Journal of Analysis and Testing (2022) 6:204-215
https://doi.org/10.1007/541664-022-00220-4

REVIEW

=

Check for
updates

Recent Progress in Fluorescent Formaldehyde Detection Using Small

Molecule Probes

Jiao-Jiao Zheng' - Wen-Cai Liu' - Feng-Niu Lu? - Ying Tang? - Zhi-Qin Yuan'?

Received: 26 December 2021 / Accepted: 4 March 2022 / Published online: 19 April 2022

© The Nonferrous Metals Society of China 2022

Abstract

Formaldehyde (FA, a typical reactive carbonyl species) is a well-known environmental pollutant and a disease-related bio-
marker, making its sensitive and selective detection significant. Fluorescent probes have been explored for FA perception in
environment, intracellular media and in vivo. In this review, we majorly conclude the recently represented fluorescence FA
analysis based on small molecule probes. The general FA sensing mechanisms are first introduced. Regarding the FA detec-
tion in various environments, sensing tactics and performances are discussed in order of natural environment, living cells
and in vivo. In the end, this review discusses the challenges and future trends of FA detection based on fluorescent probes.

Keywords Formaldehyde - Small molecule probe - Fluorescence detection - Environmental monitoring - Intracellular

analysis - In vivo imaging

1 Introduction

Aldehydes with reactive carbonyl are essential to produce
plastics, detergents, and indoor decorative materials, etc.
As an example, formaldehyde (FA, the simplest aldehyde)
has been widely used as raw materials in chemical and con-
struction industry [1]. Notably, FA shows high toxicity and
carcinogenic effects due to its high reactivity [2, 3], has been
defined as the third-largest indoor chemical pollutant by the
World Health Organization, and generates from various
sources, including food preservatives, industrial activities,
and even indoor finish. And thus, the release of FA from
these materials attracts extensive concerns. In addition, pre-
vious reports indicated that FA can affect some biological
transformation processes through participating tricarbox-
ylic acid cycle [4], making biological FA level an important
index that reflects the health condition and its abnormality,
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which may lead to several diseases, such as Alzheimer's
disease, aging, cardiovascular disease, and cancers [5].
Therefore, the exploration of facile and sensitive detection
methods for FA quantification is significant to evaluate envi-
ronmental safety and health level.

So far, lots of FA detection methods have been devel-
oped based on electrophoresis, gas chromatography, high-
performance liquid chromatography, colorimetry, and
fluorimetry [2, 6-8]. Among them, fluorescence-based
FA detection methods have attracted growing attention
due to the high sensitivity and strong interference rejec-
tion [9]. To achieve sensitive FA perception, various inor-
ganic nanomaterial and organic small molecule-based
fluorimetric probes were reported by nucleophilic and
redox reactions [10, 11]. Nanomaterial-based fluorescent
probes usually utilize redox reactions, e.g., silver-mirror
reaction [12—14]. In comparison to nanomaterial-based
probes, small molecule-based chemodosimeters gener-
ally respond to FA via nucleophilic reactions and exhibit
several advantages including good uniformity, satisfy-
ing specificity, and versatile reaction mechanisms [15].
In addition, small molecule-based fluorescent probes pos-
sess outstanding selectivity and interference rejection, and
have been widely used as optical reporters and imaging tools
in last few decades [16—19]. In view of these characters,
numbers of small molecule-based fluorescent probes have
been exploited for gaseous and aqueous FA detection by
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fluorescence “turn-on” and “ratiometric” strategies. As the
growing research interest on FA detection, a summary of
very recent works is meaningful for the junior researchers to
understand the sensing and design principle of FA sensors.

Despite of the contribution of few excellent reviews on
reactive carbonyl species detection [9, 10, 20], summaries
focusing on FA analysis are still rare. Most of them only
present probes by amino-FA condensation and subsequent
reactions. In this review, we aim to summarize the recent
advances in fluorescent FA detection using small molecule-
based probes in 2016-2021. The general FA detection mech-
anisms are briefly introduced according to the responsive
groups and chemical reaction pathways at first. Then, recent
advances of FA detection in environmental, biological and
vegetal samples are presented with two aspects: turn-on/off
and ratiometric fluorescence variations. The sensing princi-
ples of analyte-induced fluorescence changes are discussed.
Regarding to the page limit, only few examples are intro-
duced in detail. In the end, this review concludes the current
challenges and prospects of small molecule-based probes for
FA detection in environmental and bioanalytical applications.

2 Summary of FA Sensing Mechanisms

As mentioned above, small molecule-based probes are able
to detect FA through nucleophilic reactions due to the high
reactivity of carbonyl [9]. Most responsive groups used
in designing probes are amino groups, including primary
amine and hydrazine. With different molecular structures,
the resulted Schiff-bases undergo diverse pathways and yield
various products. Recently, a few new systems have also
been explored for FA sensing. Based on responsive group
and reaction pathway, the sensing principles can be divided
into four categories: primary amine-FA condensation, hydra-
zine-FA condensation, aza-Cope rearrangement, and other
mechanisms.

2.1 Primary Amine-FA Condensation

The formation of Schiff-base (—-C=N-) by primary amine-
FA condensation is spontaneous and specific, and much
effort has been devoted to the development of FA probes
based on this mechanism. The lone pair electrons make
primary amine strong electron donor, which spontaneously
attacks the carbonyl group and forms formimine (typical
Schiff-base) [21]. The distinct electron and/or charge trans-
fer characteristics between primary amine and formimine
alternate the photophysical pathway of linked fluorophore,
thus affect the fluorescence behaviors. Additionally, such a
condensation is revisable. In general, the produced formim-
ine possesses free -N=CH, end group and its rotation turns
the fluorescence off by increasing non-irradiative possibility

[22]. For example, Song et al. [23] reported a BOD-NH,
probe detecting FA by fluorescence turn-off strategy
(Fig. 1a). Similarly, Wen et al. [24] proposed a diaminom-
aleonitrile derivate for fluorescence turn off sensing of FA.
However, if the rotation of -N=CH, end group is restricted,
fluorescence turn-on approach is also possible for FA sens-
ing based on this reaction. As referred in Chen’s report [25],
the amino terminated tetraphenylethene emitter is applica-
ble of fluorescence turn-on sensing of FA. In their work,
the amino terminated tetraphenylethene emitter was non-
emissive in PBS/DMSO mixture due to the good solubility.
While the addition of FA leads to the formation of -N=CH,
end group, which diminishes the solubility and causes the
aggregation of emitter. As is known, tetraphenylethene is a
typical AlEgen and displays strong emission in aggregation
state. As a result, the introduction of FA results in dramatic
fluorescence increment (Fig. 1b). The formimine possesses
strong nucleophilic activity and may produce other products
by nucleophilic addition. As an example, FA-caused intra-
heterocyclization of dopamine has also been used for fluo-
rescence FA detection [26]. The formed formimine attacks
the carbon (5’ position) and leads to the formation of new
heterocycle product, which emits yellow fluorescence.

2.2 Hydrazine-FA Condensation

Hydrazine with linked bi-amino groups also exhibits high
reactivity toward FA through condensation reaction. Dif-
ferent to primary amine, the strong photo-induced electron
transfer (PET) effect of hydrazine usually quenches the fluo-
rescence of nearby fluorophores [27]. The formed methyl-
enehydrazine (-NH-N=CH,) largely inhibits the PET effect

N
Insoluble H:O
Highly emissive

Soluble H,O
Weakly emissive

Fig. 1 a Schematic representation of fluorescence turn off FA detec-
tion with BOD-NH, probe. Reprinted with permission from ref.
[23]. Copyright 2018, Royal Society of Chemistry. b Illustration of
AlEgen—mediated fluorescence turn-on mechanism for FA detection.
Reprinted with permission from ref. [25]. Copyright 2018, American
Chemical Society
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and recovers the fluorescence. In this case, hydrazine-linked
fluorescent probes generally show fluorescence turn-on char-
acter toward FA. For instance, Tang et al. [28] reported a
naphthylamide-hydrazine based fluorescence probe (Na-FA)
for turn-on FA sensing. The fluorescence of Na-FA is sup-
pressed by hydrazine via PET, subsequent addition of FA
changes hydrazine into -NH-N=CH, group and destroys
the PET processes, which turns the fluorescence on (Fig. 2a).
Similarly, pyridine-linked naphthalimide has also been
applied for FA detection by Nasirian et al. [29], which shows
strong two-photon emission character. In comparison to turn-
off strategy, hydrazine-mediated turn-on approach provides
higher sensitivity due to the low background. In addition
to sole fluorescence turn-on tactics, fluorescence resonance
energy transfer (FRET) routes have also been reported by
introducing extra donors. That is, the FRET process between
donor and acceptor is first blocked because of fluorescence
inhibition by hydrazine, while the addition of FA breaks
up PET and turns the FRET on. Consequently, ratiometric
fluorescence variation is observed. As an example, using
coumarin as the donor and naphthylamide-hydrazine as the
acceptor, Yuan et al. [30] reported a FRET turn-on method
for FA detection (Fig. 2b). As is known, the intrinsic built-
in correction character of ratiometric systems enables more
sensitive detection. The FRET-based FA detection approach
allows FA perception in sub-nanomolar level.

2.3 Aza-Cope Rearrangement

Aza-Cope rearrangement is one of the important and fun-
damental reactions that produce C—C and C-N bonds under
mild condition, and has been widely used in asymmetric
catalysis [31, 32]. In this reaction, butylene amine (usually

Fig.2 a Design of the two-
photon fluorescent Na-FA
probe. Reprinted with permis-
sion from ref. [28]. Copyright
2016, Wiley—-VCH. b Response
mechanism of two-photon
FRET-based ratiometric
fluorescent sensor toward FA.
Reprinted with permission
from ref. [30]. Copyright 2020,
Elsevier
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called as homoallylamine) reacts with FA to form butylene
imine. The following rearrangement reaction leads to the
retroflexion of cationic butylene imine-contained molecular
structure and the hydrolysis of cationic imine in turn, which
yields end aldehyde group [33]. Convention of butylene
imine to aldehyde group changes the electron interaction
affinity to the connected fluorophores, and results in ratio-
metric fluorescence variation [34, 35]. Such a reaction is first
applied for FA detection by Chang et al. [36].

Using homoallylamine functionalized quinoline deriva-
tive as the probe, Li et al. [37] proposed a ratiometric FA
detection system. The probe emits green fluorescence
(485 nm) and becomes yellow emissive (570 nm) after FA
stimulation (Fig. 3a). With introducing thiophen and car-
bazol into emission center, Gu et al. [38] reported a probe
for dual-channel FA sensing. The addition of FA turned
homoallylamine into aldehyde, which induced the change of
fluorescence emission maxima from 393 to 542 nm and vari-
ation of absorption maxima from 300 to 400 nm. As a result,
both colorimetric and fluorescence ratiometric FA sensing
were realized (Fig. 3b). Additionally, fluorescence turn-on
FA sensing with aza-Cope rearrangement is also feasible.
For example, Yang et al. [39] displayed the FA-enhanced
emission of benzoxadiazole-based probe. With the modifica-
tion of different electron-withdrawing and electron-donating
groups, they achieved the preparation of FA probe with neg-
ligible fluorescence via intramolecular charge transfer (ICT)
effect. The FA-probe reaction destroyed the ICT process and
boosted the fluorescence.

With cascade reactions, several sensing systems were also
presented with the trigger of aza-Cope rearrangement. As
referred in Zhang’s report [40], a FA-reactive lysine ana-
logue was site-specifically incorporated into the critical site
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Fig.3 a Schematic illustration of FAP-based ratiometric FA sens-
ing mechanism. Reprinted with permission from ref. [37]. Copyright
2017, Royal Society of Chemistry. b Diagrammatic representation of
dual-channel FA sensing. Reprinted with permission from ref. [38].

of green fluorescent protein first, the FA-induced 2-aza-
Cope rearrangement generated aldehyde, which subse-
quently attacked the amide carbon and left free amino group
(Fig. 3c). The regeneration of free amino group distinctly
enhances the fluorescence of green fluorescent protein and
can be applied for FA monitoring. Du et al. [41] found that
the reactivity of such a cascade reaction is highly dependent
on the N-substitution group of homoallylamine, and con-
ducted systematic study on this issue. The optimal 2-aza-
Cope reactivity to FA was found to be N-p-methoxybenzyl
substitution over other 24 groups, which showed 20-folds
fluorescence enhancement after adding FA.

2.4 Other Mechanisms

All above three mechanisms are dependent on amino-alde-
hyde condensation reaction and the formation of imine.
However, a few probes react with FA through other path-
ways. For instance, Lin’s group [42] explored a benzopyry-
lium-based responsive unit that recognizes sulfite and FA.
The Michael addition reaction between sulfite and benzo-
pyrylium closes the fluorescence, and the addition of FA
leads to the exfoliation of sulfite and recovery of fluores-
cence (Fig. 4a). This mechanism, however, provides the
reversible response toward sulfite and FA, which is totally
different from those of amino-aldehyde condensation reac-
tions. Through involving benzopyrylium unit into the con-
jugation plane, Wang et al. [43] achieved near-infrared FA
sensing with ratiometric characters. Based on this mech-
anism, Tan et al. [44] reported a FRET probe by linking
naphthalimide and xanthene. The xanthene shows reactivity
toward sulfite and FA, similar to that of benzopyrylium. The
proposed FREP probe is capable of FA sensing with a LOD
of 7.48 nmol/L. In addition, FA-stimulated ring opening of

Fluorescence @ @ @ @ © @ @

Color .'....'

Copyright 2020, Elsevier. ¢ Illustration of PrAK-mediated FA sens-
ing. Reprinted with permission from ref. [40]. Copyright 2020,
Wiley—VCH

N-phenylsuccinimide has also been explored for FA detec-
tion. According to Bi’s work [45], the formed carbinolamine
is trend to attack N-phenylsuccinimide, which opens the
azacyclo structure and changes the fluorescence character
(Fig. 4b).

3 Environmental and Biological FA Analysis

As mentioned above, the World Health Organization labels
FA as the third-largest indoor chemical pollutant, which
is also known as an essential volatile organic compound.
In consideration of its distinct influence in various fields
including environment, biological process, and plant growth,
detection of FA is thus a significant issue that benefits
the deep understanding of its biological function and the
monitoring of environmental quality. The highly reactive
character of FA enables the development of diverse fluores-
cence probes for its sensitive detection by various chemical
reactions. Accordingly, lots of small molecule-based fluo-
rescence sensing systems for FA detection have been con-
structed toward three aspects: environmental analysis, living
cell imaging, tissue and in vivo visualization.

3.1 Environmental FA Analysis

Since FA can release from various materials, its environmen-
tal contamination causes wide attention because exogenous
FA can enter organisms through contact, drinking water,
breathing, or eating. In consideration of the low molecular
weight and melting point, FA generally exists at gaseous
state. In addition, it also shows strong adsorption ability,
making the existence on material surface or inner space pos-
sible. In this part, the FA detection examples in air, solutions
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Fig.4 a Schematic representa-
tion of reversible sulfite and FA
sensing with benzopyrylium-
based responsive unit. Reprinted
with permission from ref. [42].
Copyright 2019, Royal Society
of Chemistry. b Diagram of

FA-induced ring-opening of /\oo
azacyclo probe. Reprinted & FA
with permission from ref. [45]. Qq-

Copyright 2021, Royal Society
of Chemistry
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and leather products are briefly introduced. Although the
rotation of formed -N=CH, group can cause fluorescence
quenching and is able to indicate FA concentration, this way
shows low sensitivity due to the high background. And most
of proposed probes reported FA with turn-on or ratiometric
fluorescence variations.

The hydrazine substituted 4-chloro-7-nitro-1,2,3-ben-
zoxadiazole (denoted as FAP) was reported for the turn-
on FA sensing in air [46]. As indicated above, hydrazine
can quench the fluorescence through PET mechanism, and

a
PET
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0 O NO.
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N /Gaseous FA
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- solution
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Solution

Weakly emissive
Solide state

Highly emissive
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Fig.5 a Scheme of preparation of TPE-FA loaded FA test plate and
fluorescence response to gaseous FA. Reprinted with permission from
ref. [47]. Copyright 2018, American Chemical Society. b The fluores-
cence spectra of the TF-FA loaded fabric and cotton test substrates in
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formation of methylenehydrazine blocks PET process and
turns the fluorescence on. This probe enables FA detection
with a LOD of 0.89 pg/L. Using 4-nitrobenzyl homoal-
lylamine terminated tetraphenylethene (TPE-FA) as the
probe, Zhao et al. [47] realized fluorescence turn-on and
portable detection of gaseous FA. In their work, the FA-
induced aza-Cope rearrangement excised 4-nitrobenzyl and
destroyed the corresponding PET process (Fig. 5a). As a
result, enhanced fluorescence with increasing FA concentra-
tions was observed. They also fabricated a portable solid FA
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the absence and presence of FA, excited at 305 nm. Inset images are
the corresponding photographs of fabric (left) and cotton (right) test
substrates in the absence and presence of FA. Reprinted with permis-
sion from ref. [53]. Copyright 2019, Elsevier
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sensor by direct loading of TPE-FA onto high performance
thin-layer chromatography silica gel plate. And the proposed
sensor allows FA sensing as low as 0.036 mg/m?>. Through
the introduction of squaraine-hydrazine adducts, Liu et al.
[48] proposed a fast response probe toward aqueous FA
sensing. The addition of FA resulted in visible increment of
absorbance at 650 nm, leading to the colorimetric change of
solution within 1 second providing a convenient “mix-and-
detect” platform.

The FA detection with fluorescence turn-on tactic was
also applied in leather products inspection by Wang et al.
[49] using a 2-(2-aminoethoxy)-ethanol modified naphthal-
imide-hydrazine (FAP-1) probe. The 2-(2-aminoethoxy)-
ethanol modification is critical to increase the solubility
of naphthalimide-hydrazine, which authorizes aqueous FA
analysis. This FAP-1 probe permited the FA detection in
aqueous media down to 0.76 pmol/L. And the detected FA
in leather products was calculated to be 33.7 mg/kg, which
was more accurate than standard colorimetric assay utilizing
2,4-dinitrophenylhydrazine and acetylacetone as chemical
derivatizing agents. With similar design, FA detection in
milk samples was also achieved [50].

As is known, ratiometric sensing systems with built-in
correction characters provide high sensitivity and accuracy.
And many works on the development of ratiometric fluores-
cence probes have been reported. The aza-Cope rearrange-
ment mechanism is often used in the design of ratiometric
FA probes. For example, using 2-(2-hydroxyphenyl)benzo-
thiazole as the emitter, Zhou et al. [51] reported a HBT-FA
probe for ratiometric FA sensing based on aza-Cope rear-
rangement reaction. The change of end homoallylamine into
aldehyde altered the conjugation of emitter, which caused
red-shift of emission maxima from 462 to 541 nm. The fluo-
rescence intensity ratio (Fs,,/Fyq,) was utilized for quantify-
ing aqueous FA in the concentration range of 0—30 mmol/L
with 3 h reaction time. The LOD was determined to be
0.041 mmol/L. The simple paper or film-based gaseous
analysis causes wide research interest. By loading HBT-FA
into filter paper strips, FA gas-induced fluorescence color
change from 37% FA solution was observed under UV light
irradiation [52].

By exploring triphenylamine as the fluorophore and
homoallylamine as the responsive motif, Zhai et al. [53]
proposed a TP-FA probe for achieving ratiometric FA sens-
ing. As the same in Zhou’s work [51], FA-induced forma-
tion of benzaldehyde increased the length of m-conjugation
and led to red-shift of emission maxima from 422 nm to
488 nm, allowed FA sensing in aqueous media with LOD
of 51 pmol/L through 1 h reaction. The TP-FA also shows
AIE character, making it possible to gaseous FA detection
in solid state. Zhai et al. [53] also prepared fabric and cotton
test substrates by simple TP-FA solution soakage. As shown
in Fig. 5b, the fabric and cotton test substrates exhibit strong

blue emission, while they emits intense green light after FA
stimulation. The visible fluorescence color change demon-
strated the practical application of TP-FA soaked fabric and
cotton test substrates in gaseous FA perception. Interest-
ingly, this probe only responses to FA, and other aldehydes
including cetaldehyde, propylaldehyde, butyraldehyde, and
isobutyraldehyde don’t cause any comparable fluorescence
variation.

These two ratiometric probes show long response time
and high LODs that may hinder the sensitive FA detection.
The long response time may be attributed to the intrinsic
multistep pathway. To realize accurate and sensitive FA
analysis, Chen et al. [54] explored an anthracene carbox-
imide-based fluorescent probe for ratiometric FA sensing
with hydrazine-FA condensation. The hydrazine group cou-
pled probe emited red fluorescence at 600 nm, while FA-
mediated generation of methylenehydrazine yielded green
emission at 530 nm. This probe detected aqueous FA in
5 min reaction and showed good linearity toward FA con-
centration from 0 to 60 pmol/L. The LOD was calculated to
be 120 nmol/L.

3.2 Intracellular FA Detection and Imaging

It is reported that FA is also a normal metabolite of liv-
ing cells, and can induce DNA damage through forming
mono-adduct [55]. Thus, the intracellular FA abnormality
may cause diseases and its detection and imaging is very
important to monitor the biological status. In comparison
to aqueous or gaseous FA sensing, intracellular FA analy-
sis requires good solubility and low toxicity of probes. In
other words, insoluble and toxic small molecules are not
favorable in intracellular detection and imaging. To avoid
this condition, hydrophilic and biocompatible functional
groups are usually decorated into probe backbone in typical
assays. For example, Yuan et al. [56] developed a butanoic
acid functionalized naphthalimide hydrazine (NID) probe for
fluorescence turn-on FA sensing in MCF-7 cancer cells. The
NID pretreated MCF-7 cells showed increased fluorescence
upon incubation with FA, and negligible fluorescence was
observed in control group without addition of FA. Similarly,
using N, N-dimethyl ethylamine terminated naphthalimide
hydrazine (NaFP) as the probe, Gu et al. [57] achieved turn-
on aqueous FA detection with a LOD of 65 nmol/L (S/N=3).
And imaging of FA in HeLa cells was realized with NaFP
probe. Through hydrazide functionalization, Bi et al. [58]
proposed a sensitive MPAB probe for FA sensing. The addi-
tion of FA boosted the fluorescence of probe with 18.9-folds
increment and the LOD was determined to be 20 nmol/L.
This probe endows the perception of endogenous FA in liv-
ing SMMC-7721 cells.

Except hydrazine-FA condensation, aza-Cope rearrange-
ment has also been utilized to design imaging probe for FA.
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For instance, Xu et al. [59] developed AENO probe for
turn-on FA detection based on homoallylamine-modified
naphthol. The end homoallylamine with electron donat-
ing capability blocks the ICT process and thus the AENO
displays ignorable emission. However, the introduction of
FA changes homoallylamine into aldehyde, a typical elec-
tron-withdrawing group. As a result, the ICT process from
phenol to generated aldehyde occurs, which shows bright
emission. Due to the multistep reaction nature, the fluores-
cence response of AENO probe toward FA is complete over
150 min. In view of the long reaction time, the AENO probe
is able to image intracellular FA after 3 h incubation with
exogenous FA. With UV light irradiation, this probe is also
applicable for ratiometric FA sensing [60]. The elimination
of homoallylamine not only alters the electron state of probe,
but also changes the spatial structure of molecule. The
homoallylamine modified pyrene probe has been explored
to detect FA via aza-Cope rearrangement-regulated exci-
mer formation [61]. Without addition of FA, the homoal-
lylamine with large steric effect inhibits the formation of
pyrene excimer, thus only weak emission is observed. How-
ever, the addition of FA induces the generation of aldehyde,
which eliminates the steric effect and promotes the forma-
tion of pyrene excimer. Therefore, strong ultramarine emis-
sion around 470 nm after FA introduction appears. With
such a character, this probe allows FA imaging in human
esophageal carcinoma line HEK293T cells after exogenous
FA incubation.

For intracellular analysis, selective target recognition
in special organelles/locations is very important to illus-
trate the endogenous process and distribution. It is gener-
ally accepted that liposome-like cell membrane consists
of phospholipide backbone and lots of functional pro-
teins. Active groups that can bind to the phospholipide
and/or surface protein will facilitate the adsorption and

Probe+HCHO NaHSO,+Probe
Jct N

1

Fig. 6 a Bright-field, fluorescence and merge imaging of live HeLa
cells with Mem-FA probe upon various treatments. Reprinted with
permission from ref. [62]. Copyright 2021, Royal Society of Chem-
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penetration of probes. To achieve FA visualization on cell
membrane, Sheng et al. [62] developed a fluorescent probe
Mem-FA based on dodecyl chain functionalized naphthal-
imide hydrazine derivative. The hydrophobic interaction
between dodecyl chain and phospholipide benefits the cell
membrane anchorage of probe. The sensing mechanism is
dependent on typical hydrazine-FA condensation-induced
PET block and fluorescence turn-on. With cell membrane
targeting affinity and selective FA response character,
Mem-FA has been applied for fluorescent FA imaging in
live HeLa cells. As shown in Fig. 6a, the control cells show
negligible emission after Mem-FA incubation, while they
display strong green fluorescence on cell membrane after
the addition of exogenetic FA. In addition, the membrane
fluorescence of NaHSO;-treated HeLa cells is ignorable
even with exogenetic FA, demonstrating the fluorescence
response originates from FA stimulation. Moreover, this
probe can detect endogenous FA by tetrahydrofolate (Tet)
driven one-carbon cycle. Taken together, the proposed
Mem-FA probe is applicable of exogenetic and endog-
enous FA sensing on cell membrane.

The overexpressed asialoglycoprotein receptor on the
surface of hepatocytes cell membrane indicates the possi-
bility of specific FA detection in hepatoma cells using p-D-
galactose as the targeting group. In view this principle, Zhou
et al. [63] reported a p-D-galactose linked naphthalimide
hydrazine derivative for turn-on intracellular FA imaging
in HepG-2 cells. To illustrate the recognition capability,
cervical cancer cell (HeLa) and normal cell (L929) with
low asialoglycoprotein receptor expression were tested as
control groups. Negligible fluorescence was observed in
HeLa and 1.929 cells. In contrast, bright emission in HepG-2
cells appeared (Fig. 6b). The good specificity indicates the
feasibility of FA imaging HepG-2 cells and diagnosis of
hepatoma cells.

Tet+Probe b

oo B

istry. b Confocal fluorescence imaging of HeLa (al-a3), L929 (b1-
b2) and HepG-2 (cl-c2) cells incubated with 5 pmol/L NFP-G.
Reprinted with permission from ref. [63]. Copyright 2021, Elsevier
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3.3 FAVisualization In Tissue and In Vivo

The detection and imaging of biological FA in tissue and
in vivo is essential for health status judgement and dis-
ease diagnosis. Many works focusing on this aspect were
reported. Different from cell imaging assays, thick tissues
and organs with large absorbance lead to short fluorescence
imaging depth of field. On the other hand, short wavelength
light irradiation also causes visible phototoxicity to them. To
realize effective fluorescence imaging in tissue and in vivo,
probes with two-photon emission characters were developed
[64]. The near-infrared excitation enables deep fluorescence
imaging and weakens the phototoxicity.

For example, Lin’s group [28, 65, 66] found that naph-
thalimide-based fluorophores exhibit strong two-photon
emission. Upon two-photon excitation, the naphthalimide
hydrazine probe shows 900-folds fluorescence enhancement
after FA stimulation, which is much higher than that with
one-photon model (325-folds). With such a high sensitivity
of two-photon fluorescence, they applied the probe for liver
and tumor tissue slice imaging. As shown in Fig. 7a, the
distribution of endogenous FA in liver organs is depicted
with two-photon imaging technique. The accumulation of

Fig. 7 a Fluorescence images of
liver slides incubated with probe
(10 mm) for 1 h. Excitation was
at 880 nm by femtosecond laser,
and the emission collection was
from 500-550 nm. Scale bar:

50 mm. Labels from 0-60 mm
indicate scanning depths of b
the tissue slices. Reprinted

with permission from ref. [28].
Copyright 2016, Wiley—VCH.

b Ratiometric imaging of FA in
different mouse organ tissues.
Reprinted with permission

from ref. [68]. Copyright 2017,
American Chemical Society.

¢ Schematic illustration of c
“dual-key and lock” Ru-FA
probe for lysosomal FA sens-
ing. Reprinted with permission
from ref. [69]. Copyright 2019,
American Chemical Society

10 um

Intensity based images

N‘“

~ Ru-FA

Py gt

Responsive l N
N, linker

“Dual-key & lock” probe

FA majorly focuses on 20-40 um depth, and FA existence
below 10 um and more than 50 um is not observed. The
FA distribution in tumor tissue slice, however, generally
concentrates during 10-30 um depth [66]. Besides, quino-
line derivatives have also been reported with two-photon
emission [67]. The homoallylamine functionalization first
quenches the fluorescence, and subsequent FA exposure
turns on the fluorescence. In addition to turn-on strategy,
naphthaldehyde-based two-photon probe has been explored
for ratiomtric FA sensing with homoallylamine modification
[68]. The probe which shows blue emission at 438 nm and
emits green light (533 nm) after FA stimulation is applied
for two-photon imaging of endogenous formaldehyde levels
in different mouse organ tissues with 760 nm excitation. As
manifested in Fig. 7b, FA exists in all mouse organ tissues,
and its levels in liver and brain are higher than that in kidney
and colon.

Recent reports reveal that the FA generation and metas-
tasis in acidic lysosomes largely affect its biological roles,
thus the investigation of lysosomal FA in acidic microen-
vironment is also important beyond neutral condition. It is
reported that amino-FA condensation reaction is also pH
dependent. To merit this demand, Liu et al. [69] reported

20 um 30 um 40 uym 50 pm 60 um

K|dney

Intracellular
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a ruthenium(Il) complex probe (Ru-FA) for lysosomal
FA sensing in cells and tumors based on “dual-key-and-
lock” strategy. That is, 2,4-dinitrobenzene quenches the
emission of Ru(Il) emitter through PET mechanism, and
FA-induced aza-Cope rearrangement in acidic condition
facilitates the elimination of homoallylamine-2,4-dini-
trobenzene and recovery of emission (Fig. 7c). However,
without the assistance of acid, this probe doesn’t show
visible emission even with FA stimulation.

The FA pollution in plants affects their growth and
development, and may lead to dramatic decrease of pro-
ductivity and quality. Therefore, mapping the distribution
of FA in plants is also an important issue for monitoring
of plants health and contamination. As reported in previ-
ous works, toxic pollutants primary exist in root tip of
plants. Toward this goal, few probes have been applied for
FA imaging in plant root tip tissues. The strongly emis-
sive N,N-dimethylquinolin-6-amine has been widely used
as the chromophore because of its excellent photophysi-
cal properties. With homoallylamine modification, the
resulted FAP probe showed visible fluorimetric changes
within 5 min and became equilibrium after 150 min reac-
tion [37]. To verify the practical application of FA imag-
ing in plant, Arabidopsis thaliana root tip tissues were
used. As shown in Fig. 8a, the root tip tissues display
strong green emission and weak red emission after FAP
probe incubation. In contrast, the addition of exogenous
FA weakens the green emission and results in strong red
emission. Such a distinct fluorescence change proves that
FAP probe can detect FA in living plants. In addition,
Wu et al. [70] developed a BT-1 probe for endogenous
FA imaging based N-heterocyclic derivatives. The probe
utilizes primary amine-FA condensation reaction, which
alters the electron transfer and turns on the blue fluores-
cence. As displayed in Fig. 8b, Arabidopsis thaliana root
tip tissues show enhanced fluorescence only after exog-
enous FA incubation. These reports demonstrate that small

a Green Red Merge Ratio

as

»

Control

FA

=7 |

Fig.8 a Confocal microscopy images of Arabidopsis thaliana root
tip tissues after FAP incubation without (up) and with (bottom) exog-
enous FA stimulation. Reprinted with permission from ref. [37].
Copyright 2017, Royal Society of Chemistry. b Confocal microscopy
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molecule probes are capable of FA sensing in air, solution,
cell, and in vivo.

4 Conclusion and Perspective

In this review, we have provided an overview on the recent
advances of fluorescence-based in vitro and in vivo FA
detection using small molecule probes. To facilitate the
understanding for junior researchers, the sensing mecha-
nisms are comprehensively summarized. As shown in
Table 1, the characteristics of recently released representa-
tive FA fluorescent probes are listed. Most of these probes
show rapid and selective response toward FA over other spe-
cies by converting the detection events into fluorescence.
With further molecular structure optimization, some ratio-
metric probes allow FA detection down to nmol/L level.
Besides, the mapping of endogenous FA in vivo endows
deep understanding of its actual biological functions.

Despite the successful development of sensitive and
selective small molecule-based detection systems for FA
analysis in vitro and in vivo, some issues regard this research
direction still exist. For chemodosimeter-based FA assays,
several drawbacks still need to be overcome in future. Here,
we’d like to share our viewpoints of challenges focusing on
fluorimetric sensing performances of FA probes.

(1) Portable FA analysis with high sensitivity. Although
the aqueous FA sensing is usually achieved with pmol/L and
even nmol/L (pg/m?) sensitivity, the gaseous sensing with
portable devices with low LODs is still rare. According to
the indoor air standard by World Health Organization, the
maximum FA concentration is 0.08 mg/rn3. However, the
LODs of gaseous FA sensing are generally at the level of
0.20 to 2.00 mg/m?>. The high LODs might hinder its practi-
cal application in air quality monitoring. A possible reason
for low gaseous FA detection sensitivity is ascribed to the
slow reaction rate. The development of simple and effective

b Fluorescence
b,

Bright field Merged

Control

FA

images of Arabidopsis thaliana root tip tissues after BT-1 incubation
without (up) and with (bottom) exogenous FA stimulation. Reprinted
with permission from ref. [70]. Copyright 2018, Elsevier
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Table 1 A summary of recently published fluorescent probes for environmental and biological FA analysis

Probe Strategy LOD Linear range Application Reference
FAP Hydrazine-FA 0.89 pg/L 0.015-0.8 mg/L Gaseous FA [46]
TPE-FA Aza-Cope 0.036 mg/m® 0-1.6 mg/m® Gaseous FA [47]
SQOH-hydrazine Hydrazine-FA 60 pmol/L 0-36 mmol/L Beer [48]
FAP-1 Hydrazine-FA 0.76 pmol/L 0-60 mg/kg Leather [49]
NaP Hydrazine-FA 1.62 % 1078 mol/L 0-200 pmol/L Milk [50]
HBT-FA Aza-Cope 4.1%10™* mol/L 0-30 mmol/L Gaseous FA [51]
TP-FA Aza-Cope 5.1x 107 mol/L 0-5.6 mmol/L Gaseous FA [53]
Anthracene carboximide Hydrazine-FA 120 nmol/L 0-60 pmol/L Gaseous FA [54]
NID Hydrazine-FA 0.36 pmol/L 0-100 pmol/L MCEF-7 cells [56]
NaFP Hydrazine-FA 65 nmol/L 0-300 pmol/L HeLa cells [57]
MPAB Hydrazine-FA 20 nmol/L 0-30 pmol/L SMMC-7721 cells [58]
AENO Aza-Cope 0.57 pmol/L 0-1.0 mmol/L HeLa cells [59]
RFFP Aza-Cope 1.87 %10 mol/L 0-3.0 mmol/L HeLa cells [60]
B1 Aza-Cope 0.107 pmol/L 0-10 pmol/L HEK293T [61]
Mem-FA Aza-Cope 214 nmol/L 0-300 pmol/L HeLa cells [62]
NFP-A Hydrazine-FA 0.18 pmol/L 0-30 pmol/L/0—15 pmol/L HepG-2 cells [63]
PFM Hydrazine-FA 10 pmol/L 0-200 pmol/L Neurovascular cells [64]
Na-FA Hydrazine-FA 7.1x1077 mol/L 0-200 pmol/L Liver tissue [65]
X-FA Hydrazine-FA 0.78 pmol/L 0-100 pmol/L Tumour slices [66]
FATP-1 Aza-Cope 0.3 pmol/L 0-2 mmol/L Brains tissue [67]
Probe 1 Aza-Cope 10 pmol/L 200-400 pmol/L Organ tissue [68]
Ru-FA 2-aza-Cope 19.8 nmol/L 0-60 pmol/L Lysosomes [69]
BT-1 Primary amine-FA 2 pmol/L 0-10 mol/L Arabidopsis thaliana [70]

probes to percept FA in short time might be an interesting
research direction.

(2) Selective FA perception over other aldehydes. The
summarized probes in this review detect FA via chemical
interaction toward reactive carbonyl, which generates new
species and varied fluorescence signals. It should be noticed
that all aldehydes possess reactive carbonyl and similar reac-
tion activity. Regarding this situation, the proposed probes
almost present reactivity toward diverse aldehydes. Despite
that few examples show the differentiation capability of FA
from propylaldehyde and butyraldehyde [53, 54], distin-
guishing FA from acetaldehyde is still a challenge [71]. To
solve this problem, probes with designed molecular structure
that regulates steric effect might be possible for specific FA
detection.

(3) Multiple aldehydes analysis. Despite of the contain-
ing of reactive carbonyl, aldehyde with different molecular
structures exhibits diverse chemical reactivity and biological
influences. As reported, FA shows strong toxicity and has been
recognized as a known human carcinogen. Acetaldehyde, how-
ever, is a natural fermentation product in alcoholic beverages
and its effect is related to the alcohol intake. In addition, the
acute toxicities of various aldehydes are different. As a result,
the efficient discrimination of various aldehydes with a simple
strategy is appealing. Unfortunately, the proposed probes at

present only allow the detection of one or two aldehydes. It
is well-known that “chemical nose” technique combining dif-
ferent signal collectors is a good candidate for multi-targets
analysis [72—74]. This drawback might be overcome through
multidimensional analysis with the integration of “chemical
nose” technique and data process tools.
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