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Abstract: Formaldehyde (FA) is the simplest aldehyde present both in the environment and in
living organisms. FA is an extremely reactive compound capable of protein crosslinking and DNA
damage. For a long time, FA was considered a “biochemical waste” and a by-product of normal
cellular metabolism, but in recent decades the picture has changed. As a result, the need arose for
novel instruments and approaches to monitor and measure not only environmental FA in water,
cosmetics, and household products, but also in food, beverages and biological samples including
cells and even organisms. Despite numerous protocols being developed for in vitro and in cellulo FA
assessment, many of them have remained at the “proof-of-concept” stage. We analyze the suitability
of different methods developed for non-biological objects, and present an overview of the recently
developed approaches, including chemically-synthesized probes and genetically encoded FA-sensors
for in cellulo and in vivo FA monitoring. We also discuss the prospects of classical methods such as
chromatography and spectrophotometry, and how they have been adapted in response to the demand
for precise, selective and highly sensitive evaluation of FA concentration fluctuations in biological
samples. The main objectives of this review is to summarize data on the main approaches for FA
content measurement in liquid biological samples, pointing out the advantages and disadvantages
of each method; to report the progress in development of novel molecules suitable for application
in living systems; and, finally, to discuss genetically encoded FA-sensors based on existing natural
biological FA-responsive elements.

Keywords: formaldehyde; aldehyde derivatization; fluorescent probes; aza-Cope rearrangement;
formaldehyde sensor

1. Introduction

Formaldehyde (formula HCHO, abbreviated FA), is a simple, naturally occurring or-
ganic compound, is one of the first-row aldehydes and is the most poisonous of them [1,2]. It
is a well-known fact that FA is a strong electrophile capable of reacting with various biologi-
cal nucleophiles such as nucleic acids [3], and nucleophilic amino acids [4], thereby affecting
the most important functions of living organisms. Nevertheless, FA is a normal component
of the human organism itself, as physiological levels of FA are detected in exhaled air
and blood. That fact became obvious with the development of methods by which FA
could be assessed in biological samples [5]. Formaldehyde can enter the human body from
outside—with polluted air or water, tobacco smoke [6,7], electronic cigarette vapour [8]
and consumed food [9–13]. Moreover, there are numerous sources of endogenous FA as
it is a (by-)product of different biochemical reactions in the organism performed by vari-
ous enzyme systems, e.g., oxidative demethylation enzymes [14], semicarbazide-sensitive
amine oxidases (SSAOs) [15–17], serine hydroxymethyltransferase [18], dimethylglycine
dehydrogenase [19], lipid oxidation enzymes [20], P450 oxidase [21] and N-methyl group
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demethylase [22,23] (Figure 1). One of the main sources of FA in the human organism is
exogenous and endogenous methanol that is oxidized by alcohol dehydrogenases, cata-
lase and cytochrome P450 to FA [14]. Despite the continuous incoming flow of FA in the
human organism in normal conditions, it is equal to the outgoing flow—FA concentration
is maintained at low levels by different mechanisms of controlling its metabolism and
clearance [14].

Figure 1. Sources of endogenous FA. Created with BioRender.com.

Nevertheless, in case of pathological conditions and malfunction of FA clearance
systems, the increased levels of endogenous FA could lead to destructive and harmful
processes. It can induce bone pain in cancer through TRPV1 activation [24] and it also plays
a huge role in the origin and life of a cancer cell [25–27]. FA triggers cellular redox imbalance
in human cells as it reacts with the redox-active thiol group of glutathione affecting the ratio
of reduced glutathione and causing oxidative stress [28]. FA can bring genetic damage to
hematopoietic stem cells, hepatocytes and nephrons [29]. Also, fluctuations of endogenous
FA concentration are characteristic of the numerous pathological conditions associated
with cognitive impairment [30].

FA could be assumed to be not only a by-product of endogenous biochemical processes
but to also have some important functions. This assumption has risen into the hypothesis
that human endogenous FA can act as a potential anticancer metabolite [27]. Moreover,
endogenous FA was demonstrated to be a regulatory molecule that can help memory
formation, particularly by enhancing NMDA (N-Methyl-D-aspartic acid) currents [31].
Recent studies have shown that FA can interfere with the activity of the glutamate receptor
NMDA-R. FA binds one of the receptor subunits, thus endogenous FA enhances NMDA
currents, while excess of FA suppresses NMDA currents by crosslinking amino acids of the
NMDA-R subunit [32,33].

But how to measure FA concentration? The potential danger from exogenous FA
was first discovered at the end of 19th–beginning of 20th century [34]. The first approach
allowing FA concentration assessment was developed in the 1950s with the birth of gas
chromatography. Methods for measuring FA were directed for its detection in waste water



Int. J. Mol. Sci. 2022, 23, 6642 3 of 21

as well as in food and beverages [35], air and various types of alcoholic products [36]. For
a long time, the scientific community did not consider the existence and significance of
endogenous FA. But recent advances in molecular biology, biochemistry and physiology
have revealed its importance indicating that FA can serve as a molecular marker for many
normal and pathological biochemical processes in a living organism. It became necessary to
optimize the existing FA detection methods to make them applicable for biological samples.
According to that demand, numerous novel techniques were developed for FA content
assessment in vitro, in cellulo and in vivo. Here we review a variety of approaches for FA
measurement and monitoring that can be divided in to three main groups. The first group of
methods includes gas and liquid chromatography and provide high sensitivity, selectivity,
and reproducibility of measurements. However, these techniques are hardly applicable
for FA assessment in real-time mode and in living cells and organisms. The second group
comprises methods based on spectrophotometry detection of substances obtained in a
reaction with FA. Some of these approaches could only be utilized for FA measurement
in liquid samples (biological fluids, lysates, extracts etc.); but the others (mainly based on
aza-Cope group rearrangement) could also be applied to monitor FA in cells and even living
organisms. The third group includes genetically-encoded sensors that were developed
for living cells and organisms. However, the variety of methods for FA assessment is not
limited to those mentioned above: there are numerous other approaches for analysis of air
samples using graphene- and metal oxide-based nanomaterial gas sensors [37–41], optical
FA-sensors [42] and others that are out of the scope of this review.

The aim of this review is to highlight the latest developments in the field of FA
detection in vitro and in vivo and their application in cellular and molecular biology,
physiology and biochemistry, and to provide readers with a general overview of how
FA could be assessed in biological samples. We summarize data on the approaches for
FA content measurement in biological fluids as well as culture medium, cell extracts and
lysates, and on the suitability of different methods developed for non-biological objects.
We discuss the potential of the numerous probes applicable for real-time FA monitoring in
cell culture, tissues and living organisms. And, finally, we focus on the recent advances in
genetically-encoded FA-sensors.

2. In Vitro FA Measurement

The first objects in which it is necessary to measure the levels of endogenous FA are
various biological fluids, such as blood, saliva, and urine as well as culture medium. Cell
lysates and tissue extracts could also be assigned to this group of samples. As most of these
samples contain proteins, the initial step of the sample preparation for chromatography is
deproteinization that is usually performed by protein precipitation using trichloroacetic
acid or acetonitrile. Measurement of FA in liquid samples does not need the invention of
completely new methods, but rather, requires the use of known methods that are modified
to achieve the best results.

2.1. Gas Chromatography

In early 1952, Martin and James carried out a variant of gas distribution chromatogra-
phy (GC). Since that time, gas chromatography became one of the fastest growing methods
in analytical chemistry. GC has many advantages over other measurement methods. Due to
its high separation power, GC has found wide application in the food industry [43,44] and
medicine [45,46]. No other method allows analysis of water samples or multicomponent
liquid systems with hundreds of components in such a short time. Comparative simplicity
of equipment management and ease of use are among the most important properties of
gas chromatography. Gas chromatographs are relatively affordable, reliable, and allow an
automated analysis process.

High sensitivity of the chromatograph makes it possible to determine small amounts of
organic compounds with great accuracy. Today, gas chromatography can reliably determine
concentrations of 10−8–0−9 mg/mL [47]. The obtained data may be widened when GC
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is combined with various instrumental methods such as mass spectrometry (MS) and
Fourier-transform infrared spectroscopy.

GC–MS has become one of the most successful combined methods. By superposition of
GC and MS, we get a tool combining the ability of GC to separate closely related molecules
with the ability of MS to use data to identify and quantify separated substances.

However, GC has its drawbacks, which can sometimes become critical during analysis.
With GC, it is impossible to separate and analyze mixtures of non-volatile compounds,
thermally unstable compounds or compounds dissociating in the analyzed solutions.

2.1.1. FA Derivatives’ Detection with GC

How can we use the GC method to detect such a small metabolite as FA with a mass
of only 30.026 g mol−1? It is complicated and troublesome to catch this molecule without
using special protocols of sample preparation. One of the common substances used for FA
derivatization is O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA, CAS Registry
No. 57981-02-9) (Figure 2A). Thus, FA derivatives–oximes–are obtained and then analyzed
by GC coupled with flame ionization detector (FID), electron-capture detector (ECD) or
mass spectrometry (MS). PFBHA has been known since 1975. It helps in detecting a variety
of compounds among which are aldehydes [48,49]. PFBHA could be used for FA detection
in water, blood [26], plasma, urine and amniotic fluid [50,51]. PFBHA reacts completely
with FA within a few seconds, forming a GC-compatible oxime that is analyzed with a
high-polarity capillary column and nitrogen as a carrier gas. The accuracy of FA detection
using GC coupled with MS reaches the picogram (pg) level [52]. The PFBHA-based method
has been recommended for FA detection by the US Environmental Protection Agency [53].

Figure 2. FA derivatization using PFBHA (O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine) (A) or
PFPH (pentafluorophenylhydrazine) (B).

Another substance used for FA derivatization is pentafluorophenylhydrazine (PFPH)
(Figure 2B). This approach was used to assess the FA content in biological samples such as
homogenates obtained from different tissues [54], and the derivatization was performed
directly in tissue homogenates in the presence of diluted (0.03–0.1 M) phosphoric acid
(1–2 h 50–55 ◦C) followed by analysis of pentafluorophenyl hydrazone by GC–MS using
a capillary high polarity column and helium as a carrier gas. This method allows the
detection of FA at concentrations that are characteristic of natural endogenous levels for
mammals [55]. However, PFPH is mostly used for FA detection in non-biological samples.

The products of FA derivatization are usually recovered using liquid–liquid [55]
or liquid–solid phase extraction methods [56], but these procedures greatly complicate
the analysis. Therefore solid-phase microextraction (SPME) is the most convenient ap-
proach [57,58]. There are several approaches based on the joint usage of extraction and
derivatization: the reaction could be performed in the working solution using headspace
or liquid SPME [59] as well as derivatization on fiber [60]. On the other hand, for on-fiber
derivatization, a derivatizing agent could be applied to the fiber and then exposed to the
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headspace of the sample [52,61]. This allows FA to be measured accurately and to obtain
reliable values every time.

2.1.2. GC with Catalytic Hydrogenolysis Coupled with a Flame Ionization Detector (FID)

Although the GC analysis of FA derivatives detected with FID/ECD and especially
MS described above provides high accuracy, it is costly and time-consuming. Jim Luong
and colleagues developed a new GC technique: using a capillary column by which FA,
acetaldehyde, and other components were separated from a gas-phase matrix, then the
aldehydes were converted into methane and ethane, respectively, using a nickel-coated
catalyst in a hydrogen atmosphere. The methane and ethane were then detected using an
FID [62].

Further, the catalyst-based method was upgraded and catalytic hydrogenolysis was
performed directly in a 3D-printed FID jet consisting of an FID combined with a catalyst
support for hydrogenolysis. The sensitivity of this approach reaches ppm level in the range
of 0.5–300 ppm [63]. The main advantages of this method are the absence of the need for
preliminary preparation, derivatization, and concentration of the sample. This method can
be used safely for the FA measurement in biological fluids after proper separation of the
aqueous phase (precipitation of proteins, centrifugation). This promising approach has
excellent prospects and the FID jet is already commercialized as Jetanizer(TM) and available.

2.2. Liquid Chromatography

Liquid chromatography (LC) is a method for separation and analysis of complex
mixtures of substances in which the mobile phase is liquid [64]. The mobile phase in LC
performs a double function: (1) it provides the transfer of desorbed molecules along the
column (as in the mobile phase in GC); (2) it regulates the equilibrium constants, and
consequently the retention, as a result of interaction with the stationary phase (adsorbed
on the surface) and with the molecules of the substances being separated. By combining
various sorbents and a huge number of mobile phases different in their composition, it is
possible to solve many tasks [65]. The LC method is applicable for the separation of a much
wider range of substances than GC, since most of the substances are not volatile and are
unstable at high temperatures. LC separation is usually performed at room temperature.

High performance LC (HPLC) can be applied to the analysis of various very small
molecules [66] which are involved in biological processes in living organisms. HPLC has
long been used to work with systems of biological origin, but FA cannot be measured
directly by LC due to the chemical and physical properties of FA. Moreover, the concentra-
tions of endogenous FA in biological samples are very low. Thus, it is necessary to obtain
more stable and less reactive derivatives as the products of irreversible reactions with FA.
These FA derivatives could be analyzed using HPLC combined with different detectors
(usually UV) or MS.

2.2.1. 2,4-Dinitrophenylhydrazine for FA Measurement

The most widely used substance for binding FA is 2,4-dinitrophenylhydrazine
(DNPH) [67]. As a result of this reaction, 2,4-dinitrophenylhydrazone is formed (Figure 3).
This compound is separated using reverse-phase HPLC with acetonitrile/water mobile
phase and hydrophobic stationary phase (columns with C18 ligand bonded to silicon
dioxide are commonly used), and monitored using a UV detector [68]. The FA derivative
with DNPH is preferred for HPLC to any other reagents because it can be monitored in the
region of 330–360 nm which is more specific compared, for example, with formaldemedone
(see below) with detection at 254 nm. Moreover, this approach based on DNPH–HPLC
allows the simultaneous determination of FA and methylglyoxal [69]. As in the case of
GC, it is possible to increase the efficiency and accuracy of measurements by using a
combined approach of MS and HPLC [70]. DNPH–HPLC can be applied to virtually any
non-biological sample including water [71,72], drug substance [73], food [74], leather [75],
etc. This method also allows the measurement of FA in biological samples like tissue
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homogenates [76], urine [69], blood and serum [77–79]. Despite the wide use of this
approach, it still requires elaborate sample preparation and special equipment, which is
not always accessible.

Figure 3. 2,4-dinitrophenylhydrazine reaction with formaldehyde.

2.2.2. Ampicillin-Based Reaction for FA Derivatization and HPLC Analysis with
Fluorescence Detection

Another substance for FA derivatization is ampicillin (D-(2)-a-aminobenzylpenicillin)
that reacts with FA forming a fluorescent product (Figure 4) [80] analyzed by reverse-phase
HPLC (acetonitrile/water mobile phase and a column with C18 ligands) with fluorescence
detection (excitation and emission wavelengths are 346 nm and 422 nm, respectively). This
approach was first developed for ratiometric ampicillin detection in animal tissues [80],
but later it was demonstrated to be applicable for FA measurement as well [67]. However,
Reinbold and colleagues recently characterized the structure of the fluorescent product of
ampicillin/FA reaction and concluded that this method of detection is not selective enough
because the same or similar fluorescent compounds (pyrazinones) could be formed with
other biologically relevant molecules [81]. This finding indicates that chromatographic
separation of reaction products before detection is essential to distinguish between FA-
derived and other similar pyrazinones, and proper controls should be set because ampicillin
reaction with glyoxylate gives exactly the same adduct as with FA [81].

Figure 4. FA reaction with ampicillin results in formation of fluorescent pyrazine-2-one.

2.2.3. Dimedone for FA Derivatization

E. Tyihák and colleagues used dimedone as a derivatization agent for FA [82]. This
reaction (Figure 5) is similar to the Nash reaction [83] as it is also based on the condensation
reaction between FA and a reagent consisting of β-diketone and ammonium acetate. A
solution of dimedone in methanol was demonstrated as a suitable reagent for the isolation
of FA from different biological samples. Moreover, methanol in this protocol plays the role
both of extractant and eluent [82], and no additional deproteinization stage is needed due
to simultaneous extraction and derivatization. The reaction product, formaldemethone
(Figure 5), could then be analyzed by reverse-phase HPLC (methanol as a mobile phase
and C18-ligand column) with UV detection (260 nm). Using this approach, FA assessment
was performed in biological samples such as tissue (liver, muscle, tooth) lysate, urine and
plant extract [82,84,85].

Figure 5. FA derivatization with dimedone.

2.2.4. Detection of Reaction Products of FA and Amino Acids

It is a well-known fact that FA reacts with different amino acids [86–88]. But until
recently, this fact was considered only for exogenous FA, which negatively affected the
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organism. The elevated levels of FA/amino acid adducts are regarded as biomarkers of FA
exposure [89,90]. The main focus has been on human serum albumin lysine [91] and human
hemoglobin valine [92] adducts that could be detected and analyzed with LC-MS. However,
besides monitoring the effects of exogenous FA, its adducts could give information on
the levels of endogenous FA being some kind of a reservoir of FA. It has been shown that
ADH5-deficient cells recycle FA via alternative pathways [93]. Moreover, FA applied to
mammalian cell culture reacts with free cysteine and histidine residues, forming products
that are stable over a wide pH range [88]. Such spontaneous reactions result in the formation
of timonacic and spinacine (Figure 6), respectively [88]. To assess timonacic and spinacine
concentrations, they are extracted from cells or serum with the mixture of acetonitrile–
methanol–water (3:5:2) and then analyzed by HPLC–MS using a hydrophilic interaction
chromatography (HILIC) column with a high-performance zwitterionic stationary phase
attached to porous polymer beads [88]. The reaction product between cysteine and FA,
timonacic, is more soluble than cysteine and less reactive than FA [93], which facilitates
its transfer through tissues. Cysteine conversion to timonacic is reversible, which is why
timonacic could be regarded as a kind of FA “storage”, which forms in some tissues
and then enters the bloodstream. In the blood, it is converted back to cysteine and FA,
thereby promoting the distribution of cysteine and FA throughout the body [93]. Due to
all the properties described above, timonacic can be used to track relative changes in FA
concentration in blood [88,93], but the absolute FA concentration cannot be assessed by
this approach.

Figure 6. FA reaction with histidine and cysteine to form spinacine and timonacic respectively.

To conclude, HPLC and GC are precise, selective and well-established methods for the
detection of FA in various samples, including biological. However, they are only suitable
for in vitro detection. Moreover, additional steps of sample preparation, including depro-
teinization and derivatization, are necessary. Therefore, if all these criteria are applicable to
the particular research task and the corresponding equipment as well as a qualified operator
is available, then chromatography represents one of the best choices for FA assessment.

3. From In Vitro to In Cellulo
3.1. Chromogenic or Fluorogenic FA Chemosensors

There is a group of methods used for FA concentration assessment based on the mea-
surement of absorbency or fluorescence of the products obtained in the FA reactions with
particular substances [94,95]. Spectrophotometry allows measurement of chromogenic and
fluorogenic substances, obtained as a result of such reactions. Most of these protocols are
used for in vitro FA quantification as very convenient methods because they allow analysis
of multiple samples in automatic mode (for example, microplate format); and only common
devices found in molecular biology laboratories are needed including spectrophotometer,
rather than specialist equipment such as HPLC or GC devices. As data on the role and
function of endogenous FA in living systems accumulated, and more and more information
appeared around the participation of this molecule in various processes associated with
diseases, a need arose for relatively simple and widely available methods for measuring
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FA in biological samples in vivo in real-time conditions. The benefit afforded by the high
sensitivity of the GC and HPLC methods is largely offset by the need for expensive special-
ist equipment and a qualified operator. Moreover, such approaches cannot be exploited
for in vivo FA monitoring. By contrast, fluorescent microscopy and special FA-sensing
probes allow monitoring of FA levels in cell cultures and even animals. The main criteria
for the substance to be suitable for FA monitoring in living systems are low toxicity, stabil-
ity, cell-penetration ability, and selectivity against other aldehydes that are present in the
cell. For in vivo monitoring, a near-infrared excitation/emission profile is also preferable.
Below, we discuss the application of FA-sensors for in vitro application, and adjustment
of these molecules or development of completely new ones to make them applicable for
in vivo context.

3.1.1. β-Diketone Esters and Hantzsch Reaction

This reaction was known back in 1881 thanks to Arthur Rudolf Hantzsch [96]. Subse-
quently, this reaction found its use for measuring FA in biological samples in 1953, when
Nash modified the reaction and used acetylacetone [83] (Figure 7A). This allowed him to
measure the FA content in suspensions of living bacteria for the first time. Since then, this
colorimetric reaction could be carried out under milder conditions. The acetylacetone-based
protocol is now mainly used for FA detection in non-biological samples such as textiles [97],
cosmetics [98], beverages [99] etc. Nevertheless, a method is suitable for biological in vitro
samples: FA content was assessed in rat hepatocyte lysates [100], human erythrocyte
lysates [101], hemolysate [102] and mushroom extracts [103]. Moreover, a commercial kit
for different biological samples was developed (Hach Company).

Figure 7. (A) Hantzsch reaction used for FA detection by Nash approach, (B) Fluoral-reaction with
FA, and (C) polymer-based application of Hantzsch reaction. R denotes polymer.

Nowadays, this reaction of β-diketone ester, an aldehyde and ammonia or an alky-
lamine is actively used for the spectrofluorometric determination of a wide range of non-
fluorescent substances which contain a primary amino group, as well as for FA detection. Li
and colleagues introduced a novel reagent for FA measurement based on Hantzsch reaction,
namely, acetoacetanilide (AAA) [104,105]. The AAA reaction with FA is carried out at room
temperature and its product can be detected by absorbency or fluorescence. The protocol
was initially made for FA assessment in water but further developements based on this
method resulted in the manufacture of commercial kits for FA measurement in biological
samples with sensitivity 1.5 µM (Sigma-Aldrich, BioAssay Systems, Abcam) and success-
fully used for FA levels monitoring in cell and tissue lysates [33,106] and cerebrospinal
fluid [107].

Another reagent for FA measurement, Fluoral-P (4-amino-3-penten-2-one), was devel-
oped [108]. Fluoral-P is colorless, while the product of reaction with FA, 3,5-diacetyl-1,4-
dihydrolutidine (DDL), is yellow and can be detected by a spectrophotometer at 420 nm
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(Figure 7B). As many others, this protocol was initially applied to FA monitoring in air
samples [109,110]. Subsequently, this approach was used by Yue and colleagues to estimate
FA content in brain tissue lysates [111]. The method showed high sensitivity (LOD for
detecting FA was 0.5µM) and was demonstrated to be applicable for biological samples—in
this case, brain tissue lysates [111].

Due to biotoxicity, and the instability of some of the components and products of
the Hantzsch reaction, the latter was limited to the detection of endogenous FA in vivo.
However, a new approach based on polymer chemistry has given the Hantzsch reaction
a second wind allowing in vivo application. Instead of small molecules as FA-sensors
(e.g., acetylacetone), different polymers containing the corresponding functional group
(β-diketone ester) could be used for FA detection via the Hantzsch reaction (Figure 7C). The
application of this approach has yielded remarkable results. The FA-sensor-supplemented
polymer structures are highly biocompatible [112,113]. Thus, it has been shown that these
polymers can efficiently detect endogenous FA in cell culture or in living organisms (e.g.,
zebrafish). Liu et al. [114] recently reviewed in detail how to use polymer chemistry to
create a suitable FA measurement model, and Pan et al. [113] summarized data on the
progress in polymer-based FA-sensors and discussed the advantages of polymeric probes
for FA detection in vitro and in vivo. The polymer-based approach opens a new horizon
for bioimaging and expands the field of application of the Hantzsch reaction.

3.1.2. Fluorescent FA-Sensors Based on Formimine, Hydrazine and 2-Aza-Cope Reactions

Recentl excellent reviews by Xu et al. [115], Manna et al. [95] and Pan et al. [113]
summarized advances on fluorescent probes and sensors, which were developed in the
last decade and can be used to monitor FA in a variety of objects both in vitro and in vivo.
Most of the substances described in these reviews are suitable for living cells and were
demonstrated to be successfully applied for FA level assessment. We, in turn, briefly
mention here the main types of reactions with several examples. The main reactions
which are the basis for numerous FA-sensing probes for in vivo application are: formimine,
hydrazine and 2-aza-Cope reactions.

• Methods based on formimine and aminal-moiety reactions (Figure 8).

Figure 8. Schematic representation of the reactions for FA detection based on (A) formimine-,
(B) hydrazine- and (C) diamine-containing probes. R denotes fluorophore-containing moiety.

The probes were developed based on difluoro boron dipyrromethene (BODIPY) flu-
orophore and a primary amino group as a FA-responsive element. The prototype probe,
aniline-substituted BODIPY (AnB), was suggested by Song et al. in 2012 [116]. Later, they
created another variant—BOD-NH2—that was shown to reversibly react with FA and be
suitable for FA monitoring in peritoneal cavity of mice in vivo and assess FA concentration
ex vivo in different mice organs [117]. Another probe—BODIPY-OPDA—based on a similar
principle was developed by Cao et al. [118]. Both probes were demonstrated to penetrate
to the cultured mammalian cells and allowed the detection of FA fluctuations [117,118].
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Several probes based on rhodamine fluorophore variants supplemented with different di-
amine moieties were developed: dRB-EDA [119], R6-FA [120]; ortho-diaminorhodamine [121].
These probes showed high sensitivity in vitro (<10 µM) and were demonstrated to have
negligible cytotoxicity so they were suitable for FA monitoring in living cells [120,121].
However, both probes appeared to be applicable only as a tool for visualization rather than
quantitative measurement in cellulo.

Chen and colleagues developed a ‘turn-on’ probe based on tetraphenylethene function-
alized with two amine groups [122]. The reaction with FA leads to the change in solubility
of the resulting product making it insoluble and fluorescent. The probe makes it possible to
detect very low FA concentrations (<1 µM) and is suitable for endogenous FA monitoring
in cells.

• FA-sensors based on hydrazine mechanism

The probes based on the hydrazine mechanism (Figure 8) usually contain fluorophore
(1,8-naphthalimide or BODIPY, for example) coupled with hydrazine as the FA-reactive
moiety. In view of in vitro applications, most of the developed sensors have low cytotoxicity
and allow the qualitative detection of FA in living systems. The sensitivity and selectivity
of these probes is high enough to visualize both exogenous and endogenous levels of FA in
living cells. Below we discuss examples and variations.

Chen and colleagues developed a probe based on hydrazine-substituted BODIPY [123].
This FA-sensor is colorless and not fluorescent in the PBS, but in presence of FA a hydrazone
moiety is formed resulting in fluorescence and solution color change. The method is very
sensitive (LOD is <1 µM) and highly selective over other aldehydes (glyoxal, methylglyoxal,
acetaldehyde). Moreover, it has low cytotoxicity. All this makes it a very promising tool for
in vivo qualitative detection of endogenous cellular FA.

Another ‘turn-on’ FA-probe—NA-FA—previously developed by Dr. Lin’s group was
based on 1,8-naphthalimide as a fluorescent chromophore and hydrazine as an interaction
site with FA [124,125]. This NA-FA probe was shown to have very low cellular toxicity
thus to being suitable for in vivo FA monitoring in cells. Furthermore, the NA-FA was
upgraded and several organelle-specific FA-sensors were developed in Dr. Lin’s laboratory:
(1) lysosome-targeted Na-FA-Lyso [126] where morpholine was used for specific delivery
to the lysosome; (2) endoplasmic reticulum-targeted NA-FA-ER probe was created by
addition of methyl sulfonamide moiety to NA-FA for ER targeting and FA visualization in
the ER [127]; and (3) NA-FA-MT probe containing triphenylphosphine as a mitochondria-
targeting signal [128]. All these probes were demonstrated to have high signal-to-noise
ratios, low detection limit (<1 µM) and high selectivity. Also this research group developed
a biotin-containing FA-probe that is specific to cancer cells that over-express biotin-selective
transporters [124]. This probe enables the observing of an increase in the exogenous and
endogenous FA content in cancer cells and can find application as a tool for assessment
of endogenous FA levels in cancer tumors. Presumably more generally it may be used in
inflammatory processes associated with the appearance of FA.

We believe that in time, approaches will be developed based on the organelle-specific
probes that will allow for quantitative detection of FA directly in the organelle of interest,
and a more precise study of various processes associated with the appearance of FA will
thus be possible.

• 2-aza-Cope probes for FA detection

2-aza-Cope chemistry requires special attention, as this approach can be used to
quantitatively measure FA in living objects [129]. FA can enter into a 2-aza-Cope regrouping,
a quick rearrangement with a low activation barrier [130]. This method of measuring FA
differs from all others by the mechanism of reaction.

The approach based on this rearrangement gave a basis for multiple tools for a quali-
tative and quantitative measurement of FA, which are not affected by the illumination of
the sample and the change in the localization of the chromophore in living objects [131].
Christopher Chang’s laboratory [132,133] and Jefferson Chan’s laboratory [134] are at the
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forefront of selective molecular imaging. Chang’s group has developed a variety of activity-
based sensing methods based on the 2-aza-Cope reaction (Figure 9) for measuring and
visualizing FA in living objects [133]. By now, more than 10 probes for the detection of FA
in different systems have been developed, synthesized, and investigated by this research
group. And in general more than 30 probes have been successfully tested as FA-sensors
in living systems [129]. It was shown that 2-aza-Cope rearrangement-based probes are
a universal tool and can be applied to a wide variety of imaging platforms, such as mul-
ticolor and ratiometric fluorescence [135], positron emission tomography detection [136]
and chemiluminescence [131]. This allows for real-time monitoring of endogenous FA
levels in mammalian cells and in vivo in laboratory animals [129,136]. One of the main
drawbacks of the 2-aza-Cope rearrangement-based probes is slow reaction kinetics: for
first generation probes, the reaction took from 1 to 2 h [26] but later, with the invention of
novel substances, it was shortened to 30 min [135]; and recently, the FormAFP probe was
developed that, within minutes, provides rapid, selective and sensitive (LOD 66 nM) FA
detection in cultured cells [137].

Figure 9. FA in 2-aza-Cope regrouping. R denotes probes for FA detection.

With the use of unique structures capable of entering 2-aza-Cope regrouping and the
high reactivity of these analytes to FA, it is possible to work with a large number of different
model organisms.

Further development of 2-aza-Cope reactions may in the future offer new approaches
to the study of the role of FA in biological systems and even in humans.

4. Genetically-Encoded FA Biosensors

Recently, novel approaches based on the genetically encoded biosensors were de-
veloped. The main advantages of such sensors are: FA levels assessment in vivo; the
convenient methods of detection based on the fluorescence measurement; and no de-
pendence on expensive equipment. The invention of the first genetically-encoded FA
biosensor was based on the study of pathways for FA detoxification in bacteria. To-date,
only few genetically-encoded FA biosensors applicable for bacterial cells have been de-
veloped [138–140], and until recently there was no biosensor adapted for eukaryotic cells.
However, based on the properties of the Bacillus subtilis HxlR transcription factor sensitive
to FA [138,141], Zhu and colleagues developed a FA biosensor applicable for mammalian
cells [142]. This invention opens up new opportunities for real-time in vivo monitoring of
FA in cells and tissues.

4.1. Escherichia coli Frm Operon and FrmR Transcription Factor

The E. coli FA detoxification system contains a protein FrmR [141,143,144] which
regulates the frmA/frmB operon encoding glutathione-dependent formaldehyde dehy-
drogenase gene [145] and S-formylglutathione hydrolase gene [146], respectively. FrmR is
encoded by the same operon (Figure 10). Tralau and colleagues developed a FA biosensor
system based on FrmR properties [139]. They obtained a plasmid containing a frm operon
fused to the GFP reporter gene. In absence of FA, the FrmR repressor protein binds to the
frmRAB promoter preventing GFP transcription. FA reacts with the nucleophilic FrmR
Cys36 and induces a conformational change that leads to FrmR dissociation from the
promoter (Figure 10) resulting in GFP expression. FrmR is specific to FA, as it responds to
a far lesser degree to acetaldehyde, methylglyoxal or glyoxal, and not at all to a range of
other aldehydes and alcohols tested [143,144,147]. Later, Rohlhill and colleagues performed
screening of the FrmR promoter to reveal the principal nucleotides for its functioning,
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and obtained substituted variants that demonstrated up to 14-fold lower basal expression,
13-fold higher induced expression, and a 3.6-fold stronger response to FA in a prokary-
otic system [147]. Subsequently, the development of genetically encoded biosensors for
monitoring the concentration of FA in prokaryotic systems began to be seen. Further,
Woolston and colleagues optimized the native FrmR binding site and obtained a much
more sensitive biosensor enabling FA detection at levels as low as 1 µM [140], an LOD close
to the Nash application of the Hantzsch reaction [83]. This approach was further utilized
in prokaryotic cells to measure in vivo activity of several variants of NAD-dependent
methanol dehydrogenase (Mdh) [140]. A similar design was used for the development of
the new genetic enzyme screening systems (GESSs) to detect formate, FA, and methanol
from specific enzyme activities and pathways [148].

Figure 10. (A) FrmR repressor protein binds to the promoter region, preventing transcription of the
downstream genes. (B) When FA concentration increases, it reacts with the nucleophilic Cys36 of
FrmR, inducing its conformational changes; this leads to FrmR dissociation from the promoter, and
makes the promoter available for DNA-dependent RNA polymerase. (C) Schematic representation of
the reporter plasmid encoding GFP under control of frmRAB promoter. Created with BioRender.com.

4.2. Bacillus Subtilis HxlR Transcription Factor

One of the transcription factors regulating the FA detoxification pathway in bacteria,
B. subtilis HxlR1, was similarly used to create a novel FA-sensor [138,141]. J. Law predicted
Cys and Lys residues to be responsible for HxlR FA sensing [141], and later Zhu and
colleagues crystallized FA-activated HxlR/DNA complex confirming this prediction [142].
It was demonstrated that FA induced an intrahelical crosslinking reaction between the side
chains of Cys11 and Lys13 residues on the HxlRα1 helix, leading HxlR to undertake an
optimal conformation for DNA binding.

Zhu, R. and colleagues developed a first FA-sensor (FAsor) for FA detection in vitro
and in vivo for eukaryotic cells based on the following systems: (1) circularly permuted
fluorescence proteins (cpFPs) the ability of which to emit fluorescence is highly sensi-
tive and strongly depends on their conformation; and (2) the ability of HxlR to undergo
conformational changes induced by FA [142]. By fusing cpYFP with two HxlR subunits,
they obtained a sensor HxlR-cpYFP-HxlR designated FAsor that can translate FA-induced
conformational changes into a change in fluorescence signal (Figure 11). This sensor could
successfully perform in buffers with pH between 6.6 and 8.2 and is sensitive enough to
emit detectable fluorescent signal in solution containing as little as 20 µM FA, thus making
it possible to measure the physiological concentrations of FA and their fluctuations [142].
FAsor was also shown to be effective in transfected living cells and tissues. This approach
allows different subcellular targeting of the sensor using signal sequences. All FAsor
variants with organelle-specific signals were demonstrated to have the desired subcellular
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localization: nucleus, cytoplasm, and mitochondria. At the moment there is only one
significant limitation of this system: FAsor is sensitive to another endogenous aldehyde,
namely methylglyoxal [142]. Nevertheless, in view of the opportunities that have been
opened by the development of this sensor [142,149], the above-mentioned feature does
not impose a significant restriction, since the level of methylglyoxal in living cells is much
lower than FA.

Figure 11. Schematic representation of the FA-sensor FAsor that contains cpYFP flanked with two
copies of HxlR. FA induces “N-terminal helix-flipping” in each HxlR unit linking Cys11 and Lys13
residues on the HxlRα1 helix (crosslinked residues are marked with an asterisk). This event leads to
a major conformational change in cpYFP module resulting in an increase in fluorescence.

4.3. Methylorubrum Extorquens EfgA-Based Sensor

With their great diversity of different metabolic pathways, bacteria appear to be a
golden mine that could give us a variety of FA-sensors. However, besides the above-
mentioned Frm and Hxl that are already exploited in the development of FA-detecting
systems, only one more FA-sensitive mechanism in a bacterial cell was recently discov-
ered [150]. This sensor turned out to be the EfgA protein from M. extorquens PA1 [151]. This
protein could bind FA and induce translation arrest to prevent protein damage in response
to elevated levels of endogenous FA. Thus, EfgA is a unique mechanism of the stress
response in bacteria to elevated levels of a toxic intracellular metabolite [150]. The ability
to function in the same way in heterologous bacteria E. coli indicates the universal nature
of this mechanism. The development of an FA-sensor based on EfgA properties might be
not as appealing as for Frm and Hxl. Its potential sensitivity seems to be much lower as the
background intracellular FA concentration during the steady-state growth of M. extorquens
on methanol has been estimated to be 1 mM. Nevertheless, any new FA-sensitive system
for in vivo use could widen the range of instruments for FA monitoring and measurements.

4.4. Combining Genetically Encoded Sensor with 2-Aza-Cope Reaction

Two genetically encoded FA probes were recently developed [152]. The approach
used is based on the incorporation of an unnatural amino acid (UAA) [153] residue into the
reporter protein. Zhang and colleagues designed and synthesized a lysine-derived UAA
that contains the 2-aza-Cope reactivity and could interact with FA, and designated it PrAK.
This UAA replaces lysine residue (K85) in GFP, preventing the protein from proper folding
and almost incapacitating it for fluorescence. Firefly luciferase (fLuc) reporter protein also
contains a lysine residue in 529 position that is essential for fLuc enzymatic activity. When
FA concentration in the medium or in the cell increases, the UAA reacts with FA followed
by a 2-aza-Cope rearrangement. The result is that essential lysine residue is “repaired”
and the reporter protein recovers its functional activity: GFP becomes fluorescent, while
fLuc restores enzymatic activity [152]. The developed approach was confirmed to provide
enough sensitivity in vitro and in vivo in bacterial and mammalian cells to detect FA in
a concentration-dependent manner in the range of 0.1–1 mM. Moreover, the GFP-based
system is applicable to monitor the levels of endogenous FA in response to THF (2 mM)
or 5,10-me-THF (1 mM). Despite the obvious prospects of exploitation of such genetically
encoded sensors to assess FA levels in vivo, there are numerous challenges to be considered,
however. The whole system is based on the usage of in-house synthesized PrAK and the
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stably-transformed cell line that contains modified pyrrolysyl-tRNA synthetase able to
operate with PrAK. These features might restrict the availability and applicability of this
approach and prevent its wide use at present.

5. Conclusions

FA is one of the products of cellular metabolism, and monitoring of FA levels can give
us information about physiological and pathological changes in living systems. The aim
of this review was to present the main categories of methods that have been optimized
and applied to FA measurement in liquid biological samples, as well as to demonstrate
the progress in development of novel molecules suitable for application in living systems.
Finally, an additional aim was to discuss genetically encoded FA-sensors based both on
existing natural FA-responsive elements, and on the combination of aza-Cope chemistry
and induction of protein conformational changes. We presented an overview of the methods
that are widely used for FA measurement in non-biological samples and are based on FA
chemical reactivity; and we assessed challenges that occurred in their transition from non-
biological to biological samples. We summarize the approaches discussed in the flowchart
below (Figure 12).

Figure 12. The approaches for FA measurement applicable for different biological samples: HPLC,
high performance liquid chromatography; GC, gas chromatography; MS, mass spectrometry; FID,
flame ionization detector; ECD, electron-capture detector; SF, spectrophotometry. ** Only Hantzch
polymers that do not show cytotoxicity could be used for living objects.

For detection of FA levels, characteristics of biological objects require the use of meth-
ods with high sensitivity, since endogenous FA concentrations and their fluctuations are in a
micromolar range. In addition, these methods must meet several criteria: selectivity, repro-
ducibility and resistance to interfering substances that may present in biological samples.
Often, the amount of biological samples is limited, so this parameter should also be taken
into account. The most precise and selective tools for the assessment of FA concentrations in
liquid biological samples are GC—MS and HPLC–MS. However, their main disadvantages
are the elaborate equipment required, and the complexity of the procedure and data inter-
pretation. The alternative to chromatography is to use spectrophotometry-based methods.
They are sensitive enough for detection of endogenous levels of FA, selective, easy to
operate, suitable for microplate format and commercially available.

When it comes to measuring FA in living systems, additional requirements are added:
low or negligible cytotoxicity and absence of side-effects on biological processes in cells are
the essential features of such probes for monitoring FA in experimental animal organisms.
Moreover, the probe emission should be close to the near-infrared range. The substance
used for FA detection must be stable in the culture medium, inside the cell, and in the
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organism. Most probes for in vivo FA monitoring work on the basis of the aza-Cope
rearrangement mechanism. Previously, the disadvantage of such substances was slow
and irreversible reactions, but recently-developed novel molecules react rapidly thereby
overcoming this drawback. The fundamental challenges in the innovative field of in vivo
FA measurement relate to the lack of control over the concentration of the probes in a living
organism due to physiological and biochemical processes. It is therefore necessary to assess
the potential generalized effects of each novel probe and its “behavior” in a living system
as this could complicate its usage in the research of the FA role in the organism. Currently,
only short-time in vivo FA monitoring can be performed in a living organism because of
the decrease of the probe concentration and its half-life.

Progress in the development of new probes for FA measurement in living systems
promise to result in obtaining a new universal sensor, devoid of these drawbacks and
meeting the required criteria in the near future. However, most of FA-sensing molecules
developed for living systems are substances synthesized in-house and so are not available
for wide use which impedes the application of this valuable tool for research.

Genetically-encoded FA-sensors have great potential as they are sensitive enough
for endogenous FA level detection, could be targeted to different cellular compartments,
have no cytotoxicity and do not require addition of chemical compounds to the cultured
cells. However, one of the drawbacks is their sensitivity to methylglyoxal. Moreover,
in vivo application of such sensors is not available yet. Thus, future efforts in upgrading of
genetically-encoded sensors should include adjusted selectivity to FA and suitability for
in vivo application.

A new generation of FA-sensing tools suitable for living objects is expected to be
developed to meet the requirements mentioned above. The commercialization of novel
probes thus making them available to the research community at large would greatly
enhance research potential. We believe further progress in development of probes for
FA monitoring in living objects could lead to breakthrough results and discoveries in the
field of biochemistry of pathological conditions characterized by elevated levels of FA
such as cancer and neurodegenerative disorders, providing new approaches for diagnostic
and treatment.
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94. Hladová, M.; Martinka, J.; Rantuch, P.; Nečas, A. Review of Spectrophotometric Methods for Determination of Formaldehyde.
Res. Pap. Fac. Mater. Sci. Technol. Slovak Univ. Technol. 2019, 27, 105–120. [CrossRef]

95. Manna, S.K.; Achar, T.K.; Mondal, S. Recent Advances in Selective Formaldehyde Detection in Biological and Environmental
Samples by Fluorometric and Colorimetric Chemodosimeters. Anal. Methods 2021, 13, 1084–1105. [CrossRef]

96. Hantzsch, A. Condensationsprodukte Aus Aldehydammoniak Und Ketonartigen Verbindungen. Berichte Dtsch. Chem. Ges. 1881,
14, 1637–1638. [CrossRef]

97. Kawakami, Y.; Maruo, Y.Y.; Nakagawa, T.; Saito, H. A Screening Method for Detecting Formaldehyde Emitted from Textile
Products. Measurement 2015, 62, 41–46. [CrossRef]

98. Gryllaki-Berger, M.; Mugny, C.; Perrenoud, D.; Pannatier, A.; Frenk, E. A Comparative Study of Formaldehyde Detection Using
Chromotropic Acid, Acetylacetone and HPLC in Cosmetics and Household Cleaning Products. Contact Dermat. 1992, 26, 149–154.
[CrossRef]

99. Na, C.; ManLing, Z.; YanLing, T. Determination of the formaldehyde content in beer by acetyl acetone method. J. Food Saf. Qual.
2016, 7, 906–910.

100. MacAllister, S.L.; Choi, J.; Dedina, L.; O’Brien, P.J. Metabolic Mechanisms of Methanol/Formaldehyde in Isolated Rat Hepatocytes:
Carbonyl-Metabolizing Enzymes versus Oxidative Stress. Chem. Biol. Interact. 2011, 191, 308–314. [CrossRef]

101. Hallier, E.; Schröder, K.R.; Asmuth, K.; Dommermuth, A.; Aust, B.; Goergens, H.W. Metabolism of Dichloromethane (Methylene
Chloride) to Formaldehyde in Human Erythrocytes: Influence of Polymorphism of Glutathione Transferase Theta (GST T1-1).
Arch. Toxicol. 1994, 68, 423–427. [CrossRef]

102. Bruhn, C.; Brockmöller, J.; Kerb, R.; Roots, I.; Borchert, H.-H. Concordance between Enzyme Activity and Genotype of Glutathione
S-Transferase Theta (GSTT1). Biochem. Pharmacol. 1998, 56, 1189–1193. [CrossRef]

103. Pinto, G.F.; Rocha, D.L.; Richter, E.M.; Muñoz, R.A.A.; da Silva, S.G. A Multicommuted Flow System for Spectrophotometric
Determination of Formaldehyde in Mushroom. J. Braz. Chem. Soc. 2018, 29, 1400–1405.

104. Li, Q.; Sritharathikhun, P.; Motomizu, S. Development of Novel Reagent for Hantzsch Reaction for the Determination of
Formaldehyde by Spectrophotometry and Fluorometry. Anal. Sci. Int. J. Jpn. Soc. Anal. Chem. 2007, 23, 413–417. [CrossRef]

105. Li, Q.; Oshima, M.; Motomizu, S. Flow-Injection Spectrofluorometric Determination of Trace Amounts of Formaldehyde in Water
after Derivatization with Acetoacetanilide. Talanta 2007, 72, 1675–1680. [CrossRef]

106. Nadalutti, C.A.; Stefanick, D.F.; Zhao, M.-L.; Horton, J.K.; Prasad, R.; Brooks, A.M.; Griffith, J.D.; Wilson, S.H. Mitochondrial
Dysfunction and DNA Damage Accompany Enhanced Levels of Formaldehyde in Cultured Primary Human Fibroblasts. Sci. Rep.
2020, 10, 5575. [CrossRef]

107. Zhai, R.; Zheng, N.; Rizak, J.; Hu, X. Evidence for Conversion of Methanol to Formaldehyde in Nonhuman Primate Brain. Anal.
Cell Pathol. 2016, 2016, 4598454. [CrossRef]

108. Compton, B.J.; Purdy, W.C. The Mechanism of the Reaction of the Nash and the Sawicki Aldehyde Reagent. Can. J. Chem. 1980,
58, 2207–2211. [CrossRef]

109. Sousa, E.T.; de Oliveira, F.S.; Alves, A.C.; de Andrade, J.B. A Semi-Continuous Analyzer for the Fluorimetric Determination of
Atmospheric Formaldehyde. J. Braz. Chem. Soc. 2009, 20, 259–265. [CrossRef]

110. Carquigny, S.; Redon, N.; Plaisance, H.; Reynaud, S. Development of a Polyaniline/Fluoral-P Chemical Sensor for Gaseous
Formaldehyde Detection. IEEE Sens. J. 2012, 12, 1300–1306. [CrossRef]

111. Yue, X.; Zhang, Y.; Xing, W.; Chen, Y.; Mu, C.; Miao, Z.; Ge, P.; Li, T.; He, R.; Tong, Z. A Sensitive and Rapid Method for Detecting
Formaldehyde in Brain Tissues. Anal. Cell Pathol. 2017, 2017, 9043134. [CrossRef]

112. Liu, G.; Shegiwal, A.; Zeng, Y.; Wei, Y.; Boyer, C.; Haddleton, D.; Tao, L. Polymers for Fluorescence Imaging of Formaldehyde in
Living Systems via the Hantzsch Reaction. ACS Macro Lett. 2018, 7, 1346–1352. [CrossRef]

113. Pan, S.; Roy, S.; Choudhury, N.; Behera, P.P.; Sivaprakasam, K.; Ramakrishnan, L.; De, P. From Small Molecules to Polymeric
Probes: Recent Advancements of Formaldehyde Sensors. Sci. Technol. Adv. Mater. 2022, 23, 49–63. [CrossRef]

114. Liu, G.; Pan, R.; Wei, Y.; Tao, L. The Hantzsch Reaction in Polymer Chemistry: From Synthetic Methods to Applications. Macromol.
Rapid Commun. 2021, 42, 2000459. [CrossRef] [PubMed]

115. Xu, Z.; Chen, J.; Hu, L.L.; Tan, Y.; Liu, S.H.; Yin, J. Recent Advances in Formaldehyde-Responsive Fluorescent Probes. Chin. Chem.
Lett. 2017, 28, 1935–1942. [CrossRef]

http://doi.org/10.1021/acs.chemrestox.7b00075
http://doi.org/10.1016/j.toxlet.2017.01.002
http://doi.org/10.1021/acs.chemrestox.7b00114
http://doi.org/10.1038/s42004-020-0324-z
http://doi.org/10.2478/rput-2019-0012
http://doi.org/10.1039/D0AY02252G
http://doi.org/10.1002/cber.18810140214
http://doi.org/10.1016/j.measurement.2014.11.005
http://doi.org/10.1111/j.1600-0536.1992.tb00284.x
http://doi.org/10.1016/j.cbi.2011.01.017
http://doi.org/10.1007/s002040050092
http://doi.org/10.1016/S0006-2952(98)00191-9
http://doi.org/10.2116/analsci.23.413
http://doi.org/10.1016/j.talanta.2007.01.054
http://doi.org/10.1038/s41598-020-61477-2
http://doi.org/10.1155/2016/4598454
http://doi.org/10.1139/v80-355
http://doi.org/10.1590/S0103-50532009000200010
http://doi.org/10.1109/JSEN.2011.2169783
http://doi.org/10.1155/2017/9043134
http://doi.org/10.1021/acsmacrolett.8b00697
http://doi.org/10.1080/14686996.2021.2018920
http://doi.org/10.1002/marc.202000459
http://www.ncbi.nlm.nih.gov/pubmed/33006198
http://doi.org/10.1016/j.cclet.2017.07.018


Int. J. Mol. Sci. 2022, 23, 6642 20 of 21

116. Song, H.; Rajendiran, S.; Kim, N.; Jeong, S.K.; Koo, E.; Park, G.; Thangadurai, T.D.; Yoon, S. A Tailor Designed Fluorescent
‘Turn-on’ Sensor of Formaldehyde Based on the BODIPY Motif. Tetrahedron Lett. 2012, 53, 4913–4916. [CrossRef]

117. Song, X.; Han, X.; Yu, F.; Zhang, J.; Chen, L.; Lv, C. A Reversible Fluorescent Probe Based on C[Double Bond, Length as m-Dash]N
Isomerization for the Selective Detection of Formaldehyde in Living Cells and in Vivo. Analyst 2018, 143, 429–439. [CrossRef]
[PubMed]

118. Cao, T.; Gong, D.; Han, S.-C.; Iqbal, A.; Qian, J.; Liu, W.; Qin, W.; Guo, H. BODIPY-Based Fluorescent Sensor for Imaging of
Endogenous Formaldehyde in Living Cells. Talanta 2018, 189, 274–280. [CrossRef]

119. Li, Z.; Xue, Z.; Wu, Z.; Han, J.; Han, S. Chromo-Fluorogenic Detection of Aldehydes with a Rhodamine Based Sensor Featuring an
Intramolecular Deoxylactam. Org. Biomol. Chem. 2011, 9, 7652–7654. [CrossRef]

120. He, L.; Yang, X.; Ren, M.; Kong, X.; Liu, Y.; Lin, W. An Ultra-Fast Illuminating Fluorescent Probe for Monitoring Formaldehyde in
Living Cells, Shiitake Mushrooms, and Indoors. Chem. Commun. 2016, 52, 9582–9585. [CrossRef]

121. Liu, C.; Jiao, X.; He, S.; Zhao, L.; Zeng, X. A Reaction-Based Fluorescent Probe for the Selective Detection of Formaldehyde and
Methylglyoxal via Distinct Emission Patterns. Dyes Pigments 2017, 138, 23–29. [CrossRef]

122. Chen, W.; Han, J.; Wang, X.; Liu, X.; Liu, F.; Wang, F.; Yu, R.-Q.; Jiang, J.-H. Aggregation-Induced Emission-Based Fluorescence
Probe for Fast and Sensitive Imaging of Formaldehyde in Living Cells. ACS Omega 2018, 3, 14417–14422. [CrossRef]

123. Chen, H.-W.; Li, H.; Song, Q.-H. BODIPY-Substituted Hydrazine as a Fluorescent Probe for Rapid and Sensitive Detection of
Formaldehyde in Aqueous Solutions and in Live Cells. ACS Omega 2018, 3, 18189–18195. [CrossRef]

124. Lee, Y.H.; Tang, Y.; Verwilst, P.; Lin, W.; Kim, J.S. A Biotin-Guided Formaldehyde Sensor Selectively Detecting Endogenous
Concentrations in Cancerous Cells and Tissues. Chem. Commun. 2016, 52, 11247–11250. [CrossRef]

125. Tang, Y.; Kong, X.; Xu, A.; Dong, B.; Lin, W. Development of a Two-Photon Fluorescent Probe for Imaging of Endogenous
Formaldehyde in Living Tissues. Angew. Chem. Int. Ed. 2016, 55, 3356–3359. [CrossRef]

126. Tang, Y.; Kong, X.; Liu, Z.-R.; Xu, A. Lysosome-Targeted Turn-On Fluorescent Probe for Endogenous Formaldehyde in Living
Cells. Anal. Chem. 2016, 88, 9359–9363. [CrossRef]

127. Tang, Y.; Ma, Y.; Xu, A.; Xu, G.; Lin, W. A Turn-on Fluorescent Probe for Endogenous Formaldehyde in the Endoplasmic Reticulum
of Living Cells. Methods Appl. Fluoresc. 2017, 5, 024005. [CrossRef]

128. Xu, A.; Tang, Y.; Lin, W. Development of a Mitochondrial-Targeted Two-Photon Fluorescence Turn-on Probe for Formaldehyde
and Its Bio-Imaging Applications in Living Cells and Tissues. New J. Chem. 2018, 42, 8325–8329. [CrossRef]

129. Du, Y.; Zhang, Y.; Huang, M.; Wang, S.; Wang, J.; Liao, K.; Wu, X.; Zhou, Q.; Zhang, X.; Wu, Y.-D.; et al. Systematic Investigation
of the Aza-Cope Reaction for Fluorescence Imaging of Formaldehyde in Vitro and in Vivo. Chem. Sci. 2021, 12, 13857–13869.
[CrossRef]

130. Horowitz, R.M.; Geissman, T.A. A Cleavage Reaction of α-Allylbenzylamines. J. Am. Chem. Soc. 2002, 72, 1518–1522. [CrossRef]
131. Bruemmer, K.J.; Green, O.; Su, T.A.; Shabat, D.; Chang, C.J. Chemiluminescent Probes for Activity-Based Sensing of Formaldehyde

Released from Folate Degradation in Living Mice. Angew. Chem. Int. Ed. 2018, 57, 7508–7512. [CrossRef]
132. Brewer, T.F.; Chang, C.J. An Aza-Cope Reactivity-Based Fluorescent Probe for Imaging Formaldehyde in Living Cells. J. Am.

Chem. Soc. 2015, 137, 10886–10889. [CrossRef]
133. Ohata, J.; Bruemmer, K.J.; Chang, C.J. Activity-Based Sensing Methods for Monitoring the Reactive Carbon Species Carbon

Monoxide and Formaldehyde in Living Systems. Acc. Chem. Res. 2019, 52, 2841–2848. [CrossRef]
134. Roth, A.; Li, H.; Anorma, C.; Chan, J. A Reaction-Based Fluorescent Probe for Imaging of Formaldehyde in Living Cells. J. Am.

Chem. Soc. 2015, 137, 10890–10893. [CrossRef]
135. Brewer, T.F.; Burgos-Barragan, G.; Wit, N.; Patel, K.J.; Chang, C.J. A 2-Aza-Cope Reactivity-Based Platform for Ratiometric

Fluorescence Imaging of Formaldehyde in Living Cells. Chem. Sci. 2017, 8, 4073–4081. [CrossRef]
136. Liu, W.; Truillet, C.; Flavell, R.R.; Brewer, T.F.; Evans, M.J.; Wilson, D.M.; Chang, C.J. A Reactivity-Based [18F]FDG Probe for in

Vivo Formaldehyde Imaging Using Positron Emission Tomography. Chem. Sci. 2016, 7, 5503–5507. [CrossRef]
137. Quan, T.; Liang, Z.; Pang, H.; Zeng, G.; Chen, T. A Ratiometric ESIPT Probe Based on 2-Aza-Cope Rearrangement for Rapid and

Selective Detection of Formaldehyde in Living Cells. Analyst 2022, 147, 252–261. [CrossRef]
138. Yurimoto, H.; Hirai, R.; Matsuno, N.; Yasueda, H.; Kato, N.; Sakai, Y. HxlR, a Member of the DUF24 Protein Family, is a

DNA-Binding Protein That Acts as a Positive Regulator of the Formaldehyde-Inducible HxlAB Operon in Bacillus Subtilis. Mol.
Microbiol. 2005, 57, 511–519. [CrossRef]

139. Tralau, T.; Lafite, P.; Levy, C.; Combe, J.P.; Scrutton, N.S.; Leys, D. An Internal Reaction Chamber in Dimethylglycine Oxidase
Provides Efficient Protection from Exposure to Toxic Formaldehyde. J. Biol. Chem. 2009, 284, 17826–17834. [CrossRef] [PubMed]

140. Woolston, B.M.; King, J.R.; Reiter, M.; Hove, B.V.; Stephanopoulos, G. Improving Formaldehyde Consumption Drives Methanol
Assimilation in Engineered E. coli. Nat. Commun. 2018, 9, 2387. [CrossRef] [PubMed]

141. Law, J.R. Molecular Basis of Bacterial Formaldehyde Sensing; The University of Manchester (United Kingdom): Manchester, UK, 2012;
ISBN 1-07-392387-8.

142. Zhu, R.; Zhang, G.; Jing, M.; Han, Y.; Li, J.; Zhao, J.; Li, Y.; Chen, P.R. Genetically Encoded Formaldehyde Sensors Inspired by a
Protein Intra-Helical Crosslinking Reaction. Nat. Commun. 2021, 12, 581. [CrossRef] [PubMed]

143. Denby, K.J.; Iwig, J.; Bisson, C.; Westwood, J.; Rolfe, M.D.; Sedelnikova, S.E.; Higgins, K.; Maroney, M.J.; Baker, P.J.; Chivers,
P.T.; et al. The Mechanism of a Formaldehyde-Sensing Transcriptional Regulator. Sci. Rep. 2016, 6, 38879. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tetlet.2012.06.117
http://doi.org/10.1039/C7AN01488K
http://www.ncbi.nlm.nih.gov/pubmed/29260163
http://doi.org/10.1016/j.talanta.2018.07.001
http://doi.org/10.1039/c1ob06448g
http://doi.org/10.1039/C6CC04254F
http://doi.org/10.1016/j.dyepig.2016.11.020
http://doi.org/10.1021/acsomega.8b01660
http://doi.org/10.1021/acsomega.8b02590
http://doi.org/10.1039/C6CC06158C
http://doi.org/10.1002/anie.201510373
http://doi.org/10.1021/acs.analchem.6b02879
http://doi.org/10.1088/2050-6120/aa6773
http://doi.org/10.1039/C8NJ01240G
http://doi.org/10.1039/D1SC04387K
http://doi.org/10.1021/ja01160a025
http://doi.org/10.1002/anie.201802143
http://doi.org/10.1021/jacs.5b05340
http://doi.org/10.1021/acs.accounts.9b00386
http://doi.org/10.1021/jacs.5b05339
http://doi.org/10.1039/C7SC00748E
http://doi.org/10.1039/C6SC01503D
http://doi.org/10.1039/D1AN01722E
http://doi.org/10.1111/j.1365-2958.2005.04702.x
http://doi.org/10.1074/jbc.M109.006262
http://www.ncbi.nlm.nih.gov/pubmed/19369258
http://doi.org/10.1038/s41467-018-04795-4
http://www.ncbi.nlm.nih.gov/pubmed/29921903
http://doi.org/10.1038/s41467-020-20754-4
http://www.ncbi.nlm.nih.gov/pubmed/33495458
http://doi.org/10.1038/srep38879
http://www.ncbi.nlm.nih.gov/pubmed/27934966


Int. J. Mol. Sci. 2022, 23, 6642 21 of 21

144. Osman, D.; Piergentili, C.; Chen, J.; Sayer, L.N.; Usón, I.; Huggins, T.G.; Robinson, N.J.; Pohl, E. The Effectors and Sensory Sites
of Formaldehyde-Responsive Regulator FrmR and Metal-Sensing Variant. J. Biol. Chem. 2016, 291, 19502–19516. [CrossRef]
[PubMed]

145. Herring, C.D.; Blattner, F.R. Global Transcriptional Effects of a Suppressor TRNA and the Inactivation of the Regulator FrmR.
J. Bacteriol. 2004, 186, 6714–6720. [CrossRef]

146. Gonzalez, C.F.; Proudfoot, M.; Brown, G.; Korniyenko, Y.; Mori, H.; Savchenko, A.V.; Yakunin, A.F. Molecular Basis of Formalde-
hyde Detoxification. Characterization of Two S-Formylglutathione Hydrolases from Escherichia Coli, FrmB and YeiG. J. Biol. Chem.
2006, 281, 14514–14522. [CrossRef]

147. Rohlhill, J.; Sandoval, N.R.; Papoutsakis, E.T. Sort-Seq Approach to Engineering a Formaldehyde-Inducible Promoter for
Dynamically Regulated Escherichia Coli Growth on Methanol. ACS Synth. Biol. 2017, 6, 1584–1595. [CrossRef]

148. Lee, J.-Y.; Sung, B.H.; Oh, S.-H.; Kwon, K.K.; Lee, H.; Kim, H.; Lee, D.-H.; Yeom, S.-J.; Lee, S.-G. C1 Compound Biosensors: Design,
Functional Study, and Applications. Int. J. Mol. Sci. 2019, 20, 2253. [CrossRef]

149. Umansky, C.; Morellato, A.E.; Pontel, L.B. Illuminating Cellular Formaldehyde. Nat. Commun. 2021, 12, 580. [CrossRef]
150. Bazurto, J.V.; Nayak, D.D.; Ticak, T.; Davlieva, M.; Lee, J.A.; Hellenbrand, C.N.; Lambert, L.B.; Benski, O.J.; Quates, C.J.;

Johnson, J.L.; et al. EfgA Is a Conserved Formaldehyde Sensor That Leads to Bacterial Growth Arrest in Response to Elevated
Formaldehyde. PLoS Biol. 2021, 19, e3001208. [CrossRef]

151. Lee, J.A.; Riazi, S.; Nemati, S.; Bazurto, J.V.; Vasdekis, A.E.; Ridenhour, B.J.; Remien, C.H.; Marx, C.J. Microbial Phenotypic
Heterogeneity in Response to a Metabolic Toxin: Continuous, Dynamically Shifting Distribution of Formaldehyde Tolerance in
Methylobacterium Extorquens Populations. PLoS Genet. 2019, 15, 2253. [CrossRef]

152. Zhang, Y.; Du, Y.; Li, M.; Zhang, D.; Xiang, Z.; Peng, T. Activity-Based Genetically Encoded Fluorescent and Luminescent Probes
for Detecting Formaldehyde in Living Cells. Angew. Chem. Int. Ed. Engl. 2020, 59, 16352–16356. [CrossRef]

153. Liu, C.C.; Schultz, P.G. Adding New Chemistries to the Genetic Code. Annu. Rev. Biochem. 2010, 79, 413–444. [CrossRef]

http://doi.org/10.1074/jbc.M116.745174
http://www.ncbi.nlm.nih.gov/pubmed/27474740
http://doi.org/10.1128/JB.186.20.6714-6720.2004
http://doi.org/10.1074/jbc.M600996200
http://doi.org/10.1021/acssynbio.7b00114
http://doi.org/10.3390/ijms20092253
http://doi.org/10.1038/s41467-020-20758-0
http://doi.org/10.1371/journal.pbio.3001208
http://doi.org/10.1371/journal.pgen.1008458
http://doi.org/10.1002/anie.202001425
http://doi.org/10.1146/annurev.biochem.052308.105824

	Introduction 
	In Vitro FA Measurement 
	Gas Chromatography 
	FA Derivatives’ Detection with GC 
	GC with Catalytic Hydrogenolysis Coupled with a Flame Ionization Detector (FID) 

	Liquid Chromatography 
	2,4-Dinitrophenylhydrazine for FA Measurement 
	Ampicillin-Based Reaction for FA Derivatization and HPLC Analysis with Fluorescence Detection 
	Dimedone for FA Derivatization 
	Detection of Reaction Products of FA and Amino Acids 


	From In Vitro to In Cellulo 
	Chromogenic or Fluorogenic FA Chemosensors 
	-Diketone Esters and Hantzsch Reaction 
	Fluorescent FA-Sensors Based on Formimine, Hydrazine and 2-Aza-Cope Reactions 


	Genetically-Encoded FA Biosensors 
	Escherichia coli Frm Operon and FrmR Transcription Factor 
	Bacillus Subtilis HxlR Transcription Factor 
	Methylorubrum Extorquens EfgA-Based Sensor 
	Combining Genetically Encoded Sensor with 2-Aza-Cope Reaction 

	Conclusions 
	References

