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Recent advances in selective formaldehyde
detection in biological and environmental samples
by fluorometric and colorimetric chemodosimeters
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Formaldehyde, a highly reactive carbonyl species, has been widely used in day-to-day life owing to its
numerous applications in essential commodities, etc.; the extrusion of formaldehyde from these sources
basically leads to increased formaldehyde levels in the environment. Additionally, formaldehyde is
endogenously produced in the human body via several biological processes. Considering the adverse
effects of formaldehyde, it is highly important to develop an efficient and reliable method for monitoring
formaldehyde in environmental and biological samples. Several chemodosimeters (reaction-based
sensing probes) have been designed and synthesized to selectively detect the presence of formaldehyde
utilizing the photophysical properties of molecules. In this review, we have comprehensively discussed
the recent advances in the design principles and sensing mechanisms of developed probes and their
biological/environmental applications in selective formaldehyde detection and imaging endogenous
formaldehyde in cells. We have summarized the literature based on three different categories: (i) the
Schiff base reaction, (i) the 2-aza-Cope sigmatropic rearrangement reaction and (iii) miscellaneous
approaches. In all cases, reactions are accompanied by changes in color and/or emission that can be
detected by the naked eye.

1.

Formaldehyde (HCHO), a highly reactive colorless gas with
a strong and pungent smell, has attracted tremendous attention
from researchers due to its widespread application in many
areas, such as plastics, cosmetics, food, drugs, wood processing
(particleboard, oriented-strand board (OSB), high-density fiber
board (HDF), furniture, medium density fiber board (MDF), and
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plywood), medical science, biotechnology, paints and
textiles."** It is also employed as a cleaning and caring product,
photoprocessing chemical, preservative, disinfectant, and
biocide.”® The aqueous solution of formaldehyde, called
formalin, is used as a disinfectant in hospitals due to its anti-
septic properties.’® However, formaldehyde is considered to be
the third largest indoor chemical pollutant, and it poses an
important threat to living organisms because of its carcinogenic
and mutagenic nature.””* Generally, formaldehyde is released
into the atmosphere from both natural (microbe emission,
vegetation, degradation of humic substances, biomass
combustion, etc.) and anthropogenic or artificial (vehicle
exhaust, building ingredients, fumigation, industrial produc-
tion of formaldehyde, etc.) sources.**?” Additionally, formalde-
hyde is endogenously generated in the human body during
demethylation or oxidation processes catalyzed by demethylase
and oxidase enzymes such as lysine-specific demethylase 1
(LSD1),>*3° alcohol dehydrogenase (ADH), semicarbazide-
sensitive amine oxidase (SSAO)** and JmjC domain-containing
protein.**?** The normal level of formaldehyde in human
blood is about 50-100 uM; that in cells is 200-400 uM, and that
in the brain is 0.2-0.4 mM.***® Regular formaldehyde concen-
tration is associated with spatial memory and cognitive abili-
ties;**** however, the excess accumulation of formaldehyde in
living organisms can trigger different diseases, such as Alz-
heimer's disease, inhibition of DNA repair, asthma, heart
disorders, cancer, cirrhosis, leukemia, diabetes, neurological
and cardiovascular disorders, chronic liver disorders, neonatal
chromosome disorder, allergic pneumonia, impaired memory,
and mutations of nuclear genes.*>** The World Health Orga-
nization (WHO) and the United States Environmental Protec-
tion Agency (US EPA) recommend a tolerable daily consumption
of formaldehyde at 0.15 and 0.2 mg kg ' body weight,
respectively.>>’

Considering the adverse effects of formaldehyde, the devel-
opment of convenient, proficient and reliable methods for
monitoring formaldehyde in environmental and biological
samples is highly desirable. Unstinting effort from the research
community has aided the development of numerous analytical
techniques for formaldehyde detection, such as high-
performance liquid chromatography,® cataluminescence,*
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gas chromatography,®® chemoresistivity,** organic-inorganic
hybrid materials,*> biosensor methods,* capillary electropho-
resis,** field effect gas sensors,* ion chromatography,®® polar-
ography,”” Raman spectroscopy,®® sol-gel methods,*” quartz
crystal microbalance,” conductometry,” X-ray diffraction (XRD)
and transmission electron microscopy (TEM).”>

Recently, chromogenic and fluorogenic chemodosimeters
for formaldehyde sensing have been developed as alternatives
to these costly and time-consuming conventional processes.”””
The main reasons for the wide applicability of these spectral
methods include their simplicity, selectivity, high sensitivity,
rapidity, reliability, ease of application, economical nature and
real-time monitoring in living cells and tissues.”®*® Chemo-
dosimeters are chemical systems that detect target analytes by
means of a highly selective, sensitive and typically irreversible
chemical reaction.?"**> Here, all discussed chemodosimeters are
designed so that changes in fluorescence and/or absorption are
observed sharply upon reaction with the analyte,
formaldehyde.

The developments of this chemistry have been summarized
in a few articles in a scattered way. However, in-depth mecha-
nistic understanding can be realized by an inclusive survey of
the research developments in chromogenic/fluorogenic che-

Le.,

modosimeters for selective detection of formaldehyde. The aim
of this review is to provide a comprehensive understanding of
this chemistry, encompassing the in-depth and exhaustive
discussion of mechanistic considerations and covering recent
developments from 2018 onwards along with unprecedented
notable developments. In this review, we have discussed recent
developments categorically in terms of mechanistic under-
standing: (i) the Schiff base reaction; (ii) the 2-aza-Cope sig-
matropic rearrangement reaction; and (iii) miscellaneous
approaches.

2. Formaldehyde-sensing
mechanisms

2.1. Schiff base reaction

The hydrazine moiety or amine group is generally used as
a selective reactive unit in the design and development of
probes to sense formaldehyde. Formaldehyde reacts with
hydrazine moiety/amine groups to form the corresponding
imines (Schiff base reaction),®*® which show considerably
different emission and absorption properties (Scheme 1). Based
on this general strategy, in this section, we discuss various
amine and hydrazine derivatives based on 1,8-napthalimides,
benzooxazole, benzothiazole, tri-aryl pyridine, BODIPY, NBD
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Scheme 1 Strategy for the design of formaldehyde-selective fluo-
rescent probes based on the Schiff base reaction.

Anal. Methods, 2021, 13, 1084-1105 | 1085



Analytical Methods

(nitrobenzoxadiazole) derivatives, metal-organic frameworks
(MOF), chitosan-based polymers, rhodamine B, naphthalene,
tetraphenyl ethylene (TPE) and perylene bisimide (PDI) to
showcase fluorogenic and chromogenic chemodosimeters for
the selective detection of formaldehyde.

2.1.1. Amine moiety-based chemodosimeters. A conden-
sation reaction of aldehyde (formaldehyde) and amine func-
tionalities provides the simplest Schiff base, formimine
(Scheme 1), which can be utilized as an efficient technique for
detection of formaldehyde analyte. Based on this principle,
chemists have designed and developed numerous fluorescent
probes for formaldehyde detection.

In 2012, Song et al.® first reported a Schiff base-based
strategy for the selective detection of formaldehyde, which
further inspired the development of several probes discussed in
this review. Initially, probe 1 displayed weak fluorescence at
535 nm due to an effective PET quenching effect from the
aniline group to the BODIPY moiety. However, the emission
intensity at 535 nm increased gradually with the incremental
addition of formaldehyde owing to the formation of an imine
compound (1a), which eliminated the PET process. The detec-
tion limit of 1 for formaldehyde based on its fluorescence
response is 165 nM, showing the highly sensitive efficiency of
the chemosensor (Fig. 1).

Utilizing this approach, in 2018, Xu and co-workers®
demonstrated two ESIPT-based fluorescent probes 2 and 3 for
formaldehyde sensing in PBS buffer solution containing EtOH
and DMSO (v/v/v = 50/50/0.1, 10 mM, pH 7.4) at 25 °C. Probe 2
showed two absorption bands at 300 and 365 nm. However,
upon addition of formaldehyde, a notable decrease of the
absorption intensity at 365 nm was observed, accompanied with
a 5 nm blue shift. Due to the PET process between the amino
group and benzothiazole, probe 2 exhibited weak emission at
519 nm. When formaldehyde was added to a solution of 2, the
emission band of the free probe at 519 nm (quantum yield:
0.098) displayed a significant fluorescence enhancement and
gradual blue shift to 476 nm (quantum yield: 0.156). The fluo-
rescence intensity of probe 2 at 476 nm increased linearly with
the formaldehyde concentration from 0.5 to 2 mM. Similarly,
the addition of formaldehyde to probe 3 led to the fluorescence
enhancement at 486 nm, and the quantum yield changed from
0.085 (3) to 0.089 (3 + formaldehyde). The detection limits of
probe 2 and 3 for sensing formaldehyde were calculated to be 2
uM and 29 pM, respectively. The authors also developed test
strips using probe 2 for rapid naked-eye detection of formal-
dehyde. Moreover, probe 2 was applied for imaging

Fig. 1

Chemodosimetric reaction of probe 1 with formaldehyde.
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formaldehyde in MCF-7 cells as well as in Arabidopsis thaliana
tissues (Fig. 2).

BODIPY-based formaldehyde chemodosimeter 4 was devel-
oped by Cao et al.®® The spectral properties of this probe were
tested in MeCN/HEPES buffer solution (1 : 9, v/v, 20 mM, pH
7.4). In the presence of formaldehyde, probe 4 causes a decrease
in the absorption peak at 482 nm, along with an increase in the
peak at 525 nm. Upon gradual addition of formaldehyde to the
solution of 4, a significant red shift in fluorescence is observed
from 525 nm to 548 nm, accompanied by a dramatic fluores-
cence enhancement. The authors reported test kit experiments
for the detection of hydrazine in environmental samples. Probe
4 had a detection limit of 0.104 uM and showed high selectivity
over other potentially interfering analytes. Importantly, 4 was
used to monitor and image formaldehyde in HeLa cells.

In the same year, Mahapatra's group® constructed a NBD (7-
nitrobenz-2-oxa-1,3-diazole) piperazine conjugate 5 which
showed a “turn-on” fluorescence response to formaldehyde.
Upon addition of formaldehyde, probe 5 exhibited a decrease in
absorption intensity at 485 nm, and the color of the solution
turned from orange to yellow. In absolute aqueous HEPES
buffer (pH 7.4) solution, only formaldehyde induced a large
fluorescence enhancement at 545 nm (51-fold); meanwhile,
other potential interferences such as reactive carbonyl and
oxygen species (acetone, glucose, OCl~, H,0,), other aliphatic
and aromatic aldehydes (glyoxal, methylglyoxal, p-nitro-
benzaldehyde, acetaldehyde, p-hydroxybenzaldehyde) and bio-
thiols (cysteine, homocysteine and glutathione) did not elicit
any noticeable changes, except that glyoxal responded slightly
to probe 5. The measured rate constant was 0.0107 s~ " for
formaldehyde under pseudo-first-order conditions. The fluo-
rescence intensity was linearly proportional to the concentra-
tions of formaldehyde ranging from 0 to 2.5 uM with a low
detection limit of 84 nM. Furthermore, probe 5 was used to
detect formaldehyde in plywood samples and for fluorescence
imaging of formaldehyde in living HADF cells.

In 2018, Jiang's group® devised a AIE-based turn-on probe (6)
for formaldehyde based on an imine formation reaction. Initially,
the probe was non-fluorescent in PBS solution (supplemented
with 10% DMSO). However, on addition of formaldehyde, the
fluorescence intensity was gradually enhanced at 530 nm (12-
fold). The fluorescence intensity (Aey, = 530 nm) displayed a linear
relationship toward concentrations of formaldehyde ranging from
100 nM to 1 uM, with a calculated detection limit of 40 nM.
Cytotoxicity experiments in HeLa cells revealed that probe 6 had
good biocompatibility. This probe was able to detect formalde-
hyde in living HeLa cells using confocal microscopy (Fig. 3).
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Fig. 2 Chemodosimetric
formaldehyde.

reaction of probes 2 and 3 with
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Fig. 3 Structures of formaldehyde probes 4-6.

In the next year, Hidayah et al®' designed amine group-
containing pyridine-based fluorescent probe 7, which showed
good sensitivity towards formaldehyde. The spectral studies of
probe 7 were performed in acetonitrile solvent. Upon addition
of aqueous solution of formaldehyde to the probe in acetoni-
trile, the emission wavelength shifted from 526 nm to 480 nm,
accompanied by a sharp emission color change from yellow to
blue which could be observed by the naked eye. This fluores-
cence change was mainly due to the formation of an imine bond
(7a) by the reaction between the primary amine functional
group and formaldehyde, resulting in inhibition of the PET
process (Fig. 4). The detection limit of 7 for formaldehyde based
on its fluorescence response is 0.58 mM, showing the high
sensitivity of the probe. Importantly, an easy-to-prepare test kit
was devised by the authors for the qualitative detection of
formaldehyde in food samples.

Very recent work involving this strategy was reported by
Cheng et al®* This probe (8) showed selective and sensitive
fluorescence enhancement at 582 nm accompanied by a color
change from purple to yellow due to formaldehyde, which was
not observed for other biologically relevant analytes. The
detection limit for formaldehyde was determined to be 1.5 pM
in aqueous solution. Probe 8 was employed to detect formal-
dehyde in living HeLa cells.

In 2019, Chen et al.®® described chemodosimetric fluorescent
probes (9-11) for formaldehyde sensing. Among them, probe 9
exhibited higher selectivity and sensitivity toward formaldehyde
than two control probes (10 and 11). Probe 10 displayed less
selectivity toward formaldehyde, whereas probe 11 did not show
fluorescence emission in presence of formaldehyde owing to
the absence of the ICT effect. Upon the addition of formalde-
hyde to a PBS (pH 7.4, 1% DMSO) solution of 9, the emission

Fig. 4 Reaction of chemodosimeter 7 with formaldehyde.

This journal is © The Royal Society of Chemistry 2021
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band of the free probe at 510 nm demonstrated a noteworthy
fluorescence enhancement (14-fold) due to the ESIPT and ICT
effects. The detection limit for formaldehyde was determined to
be 0.35 pM. In contrast, other biologically relevant analytes
displayed no apparent changes in the emission intensity of
probe 9. This probe was successfully employed in the fluores-
cence imaging of endogenous and exogenous formaldehyde in
living cells.

In 2020, Wechakorn and co-workers® reported a colorimetric
chemodosimeter 12, which demonstrated excellent selectivity
and sensitivity towards formaldehyde. Probe 12 displayed
obvious absorption changes from 475 nm to 582 nm in the
presence of formaldehyde in DMSO/KHP buffer (50% v/v, pH
4.0) solution with an apparent color change from yellow to deep
purple, permitting naked eye formaldehyde detection. The
sensing mechanism was established by '"H NMR, *C NMR, and
mass spectroscopy. In addition, the authors developed test
strips containing probe 12 for detection of formaldehyde in
aqueous medium (Fig. 5).

Ding et al.®® introduced PET and FRET-based ratiometric
fluorescent probe 13 for the detection of formaldehyde via an
imine formation reaction. Initially, chemodosimeter 13 exhibi-
ted an emission peak at 426 nm. However, a significant decrease
in the emission intensity at 426 nm was caused by the addition
of formaldehyde to the probe's solution, followed by an increase
in the emission intensity at 550 nm and a remarkable color
change from blue to yellow. The fluorescence intensity ratios
(Iss0/1426) established a good linear relationship with concen-
trations of formaldehyde ranging from 0 to 12.0 uM, and the
detection limit of 13 for formaldehyde was calculated to be 8.3
£ 0.3 nM. This type of optical change was mainly due to the
formation of yellow fluorescent product 13a followed by the
deactivation of PET and activation of FRET processes. Probe 13
was successfully applied in detecting formaldehyde in real food
samples (dried fish, frozen shrimp, frozen small octopus, and
frozen chicken). Additionally, probe 13 was able to visualize
formaldehyde in living HeLa cells, onion epidermal tissues and
living zebrafish (Fig. 6).

2.1.2. Hydrazine moiety-based chemodosimeters. Simi-
larly, hydrazine moiety with an amino group was considered for
formaldehyde sensing because of its strong nucleophilicity. It
can instinctively react with carbonyl compounds and provide

Fig. 5 Structures of formaldehyde probes 8-12.
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(a) Reaction of chemodosimeter 13 with formaldehyde. (b) Fluorescent imaging of endogenous formaldehyde in living zebrafish [A-D

(probe only) and E—H (probe + formaldehyde)]. Reprinted (adapted) with permission from ref. 95 Copyright (2020) American Chemical Society.

methylene hydrazine, which in turn helps to disrupt the PET
process from the hydrazine functionality to the fluorophore
(Scheme 2). In last few years, numerous fluorescent probes have
been developed based on this approach.

Yu et al.®® first reported the sensing of formaldehyde in
aqueous ethanolic (1 : 1) solution utilizing hydrazine moiety-
based chemodosimeter 14. Due to the PET mechanism from
aniline to the quinoline fluorophore, probe 14 displayed weak
fluorescence at 467 nm in organo-aqueous solution. The fluo-
rescence of 14 enhanced 5.5-fold in the presence of formal-
dehyde, which was due to the removal of the PET effect. The
emission intensity revealed an excellent linear relationship

p =

¥

Fluorescence Off Fluorescence On

Scheme 2 Formaldehyde-selective fluorescent probes based on the
Schiff base reaction.

1088 | Anal. Methods, 2021, 13, 1084-1105

with formaldehyde concentrations varying from 0 to 1.3 x
10°* M, and a detection limit of 900 nM was estimated.
Moreover, various carbonyl compounds such as formic acid,
acetic acid, acetone, aldehyde, and propylaldehyde did not
induce any interference. Probe 14 could be used to detect
residual formaldehyde in various foods, such as fish slices, silk
squid, yuba and dry seaweed. In addition, detection of form-
aldehyde on electrospinning nanofibers was described by the
authors (Fig. 7).

Recently, a novel hydrazine-functionalized Al(u)-based MOF
(15) was employed for the selective detection of formaldehyde in

NH, N/
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Fig. 7 Reaction of chemodosimeter 14 with formaldehyde.
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aqueous media, HEPES buffer media, vapor phase, and live
cancer cells.”” The sensing nature of the probe can be attributed
to the PET process. In the presence of formaldehyde, an imine
formation reaction takes place, which caused a turn-on fluo-
rescent response of the probe 15 (Fig. 8) because of the inhi-
bition of the PET process from the hydrazine group to the
phenyl ring. In HEPES buffer medium, a four-fold fluorescent
enhancement was observed within 60 s after formaldehyde
addition. This probe was used to sense formaldehyde selectively
over another relevant aldehyde, with a detection limit of 8.37
uM (0.25 ppm) in HEPES buffer medium and 2.14 uM (64.33
ppb) in aqueous medium. The authors reported that this probe
was also able to image formaldehyde in MDAMB-231 breast
cancer cells, suggesting the real application of probe 15 in the
analysis of biological samples (Table 1).

In 2018, Lin and co-workers®® developed another 1,8-
napthalimide-based two-photon fluorescent probe 16 for
selective formaldehyde detection, which contained a hydrazine
moiety as the reactive unit for formaldehyde. In the presence of
formaldehyde, probe 16 displayed turn-on fluorescence

Analytical Methods

response at 539 nm in 10 mM PBS buffer (pH 7.4, containing 5%
DMSO as co-solvent) solution, as the condensation reaction
between the hydrazine moiety of 16 and formaldehyde could
prevent the PET mechanism. The emission intensity at 539 nm
was linearly proportional to the concentration of formaldehyde
(0-50 puM), and the detection limit was found to be 4.9 x
10~® M. Moreover, the chemodosimeter has high selectivity and
can be successfully applied to image endogenous formaldehyde
in living HeLa cells and living mice liver tissue slices.

Using the same strategy, in 2018, Li et al® reported
a  hydrazino-naphthalimide-functionalized  chitosan-based
turn-on polymeric probe (17) for selective, sensitive and ultra-
fast detection of formaldehyde in aqueous solution. This sensor
displayed high sensitivity toward formaldehyde, with a detec-
tion limit as low as 0.05 ppm (1.66 uM). Additionally, this sensor
was successfully employed to detect formaldehyde in real water
and food samples.

Recently, Song and co-workers'” designed a BODIPY-based
turn-on fluorescent chemodosimeter (18) for sensing of formal-
dehyde with high selectivity over other competitive species. Probe

¥ No -
N ~\“
(a) XY NH, N N
~#  HCHO Z
15
Bright Field Fluorescence Superimposed

(b)

Probe Loaded Cells Cancer Cells

Treated with HCHO

Fig. 8
permission from ref. 97 Copyright (2018) American Chemical Society.
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(a) Reaction of probe 15 with formaldehyde. (b) Fluorescence images of MDAMB-231 breast cancer cells. Reprinted (adapted) with
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Analytical Methods

18 was able to detect formaldehyde via a color change and
a fluorescence change. This probe is non-fluorescent in PBS
buffer due to the twisted intramolecular charge transfer (TICT)
process from the strong electron-donating hydrazine group to the
BODIPY unit. In the presence of formaldehyde, the hydrazine
moiety of 18 is transformed to the hydrazone moiety, a process
that brings about a >900-fold fluorescence enhancement at
466 nm, accompanied by a color change from colorless to blue.
The detection limit for formaldehyde was calculated to be 0.18
uM, and a linear relationship between the emission intensity and
formaldehyde concentration was found to exist in the range of 0-
100 puM. In addition, chemodosimeter 18 showed a fluorescence
turn-on response to formaldehyde in living HeLa cells.

Using the same imine formation strategy, Zhang and co-
workers'®* designed and synthesized a two-photon fluorescent
probe (19) for formaldehyde detection based on the PET
mechanism. Initially, probe 19 showed a weak emission band
(® = 0.051) due to the PET effect. However, addition of form-
aldehyde to the PBS (10 mM, pH 7.4) solution of 19 deactivated
the internal PET mechanism and led to a 12-fold fluorescence
enhancement at 550 nm (¢ = 0.326) with a detection limit of
12.4 pM. The fluorescence intensity showed a good linear rela-
tionship with formaldehyde concentration ranging from 0 to 50
uM. Several carbonyl compounds, including some nucleophilic
species such as amino acids, anions, reactive oxygen species,
reactive nitrogen species, ketones and aldehydes, did not show
any remarkable emission changes. In addition, it was found
that probe 19 could be used to image formaldehyde in Hela cells
and zebrafish. Moreover, monitoring of mitochondrial damage
caused by formaldehyde stress was reported by the authors.

Very recently, Zhang and co-workers'®® employed the imine
formation approach to design a two-photon fluorescent che-
modosimeter (20) for formaldehyde. The free probe 20 was
weakly fluorescent (¢ = 0.088) in PBS (pH 7.4) solution.
However, upon addition of formaldehyde, the fluorescence
intensity was gradually enhanced due to formation of fluores-
cent hydrazone (¢ = 0.266). Confocal microscopy experiments
confirmed that 20 was able to sense formaldehyde in living
HeLa cells. In addition, the author demonstrated that this
probe was capable of sensing basal formaldehyde in milk
samples (Fig. 9).

Probe 21 was designed for the selective and sensitive detec-
tion of formaldehyde assisted by an imine formation reac-
tion.'* Probe 21 demonstrated weak fluorescence at 508 nm (@
= 0.027) in PBS buffer (pH 7.4) solution due to ICT and the PET
quenching process. However, upon gradual addition of form-
aldehyde to the solution of 21, red shift of fluorescence emis-
sion was observed from 508 nm to 534 nm, resulting in
a fluorescence color change from light green to bright yellow-
green. Moreover, the probe 21 was used to selectively detect
formaldehyde in living HeLa cells. Additionally, probe 21 was
employed for gaseous formaldehyde detection using test
papers.

Hongwei et al.'* reported a chemodosimeter (22) that
underwent fluorescence changes upon reaction with formalde-
hyde. Fluorometric titration of 22 with formaldehyde resulted in
fluorescence enhancement at 550 nm. Chemodosimeter 22

Anal. Methods, 2021, 13, 1084-1105 | 1093
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20 21 NH

Fig. 9 Structures of formaldehyde probes 16-22.

displayed a low detection limit of 0.89 pg L™ " and functioned
well over an extensive linear range of 0.015-0.8 mg L. The
sensing mechanism is due to the imine formation reaction
between formaldehyde and the primary amine group of the
probe, which caused inhibition of the PET process. The authors
reported test paper strip experiments for monitoring formal-
dehyde in different water samples.

Wang and coworkers'® reported a naphthalimide-based
probe 23 that was used for the highly selective and sensitive
detection of formaldehyde in DMSO : PBS (1:1, v/v, pH 7.4)
solution. Initially, probe 23 showed weak fluorescence in the
absence of formaldehyde in DMSO : PBS solution. When
formaldehyde was added to the solution of 23, a significant
fluorescence enhancement at 519 nm was observed due to the
inhibition of the PET mechanism (Fig. 10). Probe 23 displayed
a highly linear relationship with the concentration of formal-
dehyde in the range of 0-100 uM and a detection limit of 0.36
uM. Several analytes, such as benzaldehyde, oxalaldehyde, p-
hydroxybenzaldehyde, p-chlorobenzaldehyde, 2,4-dihydrox-
ybenzaldehyde, p-hydroxyacetophenone, Cys, Hey, Gsh, Na', K',
Ca*', Ba®" and Mg”", did not induce any noticeable emission
spectral changes. Upon addition of formaldehyde, the initial
absorption peak at 449 nm was blue shifted to 435 nm (iso-
sbestic point 453 nm), and the color of the solution changed

1094 | Anal. Methodss, 2021, 13, 1084-1105
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from dark red to bright yellow. In addition, cell imaging
experiments revealed that probe 23 could be employed to image
endogenous formaldehyde in MCF-7 cells.

Jiang et al.**® reported a rhodamine derivative 24 as a fluo-
rescent turn-on chemodosimeter for selective detection of
formaldehyde in solution as well as in biological samples. Probe
24 was initially nonfluorescent (¢ = 0.006) due to the PET
process from the nitrogen of the hydrazine moiety to the
naphthalimide unit; however, it showed a strong fluorescence

O N

Strong Fluorescence

0 (@]
(HLOH H)LOH
Os_N.__0O )
. HCHO
|/
HN.
HNW2 ﬁj

23
Weak Fluorescence

Fig. 10 Reaction of chemodosimeter 23 with formaldehyde.
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24
Fluorescence off

Fig. 11 Reaction of chemodosimeter 24 with formaldehyde.

enhancement (¢ = 0.13) at 534 nm in the presence of formal-
dehyde due to deactivation of the PET mechanism (Fig. 11).
Additionally, this apparent fluorescence enhancement showed
a good linear relationship with the formaldehyde concentration
in the range of 0-120 uM, and the detection limit for probe 24
was calculated to be 0.21 uM. Finally, the authors demonstrated
that probe 24 was able to detect endogenous formaldehyde in
HeLa cells and zebrafish. Moreover, probe 24 was employed to
sense formaldehyde in real seafood, such as dried squid, fresh
octopus A, and fresh octopus B.

Owing to their low cytotoxicity, amine/hydrazine derivatives
attract tremendous attention from researchers for the devel-
opment of formaldehyde-selective fluorescence probes. Advan-
tageously, amine/hydrazine derivatives react instantaneously
with formaldehyde with higher selectivity than other developed
methods. In some case, Schiff base-based probes have been
considered for quantification of metal ions.’” To overcome any
additional interference for the selective detection of formalde-
hyde, appropriate structural modifications are highly necessary,
and researchers should screen a wider range of analytes in order
to showcase the superiority of formaldehyde detection over
others.

2.2. 2-aza-Cope sigmatropic rearrangement reaction

When a homoallylic amine group is attached to a probe, a 2-aza-
Cope sigmatropic rearrangement reaction'®® can take place in
the presence of formaldehyde. As shown in Scheme 3, at first,
the amine group selectively reacts with formaldehyde to form an
iminium intermediate (I,), which then concurrently undergoes
a 2-aza-Cope rearrangement reaction (I) and finally hydrolysis
to yield a fluorescent aldehyde product (P), which changes the

® 2-Aza-Cope ®
HN=

rearrangement HN
O 03 )

I I2

NH;
By

Fluorescence Off

HCHO

Hydrolysis
/_/_ 0
HoN -4
P H

Fluorescence On

Scheme 3 Strategy for the design of formaldehyde-selective fluo-
rescence probes based on a 2-aza-Cope rearrangement reaction.

This journal is © The Royal Society of Chemistry 2021

Fluorescence on

optical properties of the chemodosimeter. Here, we focus on
several formaldehyde-selective chemodosimeters based on
napthalimide, quinoline, pyrene, benzothiazole, naphthalene,
metal complex, perylene nanoprobe platform, tetraphenyl
ethylene (TPE), NBD derivative, benzooxadiazole, coumarin,
carbazole and a metal-organic framework (MOF). In addition to
this fluorescence turn-on mechanism, seven ratiometric fluo-
rescence probes are also reported.

In 2015, Chan et al. first employed this technique to design
a formaldehyde chemodosimeter.*® The fluorescence of che-
modosimeter 25 was strongly reduced by the d-PET process.
However, in the presence of formaldehyde, excellent fluores-
cence was achieved owing to the formation of product 25a (¢ =
0.11); consequently, PET was obstructed. The detection limit for
formaldehyde was 0.01 mM in PBS buffer solution. On the other
hand, no substantial changes in the fluorescence intensity of 25
were shown by other competitive analytes. Again, this probe was
fruitfully used in the confocal microscopic imaging of formal-
dehyde in live HEK293TN and NS1 cells in a dose- and time-
dependent manner (Fig. 12).

Using this approach, Lin's group' reported naphthalimide-
based fluorescent probe 26 for detection of formaldehyde in

110

Highly fluorescent

Fig. 12 Reaction of chemodosimeter 25 with formaldehyde.
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solution as well as in living organisms. Initially, probe 26 was
almost non-fluorescent. However, in the presence of formalde-
hyde, probe 26 reacted with formaldehyde and was converted
into product 26a, accompanied with a very strong turn-on
fluorescence signal centered at 518 nm. The formation of the
product 26a was confirmed by HRMS spectra. Probe 26 showed
high selectivity towards formaldehyde over other competitive
analytes, such as 2-ethylacrolein, propanal, butyraldehyde,
aldehyde, glyoxylic acid, isovaleral, methylglyoxal, oxalalde-
hyde, 2-ethylbutyraldehyde, glutaraldehyde, 3-methyl-2-
butenal, H,S, S,0;>", GSH, Arg, Glu, Ser, ClO~, H,0,, TBHP,
Ca*', K" and Zn”". The authors successfully demonstrated the
utilization of this probe in living HeLa cells for monitoring the
presence of formaldehyde (Fig. 13).

Zhao et al.'™ prepared an aggregation-induced emission-
based probe 27 for the fluorescence turn-on detection of form-
aldehyde. Probe 27, which initially has almost no fluorescence
due to the PET effect, reacts rapidly with formaldehyde in
DMSO/H,0 (v/v, 1 : 9) solution to form an aldehyde compound;
this inhibits the PET process and results in a highly fluorescent
compound. The authors developed a portable solid test plate for
selective, sensitive and quantitative detection of gaseous form-
aldehyde (Fig. 14).

Zhang et al.'*> devised a pyrene derivative (28) containing
homoallylamino moiety as a ‘turn-on’ fluorescent chemo-
dosimeter for selective detection of formaldehyde in EtOH/
HEPES (10 mM, pH 7.4, 1:99, v/v) solution. A significant
emission enhancement at 472 nm was observed for probe 28
upon gradual addition of 20 equivalents of formaldehyde, with
a detection limit of 0.107 uM. No interference from other
analytes, including reactive carbonyl species (RCS) (benzalde-
hyde, p-anisaldehyde, methyl isothiocyanate, phenyl iso-
thiocyanate, formic acid, 2-(diphenylphosphino)benzoic acid,
glucose, acetone, p-nitrobenzaldehyde, methylglyoxal, sodium
ascorbate, and acetaldehyde), reactive oxygen species (ROS)
(Cl07, H,0,), and thiol-containing compounds (HS™, GSH, Cys
and Hcy), was observed for the signaling of formaldehyde by
chemodosimeter 28. The probe 28 was cell permeable and
hence was used for imaging formaldehyde in biological
samples.

Yang et al."* used the fluorescent chemodosimeter 29 for the
detection of formaldehyde based on the formation of an alde-
hyde compound via an aza-Cope rearrangement reaction. The

® ()
) N

strong PET HCHO weak PET
and ICT —— and ICT
O

T

OH NH, OH O
26 26a

Fig. 13 Reaction of probe 26 with formaldehyde.
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(a) PET

(b)

1.6 (mg/m’),

Fig. 14 (a) Reaction of probe 27 with formaldehyde. (b) Photographs
of formaldehyde detecting plates taken under a UV lamp (365 nm) after
60 min incubation with several concentrations of gaseous formalde-
hyde. Reprinted (adapted) with permission from ref. 111. Copyright
(2018) American Chemical Society.

optical response of probe 29 to several analytes was investigated
in HEPES buffer containing DMSO (v/v =1: 1, 20 mM, pH 7.4)
solution. The authors found that the reaction between probe 29
and formaldehyde resulted in noteworthy gradual fluorescence
enhancement (55-fold) at 578 nm, and the fluorescence
quantum yield of 29 increased from 0.015 to 0.080. The emis-
sion intensity displayed a good linear relationship with the
formaldehyde concentration ranging from 0 to 0.8 mM, and the
detection limit was found to be 9.7 pM. Probe 29 was cell
permeable and was used for fluorescence imaging formalde-
hyde in living cells and kidney tissues of mice. Moreover, probe
29 was employed to monitor formaldehyde in living Daphnia
magna for the first time.

In 2018, Lin and co-workers' implemented the same
strategy to develop an ICT-based fluorometric chemodosimeter
30 for the selective detection of formaldehyde in solution as well
as in living cells. In aqueous (25 mM PBS buffer, pH 7.4, con-
taining 20% MeCN) solution, the addition of formaldehyde to
probe 30 resulted in a ‘turn-on’ fluorescence response at
563 nm, which was suggested to be due to the formation of an
aldehyde product. Further, the formation of the aldehyde
product was confirmed by HRMS analysis and DFT studies. The
measured rate constant was found to be 0.019 min~ ' for
formaldehyde. Probe 30 was effectively employed to visualize
formaldehyde in living HeLa cells.

Ratiometric two-photon fluorescent probe 31, based on
a quinoline derivative, was reported for the highly selective and
sensitive detection of formaldehyde.'** Upon gradual addition
of formaldehyde to the PBS buffer solution of 31 (10 mM, pH
7.4), the initial emission band of 31 at 405 nm gradually
decreased with a concomitant increase in a new emission band
at 490 nm, accompanied with a solution color change from blue
to green. The ratio of the fluorescence intensities at 490 and
405 nm (I400 nm/la05 nm) increased linearly with the formalde-
hyde concentration from 0 to 1.0 mM, with a detection limit of
4.054 pM. The authors also demonstrated that this probe was
competent to image endogenous formaldehyde in MCF-7 cells,
living tissues and living 5 day-old zebrafish larvae (Fig. 15).
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Fig. 15 Structures of formaldehyde probes 28-31.

Recently, Chang and co-workers'® designed two chemilu-
minescent probes (32 and 33) for highly sensitive and selective
detection of formaldehyde. In the presence of formaldehyde,
the probe underwent an aza-Cope rearrangement reaction fol-
lowed by B-elimination to yield the free phenoxy-dioxetane,
which subsequently released the emissive methyl ester
compound via chemiexcitation, as shown in Fig. 16. With the
addition of formaldehyde, probe 32 induced a 500-fold emis-
sion intensity increase, whereas 33 caused fluorescence
enhancement by 33-fold when measured in PBS (10 mM, pH 7.4,
10% FBS, at 37 °C) solution. Moreover, biological studies
confirmed that both probes 32 and 33 were effective for imaging
formaldehyde levels in live HEK293 cells and mice, respectively.

Later, Xie et al.* reported 1,8-naphthalimide based che-
modosimeter 34, which sensed formaldehyde via a 2-aza-Cope
rearrangement reaction followed by a B-elimination reaction

Analytical Methods

MeO.
NH, O
N
A
Y O \/ P
\O/ \ N
31 NH>

30

(Fig. 17). It was proposed that in the presence of formaldehyde,
probe 34 was converted to the corresponding 4-hydroxy-1,8-
napthalimide, and its green fluorescence (A., = 555 nm) was
restored in PBS buffer (0.5% DMSO, 10 mM, pH 7.4) solution.
The emission enhancement at 555 nm displayed a linear
response to formaldehyde concentrations in the range of 0 mM
to 0.25 mM with a detection limit of 10 pM. Cell imaging
experiments revealed that the sensor was cell permeable and
proficient for monitoring exogenous or endogenous formalde-
hyde in HeLa cells with different emission signals.

Chen et al.'*® reported a chemodosimetric probe, 35, which
was demonstrated for selective detection of formaldehyde
based on the aza-Cope rearrangement reaction (Fig. 18). The
probe 35 possessed a homoallyl amino group that acted as
a functional trigger moiety for formaldehyde. In the presence of
formaldehyde, an imine formation reaction induced the
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Fig. 16 Reaction of chemodosimeters 32 and 33 with formaldehyde.
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Fig. 18 Reaction of chemodosimeter 35 with formaldehyde.

formation of (I,), followed by a 2-aza-Cope rearrangement
reaction (I,) and hydrolysis to produce the final product (35a).
When probe 35 reacted with formaldehyde in PBS buffer-
acetonitrile (pH 7.4, 10 mM, 7:3, v/v) solution, a gradual
increase in fluorescence at 542 nm was observed due to the
formation of 35a. In addition, 35 exhibited good selectivity
toward formaldehyde and was unaffected by other potentially
competing species (e.g. cysteine, GSH, sodium ascorbate, K",
Na®, NaClO, H,0,, acetone, phenylaldehyde, oxaldehyde,
butyraldehyde and formaldehyde). The fluorescence intensity
was linearly proportional to the formaldehyde concentration (0-
10 mM), and the limit of detection for formaldehyde was
calculated to be 2.5 x 10~* M. Moreover, 35 was able to detect
formaldehyde in bovine serum albumin (BSA) samples.
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Furthermore, test kit experiments revealed that this probe has
prospective use for the vapor phase detection of formaldehyde.

Yin and co-workers™ utilized a perylene-based fluorescent
nanoprobe (36) to sense formaldehyde in solution as well as in
lysosomes. Additionally, red shifts were observed in both the
absorption and emission spectra of this sensor in the presence
of formaldehyde, with a concomitant emission color change
from blue to green. The detection limit of nanoprobe 36 at pH 5
was found to be 0.96 puM. However, this nanoprobe was also
utilized for the detection of exogenous and endogenous form-
aldehyde in live HeLa cells (Fig. 19).

In 2019, Li and co-workers' developed an AIE-based ratio-
metric fluorescent probe (37) that acts as a formaldehyde che-
modosimeter via a formaldehyde promoted aza-Cope reaction.
The reaction between probe 37 and formaldehyde yields an
aldehyde compound as the only product. This leads to a gradual
decrease of the emission intensity at 442 nm with the concur-
rent appearance of a new red-shifted (46 nm) emission band

X
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Fig. 19 Reaction of chemodosimeter 36 with formaldehyde.
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Fig. 20 (a) Reaction of chemodosimeter 37 with formaldehyde. (b)
The fluorescence spectra of the fabric and cotton before and after
treating with formaldehyde [Aex = 305 nm]. Inset: photographs of the
fabric and cotton taken under a UV lamp (365 nm) before and after
treatment with formaldehyde. Reprinted from ref. 120. Copyright
(2019), with permission from Elsevier.

centered at 488 nm, which allows the ratiometric sensing of
formaldehyde. The experimental solution color changed from
deep blue to intense green, which allowed naked eye detection
of formaldehyde. The detection limit for formaldehyde was
calculated to be 5.1 x 10™> M under the experimental condi-
tions. More importantly, the chemodosimeter 37 was success-
fully employed for the detection of gaseous formaldehyde in
fabric and cotton samples (Fig. 20).

By using a comparable strategy, Liu et al.'** prepared an
aggregation-induced emission-based probe (38) for the fluo-
rescence turn-on detection of formaldehyde. Because of the
photo-induced electron transfer (PET) process, probe 38 showed
weak fluorescence in DMSO/H,O (v/v, 1:9) solution. Upon
addition of formaldehyde to the solution of 38, the emission
band of the probe at 644 nm demonstrated a noteworthy fluo-
rescence enhancement. The probe 38 could be employed to
image formaldehyde in living HeLa cells and mice. The authors
developed portable solid test plates for selective, sensitive and
quantitative detection of gaseous formaldehyde (Fig. 21).
Moreover, this probe was also used for the determination of
formaldehyde levels in human serum samples.

Using a similar approach to the above, Lin and co-workers
explored a two-photon fluorescent probe 39 based on
a coumarin derivative for the detection of formaldehyde in PBS
(pH 7.4, 5% DMSO) solution, as well as in living cells and
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Fig. 21 Reaction of chemodosimeter 38 with formaldehyde.

tissues. Upon addition of formaldehyde, chemodosimeter 39
underwent a 2-aza-Cope sigmatropic rearrangement reaction
followed by hydrolysis to yield an aldehyde compound (A =
405 nm, Ae, = 451 nm). The emission intensity at 451 nm
decreased linearly with the formaldehyde concentration from
0 to 20 uM. The limit of detection of 39 for sensing formalde-
hyde was estimated to be 4.16 x 10> M. Two-photon bio-
imaging of formaldehyde in living cells and tissues with probe
39 was also demonstrated.

Chemodosimeter 40 was synthesized by Hao et al'® and
employed as a ratiometric fluorescent probe for formaldehyde
sensing. Upon incremental addition of formaldehyde to the
phosphate buffer/DMSO (1 : 1, v/v, pH 7.4, 10 mM) solution of
40, the emission band at 492 nm decreased gradually, whereas
the emission band at 552 nm increased, accompanied with
a fluorescence color change from bright cyan to bright yellow.
Similarly, in the presence of formaldehyde, the absorption band
of probe 40 at 392 nm shifted to a new absorption band at
452 nm, Le., a red shift of 60 nm, resulting in a color change
from colorless to yellowish. These noticeable changes in the
optical properties suggested that the aldehyde product was
formed by the reaction between formaldehyde and 40. The
authors used HPLC chromatogram analysis to monitor this
reaction. The detection limit of formaldehyde was 0.58 uM.
Other interfering analytes tested did not cause any considerable
changes in the fluorescence of probe 40. Moreover, the probe
was used to image formaldehyde in HeLa cells and in zebrafish.
Notably, chemodosimeter 40 was used to monitor formalde-
hyde concentration in several water samples.

In 2020, Chen et al.*** employed the aza-Cope rearrangement
reaction approach for a series of fluorescent probes (41-45),
which were able to emit emission in a turn-on fashion. All these
probes showed high selectivity for formaldehyde over other
competitive analytes. Importantly, probe 41 was biocompatible
and was employed for imaging formaldehyde in living cells and
mouse brains.

The carbazole-based ratiometric fluorescent probe 46 for
formaldehyde was designed and synthesized by Gu et al.** in
2020. Chemodosimeter 46 contains a reactive homoallylamine
moiety that serves as a formaldehyde-specific trigger moiety. It
was found that the reaction between 46 and formaldehyde
resulted in a decrease in the initial strong blue emission band at
393 nm and the formation of a new green emission band
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centered at 542 nm. The emission intensity ratio (Is42 nm/I303 nm)
displayed a good linear relationship with the formaldehyde
concentration in the range of 10-800 uM, and the detection
limit was found to be 1.55 uM. In contrast, no apparent emis-
sion changes were observed in the presence of benzaldehyde,
acetaldehyde, methylglyoxal, H,0,, GSH, Cys, Hcy, glucose,
sodium ascorbate or NaClO. Here, the sensing mechanism
involves the reaction of formaldehyde with the homoallylamine
moiety to yield the aldehyde compound via a 2-aza-Cope reac-
tion. The sensing mechanism was established by 'H-NMR
titration and DFT experiments. Additionally, probe 46 was
employed for imaging applications in HeLa cells (Fig. 22).

In 2020, Mengwen et al.*® reported a metal-organic frame-
work (MOF)-based fluorescent probe, 47, which could selectively
and effectively detect formaldehyde based on an aza-Cope
rearrangement reaction, as shown in Fig. 23. Probe 47 is non-
fluorescent in DMF and Tris buffer solution (7 : 3, v/v). Upon
gradual addition of formaldehyde to 47, the emission intensity
at 438 nm increased rapidly and the color of the tested solution
changed from colorless to blue. The emission intensity at
438 nm was linearly proportional to the formaldehyde concen-
tration (0 to 25 mM), with a limit of detection of 2.3 uM. The rate
constant of the pseudo-first order reaction of 47 with formal-
dehyde was 7.93 min~". The authors devised paper strips for
detection of formaldehyde gas.

Very recently, Maitra and co-workers'’” developed two pro-
sensitizers (48 and 49) based on a “turn-on” terbium (Tb*")
photoluminescence strategy for the selective and sensitive
detection of formaldehyde. Both probes contained a homoallyl
amine moiety as the reactive site for formaldehyde sensing. In
the absence of formaldehyde, probes 48 and 49 did not sensitize
Tb*"; however, they were able to sensitize Tb** in terbium
cholate (TbCh) hydrogel in the presence of formaldehyde and
displayed “turn-on” green fluorescence. The sensing process
includes the reaction of formaldehyde with the imine group of
the compound to produce the imine intermediate (X), which is
subjected to a 2-aza-Cope rearrangement reaction to form
intermediate Y. Upon hydrolysis, the intermediate Y was

HoN
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N
HO o” "0 \
HoN S
S

39 40

Oon QO
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43 O 44

Fig. 22 Structures of formaldehyde probes 39-46.
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converted to the sensitizer P, which sensitized terbium lantha-
nide in a lanthanide cholate hydrogel matrix, leading to green
fluorescence and hence activating the formaldehyde sensing.
The authors also reported that these pro-sensitizers could
detect formaldehyde not only in solution phase but also in
gaseous phase (Fig. 24).

The aza-Cope reaction showcases the advantages of activity-
based detection,'® first by the formation of a Schiff base with
the formaldehyde and then by rearrangement with the assis-
tance of the homoallyl moiety. Importantly, these probes are
sustained in multiple environments, including biological
systems, which in turn aids their use in physiological systems
and in imaging studies. However, the slow reaction kinetics of
the reactions hinders their wider applicability. In conventional
synthesis, 2-aza-Cope reactions are often performed at elevated
temperature in order to achieve first order reaction kinetics.
Appropriate structural modification of the homoallyl moiety
could overcome this issue; then, the probes could be widely
utilized in physiological conditions. Overall improvement of

This journal is © The Royal Society of Chemistry 2021
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this approach is impressive to date; however, further efforts
towards this strategy will enable the achievement of the desired
goal.

2.3. Miscellaneous approaches

In addition to the abovementioned approaches, several strate-
gies have been devised for the design of formaldehyde sensors.
These are relatively new emerging strategies that have been
proved to be effective for the detection of formaldehyde. Very
few reports exist of these mechanisms; consequently, there is
great room for execution and improvement of these strategies.

In 2018, Costero and coworkers'® reported a phenethyl-
amine-based chemodosimeter (50) which showed excellent
selectivity for formaldehyde over other different VOCs,
including methanol, acetone, toluene, acetaldehyde, benzalde-
hyde and CO,. The fluorescence was turned on in the presence
of formaldehyde, mainly due to a Pictet-Spengler reaction, as
shown in Fig. 25. The detection limit for formaldehyde in
solution phase was estimated to be 0.24 mM. The author also
developed test strips for colorimetric detection of formaldehyde
in contaminated real atmospheres.

Lin and co-workers*® reported a FRET-based ratiometric
fluorescent probe (51) for the selective detection of SO, and
formaldehyde. The probe 51 rapidly interacts with SO,, result-
ing in a sulfonylated probe (51a) with a blue shift of A.x (85 nm).
Sulfonylated probe 51a showed excellent sensitivity towards
formaldehyde and immediately reverted to the parent probe 51,
accompanied by a red shift in the emission band from 550 nm
to 635 nm. This probe was further employed to image formal-
dehyde in living systems (Fig. 26).

Similarly, carbazole-benzopyrylium-based chemo-
dosimeters 52 and 53 were reported by Lin and co-workers*** for
the selective and sensitive detection of sulfur dioxide and
formaldehyde in HEPES buffer solution (10 mM, pH 7.0,

HO. HCHO HO. dehydrogenation HO.
NH; NH > 2N
HO' 2 HO' HO

50

Colorless, Non-fluorescent Yellow, Fluorescent

Fig. 25 Reaction of chemodosimeter 50 with formaldehyde.
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Fig. 26 Reaction of chemodosimeter 51 with formaldehyde.

containing 20% CH;3CN). Upon incremental addition of form-
aldehyde to probe 52 solution, an increase in the emission
intensity at 635 nm was found, followed by a mild decrease at
425 nm. However, probe 53 showed fluorescence peaks that
shifted from 370 nm to 630 nm when detecting formaldehyde
(Fig. 27). Between these two probes, 53 (recovered time less than
1 min) was more effective for the sensing of formaldehyde than
52 (recovered time 30 min). Cell imaging experiments
confirmed that 53 was proficient to monitor exogenous and
endogenous formaldehyde in living cells, living zebrafish and
murine species.

Squarine-based colorimetric and water soluble fluorescent
chemodosimeters 54 and 55 was devised by Fang and co-
workers™? for the detection of various aldehydes, including
formaldehyde, acetaldehyde, glyoxal, glutaric dialdehyde, pro-
pionaldehyde and pyridine-2-carboxaldehyde, in aqueous
medium. The sensing mechanism was based on the nucleo-
philic attack of the hydrazine to the four-membered rings of
squarine to generate hydrazine adduct (B) and a further imine
formation in the presence of aldehyde (C and D), followed by

HSOy" ~
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Rapid

53a

Fig. 27 Reaction of chemodosimeters 52 and 53 with formaldehyde.
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the removal of E to regenerate the chemodosimeter (A). This
sensing mechanism was supported by mass spectroscopy
studies. Importantly, the detection limit of 54 for formaldehyde
was found to be 60 uM (Fig. 28).

Recently, Wei et al.** reported a near-infrared (NIR)-based
colorimetric probe 56 for the detection of formaldehyde in
methanol solution. Probe 56 showed a maximum absorption
band at 720 nm; however, when formaldehyde and 5% acetic
acid were added, a color change from blue to green was noted as
a consequence of the red-shift of the absorption band from
720 nm to 800 nm. The ratio of the absorptions of probe 56 at
800 nm and 720 nm (Aggo/A720) exhibited a good linear rela-
tionship with the formaldehyde concentration between 0 and
1.2 mM, and the detection limit was determined to be 3.25 pM.
However, addition of formaldehyde and acetic acid to the
probe's solution led to a decrease in the emission band. Probe
56 was also evaluated in the presence of acetone, 1,4-phtha-
laldehyde, 5-hydroxy-2-nitrobenzaldehyde, 5-bromosalicylalde-
hyde, 2,4-dichlorobenzaldehyde, and 4-methoxybenzaldehyde;

HCHO

Acetic acid

Fig. 29 Reaction of chemodosimeter 56 with formaldehyde.
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however, no changes in the optical properties were found. The
sensing mechanism was mainly based on the imine formation
reaction, followed by protonation of the piperazine moiety to
form green product 56a. In addition, probe 56 was employed to
detect formaldehyde in both solution and gaseous phases by
handy test papers (Fig. 29).

3. Conclusion and perspective

In this review, we have summarized recent developments in
fluorescent probes for the detection of formaldehyde in both
living systems and the environment, emphasizing the mecha-
nistic understanding of the various types of fluorometric/
colorimetric sensors and their potential application in bio-
imaging. Importantly, a sharp color change of the solution of
several probes upon selective sensing of formaldehyde helps to
monitor the process by the naked eye, which eventually inspired
researchers to apply this chemistry in real-life applications. A
few authors developed solid “test kits” that act as ‘“dip-in”
sensors for selective detection of vapor phase formaldehyde.
Due to their good cell permeability and low cytotoxic nature,
many probes can be used for imaging (in vitro/in vivo) formal-
dehyde in biological samples. On the other hand, few probes
have also been used for detection of formaldehyde in real food
and environment samples. Despite the numerous applications
of the developed chemodosimeters for selective detection of
formaldehyde in biological samples, wider application has been
retarded by their non-NIR-based fluorescent properties. NIR

This journal is © The Royal Society of Chemistry 2021
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fluorescence imaging is an expedient and non-invasive imaging
technique for visualizing and tracking different biological
analytes in vitro and in vivo, as it possesses meticulous tissue
penetration strength with insignificant damage. Therefore, the
design and synthesis of NIR-based fluorescent probes is sought
to be the major target for the future level of research on this
topic. A major impediment of the developed strategies is the
necessity of a stoichiometric amount of fluorescent probe to
generate a fluorescence signal, resulting in an inefficient and
expensive approach. Additionally, it disequilibrates the native
analyte homoeostasis and local concentration levels. Thus, it is
highly desirable to develop reversible fluorescent probes for
recycling of these compounds to prevent the generation of
chemical waste. A detailed understanding of the mechanism of
the fluorescent probes could help chemists to develop antici-
pated reversible probes, which will help to curb the limitations
of the current chemical tools. We hope that this detailed
discussion on the sensing mechanisms and collective summa-
ries of recent developments will be helpful and will encourage
the scientific fraternity to become involved in developing new
sensing probes for the further design and development of
anticipated reversible chromogenic and fluorogenic probes for
selective formaldehyde detection.
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