biosensor with endoplasmic
reticulum targeting for cell imaging, using p-toluenesulfonamide
as endoplasmic reticulum targeting group and 1,8-naphthalimide
as fluorophore. When the probe Na-FA-ER condenses with FA, it
inhibits the PET pathway and lights up the fluorescence of the
probe Na-FA-ER. [69]. Additionally, his team created a two-
photon hydrazide fluorescent probe FA-NH, depending on
coumarin fluorophore that can identify endogenous FA through
living HaLa cells [70]. Based on 1,8-naphthalimide, Lin’s team
designed a first endogenous FA fluorescent probe, Nu-FA, with
cell nuclear targeting [71]. HaLa cells were cultured with probe
and cell dye Hoechst3342. The three-dimensional (3D) staining
map of the probe has been able to get into the nucleus of HalLa
cells and stain it with green fluorescence. This extends the
detection of endogenous FA-induced related diseases in future
clinical medicine for early screening and rehabilitation.

Yu’s group [72] developed the hydrazine FA-ratio fluorescent
probe CD-ND with lysosomal targeting (Fig. 10(a)) based on
naphthalimide fluorophores and functionalized carbon dots,
which has dual signal response properties and is capable of signal
self-calibration of fluorescence intensity, enabling the fluorescent
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Figure 8 Chemical structure of FA probe based on methylene hydrazine.
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Endogenous
Formaldehyde

Lysosome

Figure 9 The response mechanism of the FA detector Na-FA fluorescent lyso. Reproduced with permission from Ref. [68], © American Chemical Society 2016.

Table1 The distribution of FA in endoplasmic reticulum, lysosome, and Golgi
apparatus was detected by Na-FA probe. Reproduced with permission from Ref.
[67], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016

Pearson’s coefficient

ER-Tracker™ Red 0.6385
Lyso Tracker® Red 0.3285
Golgi-Tracker Red 0.4261
Mito Tracker® Red 0.0514

probe to exclude signal interference from non-targeting factors.
Using functional fluorescent carbon dots (CDs) as the lysosomal
targeting group and the fluorescent reference signal, CDs have
good biocompatibility, excellent fluorescence properties, and
durable optical stability [73, 74]. The emission peak of probe CD-
ND at 535 nm is used as a response signal, and its signal at
414 nm is used to eliminate background interference and improve
detection sensitivity. Within the same situations, the reaction
mechanism of the probe CD-ND with FA conforms to the pseudo
primary reaction rate equation, with a rate constant of
k = 0.28 min™ and a lower detection limit and shorter reaction
time than the reaction mechanism of 2-aza-cope rearrangement.
The low cytotoxicity of CDs reduces the cellular damage to the
ND fraction, making the probe CD-ND also less cytotoxic and
allowing the probe to recognize FA in living cells. The Pearson
confocal correlation coefficient between blue-green fluorescence
and indicator red fluorescence in HaLa cells co-cultured with CD-
ND and lysosome targeting indicator was as high as 0.93,
indicating that CD-ND had good lysosome targeting and imaging
function. This enables the probe CD-ND to be enriched in acidic
lysosomes and thus achieve lysosomal targeting properties. To
investigate the endocytosis pathway of the probe, cells were treated
with different endocytosis inhibitors and the experimental results
showed that not only chlorpromazine but also genistein
considerably lowered probe internalization, suggesting that the
probe CD-ND enters the cell through the lattice-protein-mediated
and niche-mediated entry. Zou et al. [75] developed a novel
carbon point (rCDs) that is easy to modify the bromine
substitution site and combine the carbon point with
naphthalimide to construct the double emission ratio FA
fluorescent probe rCDs-FA, bisulfite fluorescent probe rCD-
HSO;, and pH fluorescent probe rCD-pH. rCDs with blue
fluorescence were prepared by a one-pot method from 2-hydrox,
1,2-diaminoethane, and 4-bromo-1,8-naphthalic anhydride. The
probe rCDs-FA was obtained by a substitution reaction with
hydrazine hydroxide (Fig. 10(b)). The probe rCDs-FA lit yellow-
green fluorescence in response to cellular endogenous FA, which
was due to the burst fluorescence of naphthamide by the probe
under the action of PET, so the probe showed the blue
fluorescence of citric acid; when responding with FA, the yellow-
green fluorescence was produced as a result of the inhibition of

PET action. The ratio fluorescence sensor virtually removes
acetaldehyde and methylglyoxal interference with the probe’s
heterosignal, which is a novel idea for the design of FA
fluorescence.

Wang’s group [76] constructed a functional ratio fluorescent
probe CS-OCH3@NBHN with self-assembly by grafting 4-
hydrazino-1,8-naphthalimide (NBHN) and 4-methoxy-1,8-
naphthalimide (MONA) on with chitosan polymer chains. Its
strong hydrophilicity of the chitosan chains and hydrophobicity of
the grafted MONA enabled the self-assembly in an aqueous
solution. Then NBHN was also grafted onto the chitosan chains,
and the nanostructure remained unchanged, resulting in
nanoparticles with a diameter of 180 nm, and the FA reaction was
able to maintain the nanostructure (Fig. 11). Together with the re-
fluorophore NBHN and MONA, its reaction of sensor to FA
inhibited the PET process of NBHN and greatly enhanced its
green fluorescence, and intrinsic and extrinsic FA of HeLa cells
could be imaged using the probe, CS-OCH3@NBHN.

Song’s team [77] created the probe BHA based on ICT, which
was obtained by replacing the chlorinated BODIPY fluorophore
with a hydrazine nucleophile. When the probe BHA responds to
FA, the probe molecule lights up the fluorescence in response to
the ICT effect. The probe BHA is non-fluorescent, and if FA is
added to the probe BHA, the fluorescent dyes are illuminated with
bright blue fluorescence. The solution was colorless and
transparent before the reaction and was light yellow after
responding with FA. The lowest detection limit calculated by
fluorescence titration measurement was 0.18 (M. The fluorescence
intensity was positively correlated with pH, with increasing
fluorescence intensity from pH 3 to 8, and reached the maximum
fluorescence intensity at pH 8. With increasing alkalinity, a
fluorescence intensity dropped dramatically from pH 8-11,
reaching almost absolutely nothing by pH 11. The hydrazone
reaction under alkaline conditions may generate a hydrazone salt,
resulting in a fluorescence burst and a decrease in fluorescence
intensity. In living HeLa cells, the probe BHA is capable of
recognizing endogenous FA.

HyAN was designed by Gou’s group [78] based on the optical
properties of the excimer of anthracene molecule, which was
prepared in one step by substituting the bromoanthracene
molecule with hydrazine hydrate to obtain the probe HyAN.
Because of its big aromatic conjugation planes, anthracene is
frequently employed as a fluorophore in the development of
molecular fluorescence detectors [79, 80]. Excimer is the term for
the optical association of dimer molecules created when the lowest
singlet state of two molecules collides with the ground state of the
same molecule [81]. Since the probe HyAN has excellent water
solubility due to hydrazine, but when it reacts with FA to form
anthracene hydrazone, the water solubility decreases, which in
turn self-assembles hydrophobic nanoparticles and maintains the
quasimolecular state, and the quasimolecular then broadens and
red-shifts the excitation spectrum, greatly enhancing the molecular
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Figure 10 (a) Design of probe CD-ND and illustration of lysosome targeting imaging. Reproduced with permission from Ref. [72], © The Royal Society of Chemistry
2019. (b) The ratio fluorescence probe based on rCDs is utilized to recognize FA, bisulfite and pH. Reproduced with permission from Ref. [75], © Elsevier B.V. 2022.
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Figure 11 Design and preparation of probe CS-OCH3@NBHN. Reproduced with permission from Ref. [76], © American Chemical Society 2022.

emission and exhibiting blue fluorescence. HyAN is a probe that
could identify FA in HeLa cells and 1929 cells with a sensitivity of
0.23 uM.

In addition to hydrazine-based fluorescent probes, hydrazides
or hydrazones can also be used as recognition units for FA to
design fluorescent probes, and hydrazides contain a free amino
group that responds to FA. For example, the probe ANI [82]
based on N-aminoanthracene 1,9-dicarboximide reacts with FA
and shows green fluorescence; the probe PDI-HY [83] uses
hydrazide as the response site of FA and perylenebisimide
derivative as the functional group, and the probe PDI-HY solution
shows the purple color and bright yellow fluorescence after
reacting with FA. However, due to the detection limit and other
reasons, it is only capable of identifying exogenous FA in cells.

34 Other responsive turn-on fluorescent probe

New mechanisms different from the previous three types of
mechanisms are referred to as other mechanisms, some new
strategies also have the same high selectivity and stable optical
properties to be further explored by researchers (Fig. 12).

Zhu et al. [84] discovered and demonstrated that FA cross-
linked with the side chains of cysteine and lysine residues, forming
a methylene bridge within the helix that allowed for a
conformational change in HxIR, producing metastable activation
(Fig.13). A gene-edited FA probe, FAsor, was developed by

embedding fluorescent proteins sensitive to structural changes
into the HxIR specific site, enabling the expression of fluorescence
in response to FA and the visualized of FA through transgenic
mice nerve cells.

The R6-FA fluorescent probe was developed by Lin’s team [85]
using basic violet 10 as fluorophore and 1,2-diaminoethane as FA
recognition site. The probe responded with FA to generate an
imine intermediate, which allowed the molecule’s deoxylactam to
be opened to generate a ring-opened imidazole product with pink
fluorescence. Capable of detecting exogenous FA in dried
mushrooms and cells, Wang’s group [86] developed the first
regenerated FA fluorescent probe, NAP-FAP-1, using 3-
(benzylamino)-succinimide as a recognition site for FA, which
occurs with FA and releases FA-illuminated fluorescence after
cascade reaction and burst ICT/PET dual action. The region-
specific breakage of a butanimide ring’s 1,5-amide bond and the
benzylamine within the probe molecule provides a larger space
volume for the probe, reducing side reactions such as endogenous
methylglyoxal and effectively improving the selectivity of probe. Its
variant NAP-FAP-2 can image endogenous FA in lysosomes.
Zeng’s group [87] developed the probe ABTB for imaging
endogenous FA in AD mouse brain based on the ESIPT
mechanism, which has regenerative FA effects. The hydroxyl
group of ABTB reacts with FA to attack the carbonyl group of a
five-membered heterocyclic ring, resulting in scission of the
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Figure 13  FAsor illuminates the fluorescence mechanism diagram. Reproduced with permission from Ref. [84], © Zhu, R. F. et al. 2021.

heterocyclic ring and the structure of a six-membered internal
aliphatic ring using 3-(phenylmethylamino) pyrrolidine-2,5-dione
as the reaction site. The ICT and PET effects of ABTB were
broken, and the probe’s fluorescence expression was inhibited.
The PET effect is then suppressed, and the probe is hydrolyzed to
rearrange and release the FA, thereby illuminating the
fluorescence. ABTB was capable of imaging endogenous FA in
AD mouse brain tissue.

FA in cells could be identified utilizing new FA/SO,-based
reversible ratio fluorescent probes; such probes carry two
fluorophores with fluorescent signals in the standard state and in
response to SO,, but with different color alterations but also
excitation spectra. They are able to identify and image changes in
SO, and FA equilibrium by recording the reversible cycles of the
probes’ absorption spectra and color changes and converting them
to absorbance. Lin’s team was able to see modifications in
endogenous FA and SO, in mice by using FA/SO, probes (NP) for
bioimaging in the beginning (Fig. 14) [88]. By adjusting the
conjugated structure of fluorophore, a fluorescent probe with
mitochondrial targeting BCou-BP[89] and NIR fluorescent probes
CB-NIR [90] was prepared, which can detect the dynamic changes
of FA and SO,. The FA/SO, reversible probe is expected to further
reveal the interaction and intrinsic linkage between endogenous

P
&&h—¢
&
NP

Red fluorescence

FA and SO, and to explore the potential biology and pathology of
FA and SO, in disease studies.

4 Conclusions and outlook

On account of three chemical reactions, 2-aza-cope rearrangement
reaction, condensation of -NH, and FA to form a formyl imide,
and reaction of -NHNH, and FA to form hydrazone, many
endogenous FA responsive turn-on probes have been constructed.
This review systematically introduces the luminescence
mechanisms of FA fluorescent probes, and the development
process and the latest research progress of FA fluorescent probes
are presented. Moreover, some novel reactions can also be applied
for exploiting the FA fluorescent probes, such as 3-(benzylamino)-
succinimide and 3-(phenylmethylamino) pyrrolidine-2,5-dione,
which also have high selectivity and specificity for FA. These novel
reactions of FA have great potential research value and need to be
further optimized by researchers.

Although the FA responsive turn-on fluorescent probes have
made great progress in recent years, there are still numerous
challenges ahead. The probes based on amine and methylene
hydrazine are simple and easy to prepare, but their selectivity falls
short of the requirement of clinical application, and they may bind

NP-HSO,
Yellow-green fluorescence

Figure 14 The probe NP’s imaging strategy and mechanism. Reproduced with permission from Ref. [88], © The Royal Society of Chemistry 2019.
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with acetaldehyde, methylglyoxal, and other aldehydes. Some
researchers suggest that the solubility and the selectivity of the
probes can be effectively improved by increasing the steric
hindrance of the neighboring amino groups [91-93]. Although
the selectivity and specificity of probes relying on the 2-aza-cope
rearrangement are more effective, their reaction rate is not as rapid
as those of imine and hydrazide probes. The 2-aza-cope
rearrangement reaction mechanism has high selectivity and
specificity for formaldehyde, so it can be used to construct
formaldehyde fluorescent probes without interference from active
carbonyl compounds in the organism. 2-Aza-cope rearrangement
is a fast response that can achieve rapid response and real-time
monitoring. Disadvantages of FA fluorescent probes based on
-NH, and -NHNH, include: (1) Lack of selectivity and specificity:
These probes have low selectivity and specificity for FA, making
them vulnerable to interference from other reactive amine
compounds, which may result in false positives or negatives. (2)
Low detection sensitivity: Compared with probes based on 2-aza-
cope rearrangement reaction, those based on -NH, and -NHNH,
have lower detection sensitivity and may not be able to detect low
concentrations of FA. (3) Susceptibility to biological
environments: These probes are sensitive to the biological
environment and may lead to interference or suppression of the
fluorescent signal, affecting the detection results. (4) High
complexity: Synthesis and handling of probes based on -NH, and
-NHNH, are complex, which makes them difficult to use for
rapid detection and application. Another challenge is that fewer
FA fluorescent probes can penetrate tissues deeply for imaging,
whereas NIR fluorescent probes have superior photochemical
imaging advantages with enormous potential in clinical translation
(Table 2). The trends of FA fluorescent probes include: (1) low
detection limits and short response times for acquiring better real-
time performance; (2) high selectivity with inertness to other
endogenous aldehyde compounds; (3) low cytotoxicity with

Table2 Fluorescent probes for FA imaging in vitro and in vivo
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biocompatibility; and (4) deep tissue imaging with new fluorescent
turn-on mechanisms. It is noted that the construction of FA
fluorescent probes with multifunctional cascade responses can
enable targeted imaging, which improves the efficiency of disease
detection. In addition, the two-photon fluorescent probes with
ratiometric imaging [94] can successfully reduce light loss and
their own fluorescence background, as well as improve the spatial
resolution [95].

In the past two years, Jiang’s group [96] developed a probe
RBNA, which can detect exogenous FA in zebrafish, reflect the
freshness of seafood products, and provide a useful tool for simple
detection of seafood safety. Li’s team [97] developed a near-
infrared probe Probe-NHNH, capable of in situ imaging of THF-
induced FA after 10 min. Lius team [98] developed an
endogenous FA imaging probe NP-FA that can cross the
blood-brain barrier in mice with Alzheimer’s disease and has
endoplasmic reticulum targeting, which provides a new
opportunity to reveal the inherent pathological relationship
between FA and Alzheimer’s disease and to diagnose and treat it.
At present, there are few FA probes that can be used in vivo,
which are restricted by the following aspects: (1) weak targeting,
most of the existing FA probes are small molecular probes, which
cannot target proteins and do not have stable targeting; (2) short
residence time, small molecular probes exist as single molecules in
the body, so they are easy to be excluded and absorbed by
organisms, and cannot be detained in tumor cells for a long time;
and (3) the penetration of fluorescence below 650 nm is weak. In
order to obtain good imaging effect in vivo, it is necessary for the
probe to emit fluorescence from the first and second regions of the
near infrared in order to reduce the influence of light astigmatism
and absorption of skin tissue. In the future, researchers can focus
on the research and development of assembled fluorescent probes
of quantum dots, proteins, and peptides, which can effectively
improve their retention time and targeting ability in vivo, and are

Probe Luminescence mechanism Reaction mechanism Limit of detection (LOD) Ex/Em (nm) Application Ref.
FP1 PET 2-Aza-cope 10 uM 633/649 Endogenous FA [46]
FAP-1 PET 2-Aza-cope 5mM 645/662 Endogenous FA [47]
FATP-1 ICT 2-Aza-cope 0.3 uM 371/571 Endogenous FA [51]
FFP706 PET 2-Aza-cope 2.5uM 670/706 Live mice [53]
EGFP Fluorescent protein 2-Aza-cope 25uM 468/510 Endogenous FA [54]
Ru-FA PET 2-Aza-cope 0.02 uM 460/634 Endogenous FA [55]
FormAFP ESIPT 2-Aza-cope 0.06 uM 340/520  Oxidative stress stimulation [57]
AnB PET Aminal 0.16 uM 520/535 Exogenous FA [58]
Probe-NH, PET Aminal 1.87 uM 670/706 Live mice [59]
NP2 ICT Aminal 1.8 uM 380/450 Endogenous FA [63]
DAB ICT Aminal 0.12 uM 345/430 Endogenous FA [65]
Na-FA PET Hydrazine 0.71 uM 440/543 Endogenous FA [67]
FA-NH, PET Hydrazine 0.06 uM 370/670 Endogenous FA [70]
CD-ND PET Hydrazine 0.34 uM 365/535 Endogenous FA [72]
CS-OCH;@NBHN PET Hydrazine 0.66 uM 405/545 Endogenous FA [76]
BHA ICT Hydrazine 0.18 uM 499/514 Endogenous FA [77]
HyAN Excimer Hydrazine 0.23 uM 258/445 Endogenous FA [78]
ANI PET Hydrazine 0.99 uM 440/518 Exogenous FA [82]
PDI-HY PET Hydrazine 1.5 uM 450/582 Exogenous FA [83]
R6-FA PET Ethylenediamine 0.77 uM 530/560 Exogenous FA [85]
NAP-FAP-1 ICT/PET 3-(Benzylamino)-succinimide 0.48 uM 359/470 Endogenous FA [86]
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more controllable and stable for fluorescence emission. Its
selectivity or affinity to the substrate can be adjusted to adjust its
optical properties. Any modification of the binding site of the
small molecular probe may lead to the change of the emission
performance of the molecule, which is not easy to be modified and
optimized.

As a result, the fluorescence turn-on approach has wide
applicability for sensing endogenous FA. The intricate inherent
connections between biology and pathology of endogenous FA
will be revealed by the improvement of FA responsive fluorescent
probes. Similarly, FA responsive fluorescent probes will be helpful
in the treatment of illnesses such as Fanconi anemia and
Alzheimer’s disease in the future, as well as in the early detection
of cancer in clinical settings.
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