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Formaldehyde is a simple molecule that can be found in different environments, having several toxic
effects on both the environment and, unfortunately, humans. Therefore, the development of formal-
dehyde detection methods is fundamental. For this purpose, optical sensors are used, which are practical,
fast and easy-to-use devices. The ideal sensor should exhibit high selectivity, sensitivity and short
response time. This review summarizes the recent development in this field, highlighting the sensing pro-
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perties of the systems in terms of sensitivity, selectivity and limit of detection. A comparison between the
reported sensors in terms of efficiency of detection mechanisms and optical performance of different
fluorophores is provided. Future perspectives of formaldehyde detection by optical probes are also pro-
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Introduction

From a structural point of view, formaldehyde (FA) is the sim-
plest aldehydic compound that can be found in some biologi-
cal pathways as well as in several foods due to its preservative
properties. It was first described in 1855, while the first syn-
thesis of methanol was performed in 1867 in Germany. FA is
currently synthetized on a large scale by the oxidation of
methane or methanol in the presence of a catalyst." It is a gas
at room temperature, but it shows good solubility in water,
ethanol, and other polar organic solvents. FA is also produced
as a metabolic intermediate in several organisms by protein
N-demethylation and DNA/RNA or metabolite demethylation
(Scheme 1).* Under physiological conditions, 0.2-0.4 mmol of
FA is present in the brain, where it plays a crucial role in
memory processing.**

It is also widely used in many industries, including plastic
production, detergents, wood processing and
pharmaceuticals.>® At the same time, formaldehyde can be
found in the environment as an indoor air pollutant. In par-
ticular, the indoor exposure is higher than the outdoor
exposure due to the lower air exchange rate. For example,
wood-based materials, flooring materials and adhesives’ com-
monly found in prefabricated houses release toxic concen-
trations of FA into the environment over extended periods.® At
the same time, FA can be found as an atmospheric pollutant.
Many natural and human sources of FA can be found in
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vided, focusing on the current limitations that should be solved to obtain an ideal formaldehyde sensor.

outdoor environments.” In fact, FA is produced not only by the
decomposition of lignin'® and isoprene,'* but also by the ozo-
nolysis of different organic compounds.'* Also, wood combus-
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Scheme 1 Some biological pathways that produce FA by enzymatic
reactions: a-KG, a-ketoglutarate; KDM, lysine demethylase; SSAO, semi-
carbazide-sensitive amine oxidase; DMGDH, dimethylglycine dehydro-
genase; SARDH, sarcosine dehydrogenase; and FTO, fat mass and
obesity-associated protein.
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tion is the main cause of FA release outdoors.””> Notably,
anthropogenic activity, i.e. transport, aircraft and industries,
also leads to an increase in the FA concentration in the
atmosphere.'*

From a biological point of view, it is extremely toxic due to
the possibility of DNA damage, and it can also cause lachryma-
tion, sneezing, coughing, somnolence and stupor, Alzheimer’s
disease, and even death in some cases.'® '’ For these reasons,
the International Agency for Research on Cancer (IARC)
included formaldehyde in the human carcinogen Group 1.'® In
fact, FA shows high reactivity towards alcohols, thiols, and car-
boxylic compounds, leading to toxic effects in the human
body."® The half-time of FA in a normal environment is one
hour, so the indoor FA levels permitted are in the range
0.02-4 ppm, while the allowed outdoor range is 20 ppt-6
ppb.*°

Taking into account all these considerations, several efforts
have been made to detect FA selectively in the gas phase,>" as
well as in foods and other matrices, using different method-
ologies such as chromatographic and spectroscopic instru-
mentation®” and electrochemical,?® optical and photochemical
sensing. Instrumental techniques are preferred in laboratory
settings due to their high sensitivity and selectivity.
Nevertheless, they have some limitations, because the
equipment is often bulky and expensive, and its use requires
qualified operators, thus making those methods unsuitable
for real-time and in situ applications. However, electrochemical
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methods provide a cheaper and portable tool for environ-
mental analysis. Indeed, they are well known for their
fast response time and good sensitivity. However, correct
quantification is challenging because electrochemical sensors
convert even small non-specific changes into current, thus
suffering interferences from other analytes in complex
matrices and requiring frequent calibrations.> In this regard,
optical sensing offers important advantages such as non-inva-
siveness, high sensitivity, cost-effectiveness and ease of
operation.

This review summarizes the developments of FA optical
sensing using fluorescent organic compounds. Considering
that the last two reviews on this topic date back to 2017>° and
2021,%° this review covers both the literature not included in
these works and the most recent contributions reported to
date. Other recent reviews on FA detection are reported by Roy,
Pan et al.,>”® but they refer to polymeric probes.

Sensing mechanisms of fluorescence detection of FA

In general, fluorescence sensing can be performed via two
different approaches: covalent and non-covalent, also called
“supramolecular”, approaches.?® In both cases, the chemical
structure of the sensor contains two main parts: a chromo-
phore and a recognition site (see Scheme 2). The chromophore
is the part of the sensor that shows fluorescence emission pro-
perties that are modified after the interaction with the target
analyte (FA). The monitoring of these changes can be related
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Scheme 2 Sensing of a generic analyte by (a) covalent and (c) supra-
molecular approaches. (b) Covalent sensing of formaldehyde by (i) the
aza-Cope, (ii) the formimine and (iii) the methylenehydrazine reactions.

to the detection of FA, from both qualitative and quantitative
(the best-case scenario) points of view. The recognition site is
the part of the sensor that interacts with the target analyte. In
the case of the covalent approach (Scheme 2a), the recognition
site reacts with FA, leading to a new chemical compound,
which presents different emission properties (e.g. intensity or
maximum emission wavelength) compared to the starting
sensor. In particular, three main reactions are employed to
detect FA until today: (i) the aza-Cope, (ii) the formimine and
(iii) the methylenehydrazine reactions (see Scheme 2b).

In the aza-Cope rearrangement reaction, a homoallylamino
group reacts with FA, leading to a [3,3]-sigmatropic rearrange-
ment, obtaining a new aldehydic compound with higher emis-
sions with respect to the starting molecule.?’

In the formimine reaction, FA reacts with an amino group
contained in the sensor structure, leading to the formation of a
Schiff base. The change in fluorescence is due to a charge or
electron transfer mechanism, in which the lone pair on the
amino group is involved.**
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Similarly, a methylenehydrazine reaction is due to the acyla-
tion reaction between a hydrazine functional group contained
in the sensor and FA.

This approach is the most used in FA detection, but can
suffer from some important limitations such as low selectivity,
slow reaction time and impossibility to efficiently restore the
starting sensor. Otherwise, in the case of a non-covalent
approach, the recognition site shows non-covalent interactions
with FA, such as hydrogen bonds and dipolar interactions,
leading to a supramolecular complex that can be destroyed,
recovering the starting sensor (Scheme 2¢).**** In addition, if
the sensor (in particular, the recognition site) is properly
designed, sensing can be highly selective, fast and highly
efficient (in terms of binding constant values).>**°

FA Sensing via aza-Cope mechanism. Zhao et al.?>® designed
a fluorescent probe (TPE-FA) incorporating an aggregation-
induced emission (AIE) fluorophore (tetraphenyl-ethylene) to
facilitate rapid detection of gaseous FA via a fluorescence
“turn-on” mechanism (Fig. 1). Moreover, a portable solid
sensor was obtained by soaking a high-performance thin-layer
chromatography silica gel plate in a TPE-FA solution, thus
achieving sensitive, selective, easy and quantitative detection
of FA. TPE-FA reacts with FA via 2-aza-Cope sigmatropic
rearrangement, increasing its quantum yield from 2.64%
(limited by photoinduced electron transfer between electron
donor and acceptor groups) to 35.42%. This makes the detec-
tion visually discernible to the naked eye. The detection limit
of the solid sensor is 0.036 mg m~, below the air quality
guideline threshold for FA (0.1 mg m™®). Compared to solu-
tion-based sensors, the AIE-based solid sensor for gaseous FA
enables safer and easier use and transport.

Li et al.*” reported a hydrophilic polymeric sensor based on
chitosan (HN-Chitosan), which is functionalized with hydra-
zino-naphthalimide groups, and it was designed for FA detec-
tion in aqueous environments. The sensor operates via a
chemical reaction specifically occurring between FA and the
hydrazino-naphthalimide groups, leading to a turn-on fluo-
rescence response from the naphthalimide fluorophores.
Unlike precedent sensors, which rely solely on FA-triggered
chemical reactions at the molecular level, HN-chitosan
employs random coil polymer chains. This design leverages
the cooperative binding effect of multiple hydrazino-naphthali-
mide recognition sites and nearby OH groups, which help to
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Fig. 1 Preparation of TPE-FA in the solid state and variation in emis-
sions in response to gaseous FA. Reproduced from ref. 36 with per-
mission from the American Chemical Society, copyright 2018.
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concentrate low levels of FA around the polymer via weak
supramolecular interactions: this significantly accelerates the
FA-specific reaction, producing an ultra-fast fluorescence
response in less than a minute with high sensitivity. HN-chito-
san is characterized by photostability, a detection limit of
0.05 ppm and a wide linear detection range between 1 and
100 ppm. Finally, the sensor was successfully tested with real
food and water samples.

Yang et al.*® designed a turn-on fluorescent probe (PBD-FA)
based on the intramolecular charge transfer (ICT) mechanism,
presenting a long wavelength emission (563 nm), adequate for
the detection of FA in an aqueous medium and living cells.
The probe is made up of two functional parts: a fluorophore
which was used as a fluorescence reporter, in particular
pyrrolidinyl benzoxadiazole (PBD), and a reaction site chosen
to be selectively reactive towards FA, specifically a homoallyla-
mino group (Scheme 3). The homoallylamino
group has a poor electron-withdrawing capability, thus making
the probe itself not fluorescent. Nevertheless, the presence of
FA activates condensation with the reactive moiety, producing
an imine intermediate that is converted into an
aldehyde derivative through 2-aza-Cope rearrangement fol-
lowed by hydrolysis. The product showed a remarkable fluo-
rescence, and its ICT efficiency was proven through DFT calcu-
lations. Moreover, a good signal was observed in a real sample
of living HeLa cells via confocal fluorescence microscopy
imaging.

Zhou et al.*® designed and synthesized a novel ratiometric
fluorescent probe (HBT-FA) based on an aza-Cope reaction,
showing high selectivity towards FA in an aqueous solution,
serum and air. The probe was obtained starting from a fluoro-
phore, in particular 2-(2-hydroxyphenyl)benzothiazole, and an
electron-rich group, which behaves as the reaction site towards
FA by 2-aza-Cope rearrangement. Under excitation at 350 nm,
the probe HBT-FA shows emission at 462 nm. In the presence
of FA, the 2-aza-Cope rearrangement occurs, turning the elec-
tron-rich group into an electron-deficient group. This change
triggers a pronounced process of intramolecular charge trans-
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Scheme 3 Turn-on sensing mechanism of the fluorescent probe
PBD-FA.
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fer (ICT), resulting in a significant red-shift of the emission
band of the probe (e, = 541 nm), and thus, producing ratio-
metric signals. The emission ratios (Fs41/Fa6,) produced a good
linearity in the range of 0-30 mM, affording a limit of detec-
tion of 0.41 mM. The probe was also tested in air using paper
strips soaked into a solution of the probe. Within 1 hour, the
test paper over a FA solution turned its colour from blue to
yellow, suggesting a future application of HBT-FA for FA detec-
tion at the gas phase.

In 2019, Zhai et al.*® developed a new ratiometric fluo-
rescent probe (TP-FA), able to detect FA in aqueous solutions
and also in air when loaded on fabric or cotton. The latter
exhibited the fastest response to the pollutant compared to the
other tests. In fact, as the test cotton was exposed to gaseous
FA, a 2-aza-Cope rearrangement occurred between the probe
TP-FA and FA, thus changing the colour of the emission from
blue to green within 45 min, below the time needed for the
test solution and test fabric. Additionally, it provided a visual
indication of FA concentration based on the emission colour.
This variation can be explained through the combination of
intramolecular charge transfer (ICT) and aggregation-induced
emission (AIE) effects. This study marks the first application
of fabric and cotton for gaseous FA detection.

Yunxu et al.*' reported on the selective recognition of FA
over other carbonyl compounds by a novel fluorescent ZIF-90
MOF material (ZIF-90-LW). This material, characterised by
FT-IR spectroscopy, X-ray diffraction and SEM, shows a fluo-
rescence turn-on signal due to a 2-aza-Cope rearrangement
mechanism, upon addition of increasing amounts of FA
(Fig. 2 (top)). The authors found a good linear relationship
(R* = 0.9979) by fitting the fluorescence intensity in the range
of 0 to 25 mM of FA, and a detection limit of 2.3 mM. The
high selectivity of ZIF-90-LW toward FA was proved in the pres-
ence of different analytes, comprising several aldehydes,
acetone, glucose and H,0,. Moreover, a fluorescence test
paper of ZIF-90-LW was constructed to detect FA in the gas

N N~ 0 =\
Zn N Zn i "N~ N<
H N Zn
NH2 H \O
™
MOF-LW

ZIF-90a
.

Fig. 2 (Top) Design showing the response of ZIF-90-LW towards FA
and (bottom) strip test in the presence of FA under 365 nm at different
times. Adapted from ref. 41 with permission from the Royal Society of
Chemistry, copyright 2020.
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phase, showing a fast response and paving the way for the
monitoring of FA in the environment (Fig. 2 (bottom)).

In 2021, Zheng et al.** reported a fluorescent silica aerogel
designed for the detection of gaseous FA. The fluorescent
aerogel exhibits high sensitivity, selectivity, stability and a LOD
of 110 ppm. Its sensing mechanism relies on an aza-Cope
rearrangement reaction within a fluorescent probe. The
binding of FA induces changes in fluorescence emission,
enabling precise detection. Fluorescent probes are chemically
bonded to the aerogel network, ensuring durability and stabi-
lity of the sensing performance. Characterisation of the
aerogel revealed a porosity exceeding 95.9% and a specific
surface area of 779 m> g~. Its mesoporous structure enhances
gas absorption, a property confirmed through SEM imaging
and nitrogen adsorption analysis. In controlled testing
environments, FA gas was introduced, and the fluorescent
aerogel demonstrated rapid interaction and a distinct fluo-
rescence change. The material also displayed excellent selecti-
vity, effectively detecting FA in the presence of other volatile
organic compounds, including toluene, ammonia, and carbon
dioxide, with minimal interference.

Ai et al® introduced a fluorescent probe based on the
2-aza-Cope reaction for relevant application under several con-
ditions including food industry (vegetables, dairy products,
meat, fish, mushroom, and legumes). After the reaction with
FA, the solution colour of the probe changes from blue to
green under 365 nm UV light, and the fluorescence intensity is
significantly enhanced. The authors also prepared electro-
statically spun fibre membranes by mixing the fluorescent
probe with PVDF-HFP for the selective detection of FA soil, in
living cells and zebrafish.

Chen et al.** introduced an innovative paper-based material
combining polyethyleneimine (PEI) and a highly sensitive fluo-
rescent probe (FP) for the simultaneous detection and removal
of FA (Fig. 3). The fluorescent probe exhibits a bright blue fluo-
rescence emission at 450 nm. When exposed to FA, it
decreases by approximately 80%, while a new fluorescence
signal emerges at 540 nm, increasing with higher FA concen-
trations. The ratiometric fluorescence signal (Fs4o/Fis0)
enhances over 100-fold, enabling precise detection. The detec-
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Fig. 3 Mechanisms involved in multifunctional fluorescent materials for
FA detection and removal. Reproduced from ref. 44 with permission
from Elsevier, copyright 2025.
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tion process demonstrates a strong linear relationship between
fluorescence intensity changes and formaldehyde concen-
tration with a detection limit calculated to be 0.46 pM, ensur-
ing high sensitivity. Since fluorescence changes are visually
striking, transitioning from bright-blue to yellow-green under
UV light allows naked-eye detection. The system’s selectivity
was tested against a variety of potential interfering substances,
including common aldehydes, organic compounds, metal
ions, and anions. FP showed a significant fluorescence
enhancement only in the presence of FA, with minimal inter-
ference from other substances. The paper-based material exhi-
bits exceptional FA removal efficiency.

FA sensing by imine mechanism. In 2018, a bio-compatible
fluorophore, 7-nitrobenz-2-oxa-1,3-diazole (NBD), was easily
tagged with amino-ethyl piperazine by Gangopadhyay et al.,*’
forming a conjugate (NPC): the obtained sensor was success-
fully employed for the fluorimetric detection of gaseous FA.
The sensing mechanism relies on the inhibition of photo-
induced electron transfer (PET) due to the formation of the
Schiff base formimine, when the probe NPC reacts with FA
(Scheme 4). The sensor is highly selective and robust, with a
rapid response time (2 min) and a low limit of detection (84
nM). The probe was then employed to fabricate a solid sensor
for the detection of FA emissions coming from plywood, using
TLC test strips as solid supports. The results demonstrated
that the sensor has a practical applicability in the gas phase
for the detection of FA emissions from wooden furniture, so it
represents a promising candidate for the creation of affordable
and portable sensing kits. Moreover, the sensor was also suc-
cessfully applied in cellular imaging, demonstrating its poten-
tial for further studies aimed at monitoring the concentration
of FA in living cells.

Lin et al.*® described FA detection by fluorescent CD@SiO,-
NH, nanoparticles containing carbon dots (CDs) within silica
spheres. The addition of Ag" ions to the amino-functionalized
nanoparticles results in the chelation of silver ions, and the
formation of the fluorescent probe CD@SiOz-NHZ-Ag+. The
exposure of CD@SiO,-NH,-Ag" to FA triggered the in situ
growth of AgNPs, due to the reduction of the silver-ammonia
complex. These AgNPs present a strong enhancement of fluo-
rescence intensity with respect to CD@Si0,-NH,-Ag", leading
to a clear change in color due to a Metal-enhanced fluo-
rescence (MEF) mechanism. An assay was developed consider-
ing that an increase in FA concentration corresponds to an
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PET inhibition,

No emission strong emission

Scheme 4 Proposed mechanism for sensing FA with probe NPC.
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increase in fluorescence enhancement factor. Then, a linear
response in the range of 1-50 pM of FA was determined (R* =
0.99), with an LOD of 0.1 pM. Notably, the CD@Si0,-NH,-Ag"
probe was loaded onto a nano-sponge material for gaseous FA
detection. The emission intensity upon formaldehyde
exposure is strongly enhanced, showing a linear relationship
in the range of 10 ppb to 1 ppm of formaldehyde gas concen-
tration, and a limit of detection of 3 ppb. Selectivity tests with
other carbonyl interferents revealed that these compounds
cause fluorescence enhancement, although half that of FA.

Bej et al.*” developed two luminescent porous d'°-MOFs,
namely CMERI-1 and CMERI-2, featuring amine-functiona-
lized building units for FA detection in water, characterised by
easy syntheses. CMERI-1 demonstrates superior sensitivity
with a response time of just one minute due to easy imine for-
mation, whereas CMERI-2 requires five minutes. The fluo-
rescence “turn-on” effect is attributed to the inhibition of the
PET process (Fig. 4). The detection limits for FA in aqueous
solutions are 0.62 pM for CMERI-1 and 1.39 pM for CMERI-2.
Additionally, a MOF-based hydrogel membrane was created to
detect FA in the vapor phase. These porous hybrid materials
show great potential for on-site FA detection in both aqueous
and vapor phases, making them suitable for real-world appli-
cations in food and water analysis. Furthermore, these
materials exhibit remarkable selectivity for FA over other
aldehydes.

Tachapermpon et al.®® developed a FA detection system
using nitrogen-doped carbon dots (N-doped CDs). The system
achieves a limit of detection of 22 pg L™". The sensing mecha-
nism relies on a fluorescence “turn-off” response, where the
interaction between the amino groups of N-doped CDs and the
carbonyl group of FA causes fluorescence quenching. The CDs
are synthesised hydrothermally from citric acid and ethylene-
diamine, resulting in highly luminous, biocompatible nano-
particles with strong UV fluorescence.

FA exposure tests involved controlled environments where
ornamental plants treated with N-doped CDs were exposed to
FA for one hour. The response was linear across FA concen-
trations from 36 to 270 pg L™, ensuring accurate quantifi-
cation. When sprayed onto Fittonia albivenis (Nerve Plant), the

350 nm% O :

9 9

Week emission Strong emission
at430 nm at430 nm

Fig. 4 "Turn-On" sensing of FA by the d10-MOF (CMERI-1) under phys-
iological conditions. Reproduced from ref. 47 with permission from the
American Chemical Society, copyright 2021.

Interaction site

a1

At Physiological
condition

N=CH,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

CDs allow for visible FA detection via fluorescence quenching
under UV light. This system demonstrates excellent selectivity
for FA over other volatile organic compounds (VOCs) such as
acetone and tetrahydrofuran. This phytosensor provides a cost-
effective, visual approach for monitoring FA pollution, making
it ideal for indoor air quality applications. Its biocompatibility
and ease of use suggest potential for broader environmental
and agricultural uses.

Tan et al.* synthesized three different fluorescein probes
for the selective detection of FA in polluted water. The probes
are 2-(phenylethynyl)aniline, 3-(phenylethynyl)aniline, and 4-
(phenylethynyl)aniline. The mechanism of action of sensing is
based on photoinduced electron transfer between the N=—CH,
group and diphenylacetylene. The authors reported the
relationship between amino substitution position and FA
detection performance. The probes showed increased fluo-
rescence at 508 nm when excited at 370 nm. They showed
selectivity towards biologically relevant analytes, including
reactive carbonyl species, acid and alcohol species and cations
in water. The authors claim an LOD of 0.75 pM with a linear
dynamic range up to 1000 pM.

Ma et al.>® reported the exploitation of the fluorescence pro-
perties of sodium ligninsulfonate-derived carbon dots (CDs)
for the detection of FA with an LOD of 79 nM and a linear
dynamic range of up to 50 pM (Fig. 5). A visual on-site detec-
tion of indoor FA gas is realized by using the CD-droplet detec-
tion system. This system, based on polyvinyl alcohol and CDs,
was developed for the effective detection of indoor FA gas. For
this detection system, one simply brushes the PVA/CD gel onto
a clean solid surface to form the droplet. With the advantages
of low cost, simple preparation, rapid response and visual
detection process, the discovery is of relevant interest.

Bai et al>" developed a ratiometric fluorescence sensing
system using ethylenediamine-functionalized and europium-
doped Ui0-66 (EDA-Eu** @Ui0-66) for the selective and sensi-
tive detection of FA. This system exploits the antenna effect
characteristic of lanthanide elements, where the energy
absorbed by the UiO-66 framework is efficiently transferred to
Eu’" ions, resulting in their characteristic fluorescence emis-
sion. The detection mechanism is based on the interaction of
FA with amine groups on the EDA-Eu**@UiO-66 surface via
aldehyde-amine condensation, which reduces the efficiency of
energy transfer and causes fluorescence quenching. To evalu-
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Fig. 5 Synthesis of nanoparticles and formaldehyde sensing.
Reproduced from ref. 50 with permission from Elsevier, copyright 2024.
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ate the system’s performance, a dispersion of
EDA-Eu**@UiO-66 in water was prepared and tested with
varying concentrations of VOCs, including FA. The fluo-
rescence measurements, conducted with an excitation wave-
length of 280 nm, showed a distinct quenching effect in the
presence of FA. The detection limit for FA in solution was
determined to be 0.38 mg L', indicating the high sensitivity
of the probe. In addition to liquid-phase detection, the study
demonstrated the system’s capability to detect FA vapor. Filter
paper strips coated with EDA-Eu**@UiO-66 were exposed to
various concentrations of FA vapor in a sealed chamber. A
noticeable quenching of fluorescence was observed, validating
the system’s ability to function effectively in gaseous
environments.

Wang et al.>” developed a fluorescent probe, called probe X,
based on 1,8-naphthalene dicarboxylic anhydride as a fluoro-
phore, bearing a hydrazine as an FA recognition site. The
mechanism of FA detection lies in the inhibition of the PET
process between the naphthalimide derivative and the hydra-
zine group, resulting in an enhancement of the fluorescence.
The probe showed a good optical response in a linear range of
1-4 mM and a rapid response time of 2 minutes. Moreover,
probe X exhibited biocompatibility, minimal toxicity and excel-
lent membrane permeability, giving the possibility to employ
it for fluorescence imaging in living cells.

Roy et al.>® reported the development of a naphthalimide-
conjugated polymeric fluorescent probe (DCP5) for the selec-
tive detection of FA in both aqueous and vapor phases. The
sensing mechanism relies on the reaction between FA and
amino-functionalized naphthalimide pendants. This reaction
is enhanced by the synergistic effects of multiple recognition
sites via supramolecular interaction with the polymer coil.
Following the reaction, the PET process is suppressed, result-
ing in rapid “turn-on” green fluorescence irradiation at
365 nm, with a response time <1 min and an LOD of 1.36 nM.
For vapor-phase detection, the polymer was covalently
immobilized onto filter paper via UV-induced crosslinking,
facilitated by benzophenone moieties in the polymer back-
bone. The resulting paper strip shows visible fluorescence
changes upon exposure to FA vapor, providing a promising
platform for in situ detection. Moreover, the FA-polymer
adduct (DCP5-FA) can be reversed, allowing regeneration of
the sensor.

FA sensing by methylenehydrazine mechanism. Zang et a
proposed a fluorescence-based system developed by modifying
the surface of CdTe/CdS QDs with an organic ligand, ie.
3-(6-hydrazinyl-1,3-dioxo-benzoisoquinolinyl)propanoic  acid
(HBQP) (Scheme 5). This ligand was introduced on QDs via a
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Scheme 5 Fluorescence quenching of QD-HBQP and fluorescence
appearance of HBPQ after FA addition.
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surface-ligand exchange process. When FA interacts with the
HBQP-coated QDs, it frees fluorescent species with emission at
540 nm, while the QDs lose their fluorescence at 666 nm, thus
achieving a dual detection mode. This system can detect FA in
both liquid and gas forms using a solid sensor made of cell-
ulose paper. The linear range within the fluorescence intensity
changes in proportion to FA concentration is between 1 and
28 pM. The calculated LOD is 0.49 uM, which meets the stan-
dards set by environmental authorities.

Lin et al.>® proposed a new method for ultrasensitive FA
detection in solution and gas using a catalyst-preplaced sensor
based on a pillar[5]arene functionalized with two thioacetylhy-
drazine moieties (DP5]). The design of the sensor involved
different functional parts: hydrazine groups were incorporated
to serve as recognition sites for reaction with FA and as self-
assembly sites via hydrogen bonding; the pillar[5]arene was
used as an aggregation-induced emission (AIE) fluorophore
and as a n-rn stacking site. Using the catalyst (CF3S0O3),Bi to
enhance the recognition efficiency, the probe DP5] could
detect FA through a turn-on fluorescence response driven by
an AIE mechanism. The detection of FA occurred within 7.5 s,
and the detection limit is 3.27 nM. Moreover, the sensor
demonstrated high selectivity for FA, as evidenced by the lack
of interference from other aldehydes during the detection
process. Additionally, the catalyst preplaced sensor (DP5]-Bi)
was employed to create a test kit for FA sensing, using a silica
gel plate as support to load the solution. The test kit demon-
strated high sensitivity, which made it suitable to detect FA in
solution or in gas.

Lately, Suhua et al.”” reported a fluorescence enhancement
probe (FAP) containing 7-nitrobenzo-2-oxa-1,3-diazolyl (NBD)
dye as the fluorophore, which shows a turn-on fluorescence
response to FA detection with high selectivity and sensitivity.
The FAP chemoprobe was easily prepared by a reaction
between hydrazine and NBD chloride. The obtained FAP dis-
plays weak fluorescence due to the photo-induced electron
transfer (PET) process involving the hydrazine moiety. The
addition of formaldehyde in acidic pH leads to a methyl-
enehydrazine Schiff base derivative, resulting in the suppres-
sion of PET and, consequently, increasing fluorescence. The
authors reported that under strong acidic conditions (pH =
2.8), the FAP showed a stronger fluorescence intensity (30
times) in the presence of FA, linearly responding in a range of
0.015-0.8 mg L. Selectivity tests were performed in the pres-
ence of an excess of various interferents (acetone, acet-
aldehyde, methanol, ascorbic acid, H,0,, and Na,S), highlight-
ing that only acetaldehyde noticeably affects the FA-induced
fluorescence enhancement.

Cao et al.’” reported a fluorescent Schiff base probe based
on 2,5-dihydroxy-p-benzenedicarbonamide (DTH), able to
detect FA and acetaldehyde in external environments and
cells. Upon excitation at 385 nm, DTH shows a maximum fluo-
rescence emission band at 508 nm, and a low fluorescence
quantum yield (&; = 0.027 = 0.001), mainly due to a PET
process or an ICT process. The addition of FA or acetaldehyde
to DTH revealed a different behavior of this probe. DTH has
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proven to be a ratiometric probe for FA, showing a decrease in
the intensity of the maximum emission peak at 508 nm and a
red shift to 534 nm with an increase in intensity emission, due
to the formation of the C=N double bond (&; = 0.055).
Conversely, the addition of acetaldehyde to DTH produces a
slight red shift (7 nm) with a strong enhancement of the
luminescence emission intensity (@¢ = 0.122), due to the pres-
ence of the electron-donating methyl group that affects the
PET process (Scheme 6).

Furthermore, detection limits of 0.29 pM with a linear
response in the range of 0-0.02 mM and 0.26 uM with a linear
response in the range of 0-0.035 mM were found for FA and
acetaldehyde, respectively. Selectivity tests towards FA and
acetaldehyde were conducted with aldehydes (propylaldehyde,
p-nitrobenzaldehyde, p-methoxy benzaldehyde) and other com-
pounds (hydroquinone, glucose, NaHS and H,0,), highlight-
ing that no significant red shift of the emission wavelength
was observed with selected interferents. Finally, since DTH
was found to be non-toxic, its use in detecting the presence of
FA and acetaldehyde in HeLa cells was investigated.

In 2021, Wang et al.’® reported a fluorescent sensing film
for the detection of FA and acetaldehyde, based on a naphthy-
lamide derivative, namely 6-hydrazineyl-2-(2-methoxyethyl)-1H-
benzo[de]isoquinoline-1,3(2H)-dione (HBD). This derivative
was infiltrated in SiO, inverse opal photonic crystals. The
detection mechanism lies in the nucleophilic addition
between the amine group of the naphthalimide derivative and
the aldehydes, leading to a strong fluorescence emission at
550 nm. The emission is significantly enhanced due to the
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Scheme 6 Synthesis of DTH and fluorescence changes with FA and
acetaldehyde.
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slow photon effect of the photonic crystals, where the emission
wavelength aligns with the stopband edge, thus obtaining
detection limits of 10.6 nM and 7.3 nM for FA and acet-
aldehyde, respectively, with a response time of 1 minute.
Additionally, the nucleophilic addition product can be easily
hydrolysed in an acidic aqueous solution, thus achieving rever-
sibility of the sensor. This sensor was employed to detect FA
and acetaldehyde in real samples, such as aquatic products
and living cells.

In 2022, Ye et al.>® developed a dual-channel sensor, Nap-
NH,, able to detect FA and phosgene with exceptional sensi-
tivity and selectivity. The sensor achieves limits of detection of
62 nM for FA and 23 nM for phosgene. The sensing mecha-
nism relies on the hydrazine group in Nap-NH, undergoing
distinct reactions with the two analytes. Interaction with FA
forms a hydrazone group, resulting in fluorescence enhance-
ment at 551 nm, while reaction with phosgene produces an
amide, causing fluorescence at 487 nm. Nap-NH, is syn-
thesised from 4-chloro-1,8-naphthalic anhydride and hydra-
zine, incorporating strong ICT and PET effects for efficient
signal generation. The sensor’s fluorescence response is rapid,
stabilising within 12 minutes for FA and just 2 minutes for
phosgene. The detection modes exhibit excellent linearity in
the range of 0-80 uM for FA and 0-150 pM for phosgene. Nap-
NH, demonstrates high selectivity, effectively distinguishing
FA and phosgene from other aldehydes and reactive com-
pounds with minimal interference. To facilitate practical appli-
cations, portable test strips based on Nap-NH, were developed
for on-site detection. Smartphone-based fluorescence imaging
further supports remote monitoring, making the system econ-
omical, portable, and suitable for field applications.

Cao et al.*®® reported the synthesis of a fluorescent sensor,
bearing quinolimide as a fluorophore and hydrazine as a reac-
tion site for the covalent recognition of FA with a turn-on
mechanism of fluorescence (Fig. 6). Linear response towards
FA was confirmed in the range of 0-180 pM, with a calculated
LOD of 1.7 pM in a methanol-PBS buffer. The emission turn-
on has been rationalized by the PET mechanism upon the
covalent reaction of FA with the amino group of the sensor,
confirmed by DFT calculations. Selectivity was demonstrated
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Fig. 6 Sensing mechanism and real image photos. Adapted from

ref. 60 with permission from Elsevier, copyright 2023.
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in competition mode using different other interferents. This
sensor was also used in solid phase by a strip test, and into
yeast cells treated with an excess of FA, supporting the possi-
bility to use this sensor for real-time applications.

In 2025, Ye et al.®" designed a fluorescent probe named
OPTY, derived from 8-hydrazine-boron-dipyrromethene
(BODIPY), for the dual detection of FA and nitrite (NO,™) in
food. OPTY reacts with FA via aldimine condensation to emit
blue fluorescence (465 nm), and with NO,™~ via intramolecular
cyclization to produce green fluorescence (510-520 nm). The
probe demonstrates high sensitivity, selectivity, strong signal-
to-noise ratio, and low detection limits (26.5 nM for FA and
20.8 nM for NO,™). To facilitate in situ analysis, OPTY was
incorporated into cellulose paper strips and integrated with a
smartphone to create a portable sensing platform. This system
allows easy, rapid, on-site, visual, and quantitative detection of
FA and NO,™ in food by analysing RGB values from the fluo-
rescent chips under UV light. The platform showed excellent
performances in real samples, including meat and seafood,
achieving recovery rates of FA between 93.5% and 102.4%.

Pan et al®® reported a study presenting a water-soluble,
naphthalimide-based fluorescent block copolymer (BCP2-N) for
selective FA detection in aqueous solutions. The probe features
hydrazine side chains, linked with post-polymerization modifi-
cation, that react with FA via an addition-elimination mecha-
nism to form a hydrazone. This reaction disrupts the internal
PET process, leading to a distinct green turn-on fluorescence.
The formation of the hydrazone and the sensing mechanism
were validated through ESI-MS analysis and supported by DFT
calculations, respectively. The polymeric probe BCP2-N exhibits
excellent sensitivity, detecting FA with an LOD of 1.7 pM, with a
five-fold fluorescence increase observed within 10 minutes upon
FA exposure. The polymer also demonstrates strong selectivity
toward FA over other analytes, combined with excellent water
solubility and photostability, thanks to its poly(N,N-dimethyl
acrylamide) (PDMA) block copolymer structure. Despite all these
advantages, the probe is able to perform only in aqueous media,
because it is not fluorescent in the solid state.

Wang et al.®® synthesised a turn-on fluorescent probe,
named W-1a, for the sensitive and selective FA detection in
both environmental and biological contexts. The probe is
based on a trifluoromethyl quinoline derivative as the fluoro-
phore and a hydrazine moiety, which acts as the reactive site
for FA. Upon reaction with FA, fluorescence is restored,
enabling quantitative detection with an LOD of 0.91 pM and a
response time of approximately 13 minutes. W-1a exhibits
high selectivity and stability under physiological pH con-
ditions and in the presence of common interfering substances,
such as ions and other aldehydes. These characteristics,
united to excellent biocompatibility and low cytotoxicity, make
the probe W-1a suitable for live-cell imaging of endogenous
and exogenous FA. Practical applications were also validated,
with successful FA detection in indoor decorative materials
and seafood products, showing high recovery rates.

FA sensing by other mechanisms. Martinez-Aquino et al.®*
developed a novel environment-friendly, selective and sensitive

8600 | Org. Biomol. Chem., 2025, 23, 8592-8608

View Article Online

Organic & Biomolecular Chemistry

sensor, which involves natural compounds, for the detection
of FA. In particular, the components of the probe are dopa-
mine, glycine and sucrose and the FA sensing mechanism
involves the Pictet-Spengler reaction between primary cat-
echolamines and FA. This passage is then followed by the
dehydrogenation of the tetrahydroisoquinoline, to visualize
biogenic monoamines through fluorescence microscopy. The
probe can detect FA either in aqueous solution or in gas
phase: in the first case, the presence of the pollutant can be
identified through both colorimetric and fluorescence emis-
sion changes, while the second case requires the preparation
of test strips with silica gel plates for the colorimetric detec-
tion of FA, which can be observed with the naked eye. The
obtained supported probe is safe and easy to use. The limit of
detection in solution is 0.24 nM, while for the gas phase, the
detection limits for 30-minute STEL (Short-Term Exposure
Limit) and 10-hour TWA (Time-Weighted Average) are 0.7 ppm
and 0.4 ppm, respectively, assessed using the image-analysis
software.

In 2021, Li et al.®® reported the development of an FA
sensor based on self-assembled monolayers (SAMs) of oxidised
thiophene derivatives (Fig. 7). The sensing mechanism relies
on the ability of 3T to oxidise under UV light in the presence
of oxygen, forming non-fluorescent carbonyl groups. When FA
interacts with these groups, a blue-shifted fluorescence is
restored, allowing for sensitive detection. The sensor demon-
strates high sensitivity, with the ability to detect FA concen-
trations below 1 ppm. It also exhibits excellent stability and
selectivity, making it a reliable tool for FA detection in various
environments.

Fang et al.®® reported the development of a supramolecular
organic framework (HNU-44) for highly sensitive and selective
FA detection in both liquid and gaseous phases. This material
demonstrates remarkable performances, significantly outper-
forming many current FA sensors. HNU-44 achieves a limit of
detection as low as 27.41 ppb in water and 2.61 ppb in gas. Its
dual sensing mechanism allows it to exhibit fluorescence
enhancement towards aqueous FA due to restricted benzene
rotation, while with gaseous FA, fluorescence quenching
occurs as hydrogen bond activation induces intramolecular
rotation. The framework is synthesised via the self-assembly of
(2)-4,4'-(1,2-diphenylethene-1,2-diyl)dibenzoic acid through
hydrogen bonding and n-r interactions. This design endows
HNU-44 with exceptional stability in aqueous environments

cl
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Fig. 7 (a) Schematic of the steps involved in SAM sensor development.

(b) Real image of the flexible sensor. Reproduced from ref. 65 with per-
mission from the American Chemical Society, copyright 2021.
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across a wide pH range (1-10) and thermal resistance up to
385 °C. HNU-44 exhibits excellent selectivity for FA, with
minimal interference from other volatile organic compounds,
metal ions, or anions in either liquid or gaseous phases. This
selectivity, combined with its high sensitivity, makes it a
robust candidate for real-world applications.

Yu et al.®” developed a triangular macrocycle sensor (S1)
able to detect FA in aqueous solutions with high sensitivity
and selectivity. The sensor achieves a low limit of detection of
22.5 ppb. The sensing mechanism is based on a reversible
N-hydroxymethylation reaction involving the imidazole groups
in the macrocycle, which induces a fluorescence colour change
from yellow to green-yellow upon FA binding (Fig. 8). The
macrocycle, assembled using imidazole-based ligands (L1) co-
ordinated with Zn** ions, provides active binding sites for FA
and enables fluorescence-based detection. The reaction occurs
rapidly under mild conditions, with visual detection achiev-
able within minutes at room temperature. Fluorescence inten-
sity increases linearly with FA concentration over the range of
0.61-8.14 pM. The sensor exhibits excellent selectivity for FA,
with negligible interference from other aldehydes and organic
compounds. Its reusability is another key advantage, as
absorbed FA can be released through heating, allowing for
multiple detection cycles.

Wei et al.®® developed a highly sensitive fluorescent sensor
based on 1H-[1,2,3]triazole[4,5-b]phenazine (PHTA) for FA
detection. The sensor achieves an impressive limit of detection
of 1.55 x 10°® mol L™" in DMSO solutions. The detection
mechanism involves a nucleophilic addition reaction between
FA and PHTA, causing a visible fluorescence shift from orange-
red to yellow. PHTA, synthesised from phenazine derivatives,
boasts a high fluorescence quantum yield, photochemical
stability, and strong FA interaction. The sensor delivers rapid
detection, reaching equilibrium within 10 minutes. It exhibits
linear fluorescence intensity ratio changes (Fs10/Fes0) Over FA
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Fig. 8 Fluorescence changes of ligands L1 and S1 with the dropwise
addition of formaldehyde. Reproduced from ref. 67 with permission
from the American Chemical Society, copyright 2022.
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concentrations ranging from 0.48 to 0.92 mM. PHTA demon-
strates excellent selectivity, showing minimal interference
from other VOCs. A silica-gel-based solid-state sensor was also
developed, enabling FA detection in both gaseous and liquid
environments, including applications in food samples such as
meat. This portable, cost-effective probe is suitable for
repeated use, as it can be thermally regenerated. Its combi-
nation of high sensitivity, rapid response, and practicality
makes it an ideal candidate for environmental monitoring and
food safety applications.

Del Mar Darder et al.® reported FA sensing using a colori-
metric probe based on the evanescent wave absorption due to
the interaction of the analyte with Leuco-Fuchsin onto a
plastic optical fiber. They used polymethyl methacrylate as an
optical waveguide, covered with a Nafion® polymer. In particu-
lar, under acidic conditions, Leuco-Fuchsin reacts with FA
leading to a violet product, with a maximum absorption at
575 nm, in 15 minutes. The limit of detection of 0.02 ppm,
close to the limit of quantification (0.025 ppm) and a linear
range of 0.03-5.5 ppm, was calculated. Selectivity was tested
with other aldehydes such as benzaldehyde and acetaldehyde,
as well as with acetone and methanol in large excess with
respect to FA. This system was tested in real field, in particular
in industrial paper impregnation processes.

Li et al”® reported the fabrication of multicolour carbon
dots starting from lignin, able to detect FA by visual method.
They started from lignin due to the high aromatic rings con-
tained in its structure, ideal for the preparation of carbon
dots. The authors obtained different carbon dots, in particular,
blue-, cyan- and green-emitting carbon dots, tuning the
amount of HCI (as a depolymerization agent), funding the
blue emitting carbon dots ideal for FA detection. Sensing was
performed under sunlight, showing the formation of a turbid
solution with FA concentrations above 0.4 mg L~". However,
with fluorometric method, performances are higher, leading
to an LOD of 7.4 pg L™", a linear range from 0 to 1 mg L™ fol-
lowing a progressive quenching of the emission of the carbon
dots. In addition, selectivity was tested with metal cations.

Hou et al”' described the realization of an indirect FA
sensing, exploiting the “on-off-on” emission mechanism due
to fluorescence inner-filter effect (IFE) of glutathione-doped
CdTe carbon dots and FA, in the presence of KMnO,. IFE is
due to the combination of GSH-CdTe and KMnO,, leading a
quenching of the emission of carbon dots. In the presence of
FA, reaction with KMnO, occurs, restoring the emission of
carbon dots. This reaction occurs in 2 minutes, with a concen-
tration of KMnO, of 5 pmol L™, a linear detection range of FA
of 0-80 pmol L' and an LOD of 9.33 nmol L™". Selectivity with
other aldehydes, cations and anions confirms the ability of
this sensor in the FA detection.

Liao et al.”? reported a turn-on fluorescent sensor, able to
detect FA in gas by turn-on of the emission (Fig. 9). The
authors used a porous cellulose plate as a solid support, func-
tionalized with a perylene diimide (PDI) chromophore,
bearing a hydroxylamine sulfuric acid salt. In the presence of
FA, reaction with the hydroxylamine sulfuric acid salt occurs
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Fig. 9 Formaldehyde sensing mechanism using a functionalized cell-
ulose acetate plate. Reproduced from ref. 72 with permission from
Elsevier, copyright 2023.

in 20 minutes, leading to the protonated form of PDI showing
higher fluorescence than the initial form. This device shows
an LOD of 3.7 ppb, in the linear concentration range of 0-900
ppb of FA. Selectivity was studied with alcohols, hydrocarbons
and ammonia.

Fan et al.”® recently reported a method for FA detection in
children’s toys. In particular, they developed a hybrid system
containing a fluorescent whitening agent, potassium dichro-
mate and sulfuric acid that was able to detect FA by fluo-
rescence emission (via off-on mechanism) and visual mode
(Fig. 10). The internal filtration effect due to the presence of
dichromate leads to the quenching of the emission, which is
restored in the presence of FA after the reduction of dichro-
mate to Cr** in ca. 25 minutes. Detection limits, by fluo-
rescence and visual methods, are 2.03 and 85.5 mg L7,
respectively. Several interferents were tested, including alde-
hydes and inorganic salts. This method has been evaluated for
water and children’s toys analysis, obtaining good recovery
values.

Zhu et al.”* synthesized a probe based on a metal-organic
framework of europium. It shows fluorescence in the visible
region when excited in the ultraviolet region around 360 nm.
The authors report an LOD of 194 pyM with a dynamic linear
range between 0.1 pM and 1 pM. The selectivity of the probe is
poor, as it is also sensitive to other substances, in particular
Hg>* and Cd** ions. The probe has also been shown to work
on filter paper to detect contaminated solutions.

Cadeado et al.”® proposed an optical technique to detect FA
in milk, combining reflectance and fluorescence measure-
ments to improve sensitivity. The approach is based on the
Hantzsch reaction between FA and acetylacetone, forming 3,5-
diacetyl-1,4-dihydrolutidine (DDL), the optical properties of

Ul
& ;
soaking evaporating soaking
- - @ &
i FLanalysis

Lk

%= cutting

/ cutting contaminated with FA

i FPD

Fig. 10 Schematic procedure for FA sensing in toys. Reproduced from
ref. 73 with permission from the Royal Society of Chemistry, copyright
2024.
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which can be observed by reflectance at 415 nm and fluo-
rescence at 515 nm. Using a multi-channel spectrometer and
an IoT-enabled sensor, the method achieved detection limits
of 0.027 mg L™ (reflectance) and 0.030 mg L™" (fluorescence),
with linear responses in the 0.1-4 mg L' and 0.1-3 mg L™*
ranges, respectively, using only few microliters of sample. FA
concentrations in milk samples were successfully measured,
showing a 60% decrease in FA content after thermal treatment
at 70 °C for 20 minutes. This is the first reported use of an
IoT-based sensor capable of simultaneous fluorimetric and
spectrophotometric FA detection. Validation across various
milk types (UHT, skimmed, pasteurized, and fortified
samples) confirmed its accuracy and reliability. Furthermore,
the entire device, featuring a 3D-printed case, Arduino board,
sensor, and wiring, was assembled for just $35, emphasizing
its practicality for widespread use.

Han et al.”® introduced a supramolecular fluorescent archi-
tecture, based on the self-assembly of polyacrylic acid (PAA)
and the small-molecule NBHN (N-butyl-4-hydrazino-1,8-
naphthalimide). Through hydrogen bonding and n-r stacking
interactions, PAA and NBHN generate hollow nanoparticles
(PAA@NBHN), enhancing their water solubility, stability, sensi-
tivity, and response time towards FA, compared to the free
NBHN probe. The fluorescence mechanism is based on PET,
where FA binding inhibits PET from the hydrazine group to
the naphthalimide scaffold and triggers a fluorescence “turn-
on” response; also, the hydrazine group has been used due to
its capabilities of FA recognition, and the butyl group provides
a hydrophobic nanocavity for FA binding. To further broaden
its applicability, additional fluorescent molecules (MBNI and
cresyl violet) were incorporated to produce colour-tuneable
signals, enabling both aqueous and airborne FA detection.
The platform was also adapted into practical formats, includ-
ing paper-based sensors and colorimetric reagents, suitable
for indoor air quality monitoring (Fig. 11). The use of readily
available PAA makes the platform cost-effective and easy to
produce.

Du et al.”” developed a ratiometric fluorescent sensing nano-
platform (CDs/AuNCs@?ZIF-8) integrating carbon dots (CDs) and
gold nanoclusters (AuNCs) inside a zeolitic imidazolate frame-
work (ZIF-8), in a hydroxylamine hydrochloride (NH,OH-HCI)
medium, which represents an FA recognizer. This platform exhi-

5 262404093 5
R=0.997 2

0.0 03

1 0.
Oppm  0.05ppm  OIppm  02ppm 03 ppm Rt )

Environments with different concentrations of formaldehyde

Colorimetric acquisition

Fig. 11 Photographs of strip tests exposed to various FA concentrations
in simulated air samples (left). RGB value acquisition with a smartphone
and their linear correlation with FA concentration (right). Adapted from
ref. 76 with permission from the Royal Society of Chemistry, copyright
2025.
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bits initial pink fluorescence due to the AIE of AuNCs and IFE
between AuNCs and CDs. The reaction between FA and
NH,OH-HCI leads to a Schiff base and releases HCI, which trig-
gers the degradation of ZIF-8, thus liberating CDs and AuNCs.
This results in a shift to blue fluorescence, due to the CD dis-
persion, enabling ratiometric detection of FA.

The platform shows excellent sensitivity, with a detection
limit of 13 ppb and a rapid response time <1 min in real
samples. To facilitate real-world applications, test strips and
wearable hydrogel films were implemented applying detection
by smartphone for visual, practical and on-site FA detection.

Table 1 summarizes the main features of the FA probes ana-
lysed in this review. Among the various sensing strategies,
methylene-hydrazine-based systems currently offer the most
favorable balance between sensitivity and selectivity, particu-
larly when integrated with structured platforms such as QDs,
MOFs, and pillararenes. Several of these sensors achieve sub-
ppb detection limits (e.g., 0.015 ppm with CdTe/CdS QDs, 0.1
ppb with pillar[5]arene derivatives, and 0.3 ppb with naphtha-
limide derivatives) while maintaining good selectivity,
especially in the presence of aldehydes and VOCs. Notably, the
pillar[5]arene-based sensor combines an ultra-low LOD with a
fast response time (<10 s), making it suitable for real-time
applications. In contrast, aza-Cope-based probes—despite
their excellent specificity for formaldehyde via covalent
binding mechanisms (e.g., PEI-FP, LOD 0.014 ppm)—often
lack reversibility and suffer from limited selectivity in complex
environments. Formimine-based systems also show potential,
particularly those coupled with carbon dots or MOFs, although
they typically exhibit slightly higher LODs and broader cross-
reactivity.

Top-performing systems, in terms of sensitivity, time
response, and real-world applicability, include: (i) pillar[5]
arene derivative (0.1 ppb, 7.5 s); (ii) DCP5 copolymer (0.04 ppb,
1 min), notable for its reversibility; and (iii) naphthalimide
derivative (0.3 ppb, 1 min), validated in air, food, and biologi-
cal matrices. Additional promising platforms include the CDs/
AuNCs@ZIF-8 + NH,OH-HCIl nanoplatform, which performs
well across air, food, and building materials, and the sodium
ligninsulfonate-derived carbon dots (LOD: 2.4 ppb), designed
for indoor air monitoring.

Most of the sensors analyzed exhibit emission maxima in
the visible range (typically 500-600 nm), enabling direct
optical readouts, including smartphone-assisted or naked-eye
detection. Moreover, many systems tested in aqueous environ-
ments—particularly those based on chitosan, MOFs, or carbon
dots—demonstrate good water compatibility, supporting their
use in food safety, environmental monitoring, and bioanalysis.
Conversely, some aza-Cope and solid-state platforms display
limited aqueous solubility, which may require further chemi-
cal modification for liquid-phase applications.

Despite these advancements, several technical limitations
persist:

« Irreversibility: covalent mechanisms such as aza-Cope,
hydrazone, or imine formation often prevent sensor regener-
ation, limiting reuse.
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» pH dependence: many sensors perform poorly under vari-
able pH, particularly in biological or environmental matrices.
Future work should prioritize pH-insensitive probes or
buffered systems.

» Reduced solid-state sensitivity: sensors that perform well
in solution often exhibit reduced efficiency when immobilized
on paper strips or membranes, due to limited diffusion or
quenching effects.

« Cross-selectivity and matrix effects: in real-world environ-
ments, coexisting VOCs or reactive species can interfere,
emphasizing the need for multichannel systems or data-driven
approaches for analyte discrimination.

» Lack of integration and scalability: only a few systems are
compatible with portable or smartphone-based formats, and
the absence of standardization in calibration and packaging
hinders commercial translation.

Addressing these bottlenecks will be critical for advancing
formaldehyde sensing technologies toward broader and more
reliable real-world use.

Conclusions and future perspectives

Although formaldehyde has been recognized as extremely toxic
and its use has therefore been restricted and regulated by
different laws, it is still likely to be found in both external and
internal environments. The high reactivity and the formation
in various industrial processes make FA a molecule that, prob-
ably, will not disappear in the next future. For this reason, the
possibility to monitor the FA concentration in real time by fast
and easy analysis is of extreme actuality and importance.
Detection by optical probes matches these criteria. In the
present review, we highlighted different sensing mechanisms
in which FA reacts covalently with a molecule (optical or fluo-
rescent probe), leading to the formation of a new compound,
which has different UV-Vis or emission spectrum with respect
to the starting probe. This change in optical features can also
be quantified, leading to the possibility to monitor FA
concentration.

In this context, sensing by optical probes shows some
important aspects that an ideal sensor should satisfy.

Selectivity

The possibility of having a false-positive response due to the
interaction of the probe with other analytes must be reduced
to zero (if possible). Most of the probes, in fact, contain a
nucleophilic group that reacts with FA. However, this reaction
is not always selective for FA, and it can also occur with other
analytes containing carbonyl groups. In this context, a supra-
molecular approach can probably increase the performance,
by enabling the design of probes (receptors) with different
recognition points for FA, thereby avoiding the possibility to
interact with other analytes.>*3%78
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Sensitivity (limit of detection)

Due to the low concentration of FA allowed for indoor and
outdoor environments (few ppm and ppb levels, respectively),
a good probe/sensor requires the ability to detect FA at trace
levels (ppt-ppb). This feature is extremely important, and the
optical characteristics of the fluorophore, mainly in terms of
emission quantum yield, are crucial. Organic fluorophores
having these characteristics are, in general, BODIPYs, rhoda-
mines, naphthalimides, and porphyrins. Therefore, these
building blocks can be employed to reach low limits of
detection.

Range of linearity

Sensors having the possibility to detect FA in a concentration
range into one order of magnitude are not practical. The FA
concentration can undergo variation larger than two or three
orders of magnitude. Thus, an ideal sensor must detect FA in
the ppt-ppm range, very larger with respect to most of the
optical probes analyzed in this review.

Timing of the response

In general, an ideal sensor must indicate the presence of the
target analyte immediately. In particular, if the analyte is a
toxic molecule, this aspect is essential. For this reason, the
possibility to detect FA immediately, or in few seconds, is a
crucial feature. The reaction between FA and the nucleophilic
group contained in the probe can be slow (different minutes)
and can be a function of temperature and concentration. The
supramolecular approach, as previously described, can solve
this problem, leading to an immediate response of the probe
to the analyte.
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