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Construction and theoretical insights
into the ESIPT fluorescent probe for imaging
formaldehyde in vitro and in vivo†
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We report the first ESIPT-based probe ABTB, for the highly sensitive

and selective imaging of formaldehyde (FA). The various theoretical

calculations have been systematically performed, and clearly unravel

the lighting mechanism of the fluorescent probe for FA. Additionally,

the probe was successfully applied in monitoring endogenous FA

in the brain of AD mice.

Formaldehyde (FA, HCHO), the simplest aldehyde, is widely
used in many industrial productions such as cosmetics, plastic
products and pharmaceuticals. It is a colourless, carcinogenic
and mutagenic organic contaminant with a strong odor.1 The
World Health Organization (WHO) and the US Environmental
Protection Agency (EPA) have identified HCHO as the first class
of carcinogenic and teratogenic substances. Indoor air, the
atmospheric environment and food contamination caused by
formaldehyde can give rise to memory damage, dizziness,
headaches, nausea, and even death.2–5 In living organisms,
under the catalysis of demethylase or oxidase, formaldehyde
may also be produced in metabolic processes such as methyla-
tion of DNA or demethylation of histones.6,7 FA presents in
almost all cells and plays an important role in the carbon cycle
metabolism process.8,9 In addition, normal levels of formalde-
hyde are closely related to spatial memory and cognitive
ability.10,11 It is not difficult to find that FA is closely related
to our lives; both daily life and our physical health. Therefore,
the development of an effective fluorescent probe for tracking
and monitoring FA in biological systems is important and
urgently required.

At present, FA detection methods mainly include fluores-
cence spectrophotometry, chromatography, electrochemical
sensing etc.12 However, chromatography has inadequacies of
poor qualitative ability and complicated operation. Fluores-
cence spectrophotometry presents high sensitivity and quanti-
tative analysis, but it has some defects too. For example,
it is easily interfered with by ions, the fluorescence is not
concentrated, and the fluorescence intensity is not high.
Electrochemical sensing has good repeatability, accuracy and
resolution, but it has the disadvantages of high detection cost,
long operation time and complicated sample processing. These
shortcomings of the above methods inhibit their further appli-
cation. Thus, it is necessary to develop an efficient detection
method with simple operation, high sensitivity and low cost
(Scheme 1).

In recent years, fluorescent probes have become powerful and
effective tools for biological detection due to their simplicity, low
detection limit, high specific selectivity, real-time detection, and
good biocompatibility.13 However, to date, only a small number
of fluorescent probes for detecting formaldehyde have been

Scheme 1 Schematic illustration of construction and theoretical insight
studies with the ESIPT fluorescent probe for FA detection in cells and the
AD brain model.
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developed. There are two main types of reaction-based fluores-
cent probes for detecting FA that have been reported so far. One
is a Schiff reactivity-based small molecular fluorescent probe. In
2017, our group designed and synthesized a novel fluorescent
probe (MPAD) for quantitative determination of formaldehyde
(0–50 mM) with an ultra-fast detection time (6 min) and an ultra-
low detection limit (20 nM). The fluorescence of the probe
dramatically enhanced in aqueous solution with the addition
of FA based on the photo induced electron transfer (PET)
process.14 In 2018, Wang’s group reported two kinds of graceful
FA regenerative fluorescent probes for the first time. The
fluorescence-initiated response was based on a unique dual
PET/ICT quenching mechanism, thereby achieving regional-
specific detection of FA.15 Compared with the off–on fluorescent
probes, ratiometric-type probes have the ability to eliminate
background interference in the analysis process.

The excited state intramolecular proton transfer (ESIPT), fluores-
cence resonance energy transfer (FRET), and intramolecular charge
transfer (ICT) processes, are important mechanisms for constructing
ratiometric fluorescent probes. In particular, ESIPT has received
considerable attention due to its dual emission behaviour,16 large
Stokes shifts, and environmentally sensitive emission profile.17 In
sharp contrast to the multitude of papers reporting hydroxyl-type
ESIPT, only a few reports have dealt with amino-type ESIPT.18

Compared with the hydroxyl-type ESIPT, amino-type ESIPT uses
primary amines as proton donors due to their good photostability.
Increasing experimental interest has been devoted to fluorophore
molecular design to achieve optimal optical properties. However,
there are few efforts towards fundamental mechanistic studies.

In this paper, we in-sighted the fluorescence mechanism in
the ESIPT systems of the ABTB probe with ideal quantum
chemical tools. These studies went beyond the common strategy
of analysing frontier orbital energy diagrams and performing
ESIPT thermodynamics calculations. Instead, the potential energy
surfaces (PES) of the lowest-lying excited states are explored with
time-dependent density functional theory (TD-DFT). So far, no
fluorescent probe has been applied in monitoring dynamic changes
of endogenous FA in AD live brains. Herein, we report the first ESIPT
fluorescent probe ABTB, to visualize endogenous formaldehyde in
the pathological processes of AD live brains (Scheme 2).

To understand the emission mechanism of these fluoro-
phores it is essential to design and construct a fluorescent
probe. The fluorophore ABT of FA probe ABTB, and FA reaction
probe product ABTBF, were researched first. Starting from the
S1-state ESIPT structure of enol, we simulated and scanned
possible configurations with its excited-state energy, and
explored the S1-profile via a series of constrained geometry
optimizations, including the N–H distances of solvated ABT.
Starting from the enol structure, the solvent coordinates via the
ESIPT process from about an N–H distance, creating keto*. The
PBE0/def2-SVP optimized ABT, are shown in Fig. 1. The com-
putational results indicate that in the DMSO solution, once
excited to the S1 state, the molecule tends to undergo an ESIPT
transformation from an enol to keto tautomer.

At the PBE0 level, our calculations started in the S0 state
from enol, possible configurations of ABT including keto, are

also summarized in Fig. 1a. Then the vertical excitation energy
was calculated at enol to predict its fluorophore spectra. The
S0 - S1 excitation shows a spectroscopically bright state with
p–p* character, which mainly results from the HOMO to LUMO
excitation. The S0 - S1 vertical excitation energy calculated by
TD-PBE0 with def2-SVP approach is 350 nm. Both of these
results are close to the experimentally measured absorption
maximum of 365 nm. The FA reaction probe product ABTBF,
keto*, shows a vertical emission energy of 540 nm (f = 0.4726) at
the TD-PBE0 level, with the def2-SVP approach, which is in
excellent agreement with the experimental fluorescence emis-
sion of 525 nm; therefore, keto* is assigned as the most likely
emissive structure on the S1 state. In short, using the TD-PBE0/
def2-SVP approach in combination with electronic-structure
calculations, we have comprehensively sighted the emission
channels of ABT and ABTBF, thus confirming that fluorescence
emission is contributed by ESIPT.

With ABTB in hand, the photophysical properties and sensing
abilities of the probe towards FA were investigated. As shown in

Scheme 2 Synthesis of fluorescent probe ABTB.

Fig. 1 (a) The ABT (PBE0/def2-SVP)-optimized S1 energy profiles along
the N–H distances. (b) The molecular orbitals (LUMO and HOMO) of ABTB.
(c) The ABTB (PBE0/def2-SVP)-optimized S1 energy profiles along the
N–H distances. (d) The ABTBF (PBE0/def2-SVP)-optimized S1 energy
profiles along the N–H distances.
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Fig. 2a, we recorded the fluorescence intensity of ABTB in the
presence of different concentrations of formaldehyde in aqueous
solution. After adding an increased concentration of formalde-
hyde, it showed a distinct spectral change. The fluorescence
intensity of the probe at 460 nm decreased with the addition of
FA, while the fluorescence intensity of the new emission peak at
525 nm gradually increased. In addition, the linear response of
I460 nm/I525 nm to formaldehyde was also investigated (Fig. 2b). As
shown in Fig. 2b, the fluorescence intensity ratio of the probe
(I460 nm/I525 nm) was linearly related to the concentration of for-
maldehyde (0–50 mM). The results indicated that probe ABTB
was capable of detecting FA quantitatively in ratio, and it can
fully meet the requirements of formaldehyde detection in the
environment as well. To evaluate the selectivity of ABTB towards
FA, we selected a variety of common small molecule aldehyde-
containing compounds to make a comparison, including ben-
zaldehyde, acetaldehyde, propionaldehyde, methyl formate,
ethyl formate, glyoxal, acetone, acetic acid, furfural and formal-
dehyde. It was found that probe ABTB only showed significant
fluorescence enhancement at 525 nm for formaldehyde, and
weak fluorescence changes for other tested small molecules
(Fig. 2c). It was confirmed that probe ABTB has excellent
selectivity to formaldehyde.

In addition, the suitable pH range for FA sensing was also
investigated (Fig. 2d). As shown in Fig. 2d, the fluorescence
intensity was stable in the range pH 3 to 12. While ABTB was
reacted with FA, the fluorescence intensity of the system was the
largest and almost constant in the range of pH 6–8, while the
fluorescence intensity gradually decreased at pH o 6 or pH 4 8.
Therefore, probe ABTB has a good response to FA under physio-
logical pH conditions, and could achieve high sensitivity fluores-
cence detection of formaldehyde in acidic and neutral aqueous
solutions. These results provided favourable conditions for the
detection of the fluorescent probe in a complex environment.

The response mechanism of ABTB towards FA was further
discussed. ABTB was developed as a reaction-based fluorescent
probe for FA detection via a new type mechanism with con-
current release of total FA after detection. In the absence of FA,
the fluorescent intensity of ABTB at 525 nm was so weak
because of PET and ICT quenching pathways. Upon reaction
with FA, the lone pair electrons in nitrogen attacked the carbon
on FA, transforming secondary nitrogen into tertiary nitrogen.
Hydroxyl attacked the carbonyl carbon which was linked to
nitrogen, resulting in the cleavage of the five-membered hetero-
cycle and the formation of six-membered azalactone. This
convention contributed to the removal of ICT; however, ABTB
still failed to emit fluorescence because of PET quenching from
the electron-rich amino substituents. After 2-aza-Cope rearran-
gement in aqueous solution, its structure was further changed
through the breaking of the ester bond while the PET quenching
effect still existed. However, the instability of the chemical
structure would cause the C–N bond to break. The structural
change resulted in a turn-on emission by the removal of PET,
with concomitant release of the captured FA caused by the C–N
bond breaking. Therefore, FA consumption-free detection is
achieved.

The proposed detection mechanism was then confirmed by
HPLC-MS analysis. We first incubated ABTB (10 nmol) with
5 equiv. FA (50 nmol) in aqueous solution with the addition of
3 mL THF for 5 h. After filtering through a syringe, the solution
was tested by HPLC-MS. As displayed in Fig. 3, ABTB (t = 6.5 min)
was gradually consumed while a new fluorescent product
(t = 5.5 min) was generated. The chemical structure of the new
product was confirmed to be product (Mr = 600.15) by mass
spectrometry (m/z = 601.1574, see ESI†). The results entirely
corresponded with our expectations, thereby proving the pre-
dicted mechanism.

With the above findings, we then investigated the imaging
ability of ABTB with HCHO in living cells. In the control
experiment, HeLa cells were only incubated for 30 min with
the probe (10 mM) (Fig. 4a). The distinct blue fluorescence of
ABTB appeared mainly in the cytoplasm. We further evaluated
the change of fluorescence upon the addition of FA in cells.
After 30 min incubation with the probe, HeLa cells were then
incubated with HCHO (20 mM) for another 30 min. Only green
fluorescence showed up rather than the blue fluorescence

Fig. 2 (a) The fluorescence intensity of ABTB (10 mM) was recorded after
addition of formaldehyde in aqueous solution, (b) linear relationship
between I460 nm/I525 nm of ABTB, (c) the fluorescence intensity of ABTB
(10 mM) with various relevant analytes in PBS. (1. Benzaldehyde, 2. acet-
aldehyde, 3. propionaldehyde, 4. methyl formate, 5. ethyl formate, 6.
glyoxal, 7. acetone, 8. acetic acid, 9. furfural, 10. formaldehyde.) (d) pH
investigation for sensing FA with ABTB.

Fig. 3 The proposed mechanism of the reaction of ABTB and FA by MS.
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arising from ABTB. These results revealed that the probe has
good staining capability towards FA in living cells.

The imaging suitability of ABTB towards FA was further
assessed in the live animal brain, especially in AD brains. Our
previous work constructed a mouse brain model for glioma
imaging.19 Here, an AD mouse model was successfully screened
and established with C57. The brain tissue section was then
obtained. After ABTB addition, an obvious yellow fluorescence
was observed in the AD brain tissue section. In addition, the
imaging region by ABTB was consistent with the blue fluores-
cence by DAPI staining. These results indicate that ABTB has
great potential to monitor endogenous formaldehyde in the
pathological processes of AD live brains (Fig. 5).

In summary, ABTB is the first ESIPT fluorescent probe for
imaging endogenous FA in cells and in live AD mice brain
tissues. With the probe, only blue fluorescence showed up in
HeLa cells, while it changed into green fluorescence after
incubation with FA. The lighting mechanism of the fluorescent
probe for formaldehyde was clearly unravelled through systematic
theoretical calculations. The imaging ability of ABTB with HCHO
was further proved in the AD mouse model. This work provides a

robust chemical tool for the detection of endogenous FA in vivo
and might have potential applications in the diagnosis of
FA-related neurodegenerative diseases.
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Fig. 4 Confocal fluorescence imaging for FA detection in living HeLa cells
using ABTB. (a) Fluorescence images of HeLa cells incubated with ABTB
(10 mM) for 30 min (control); (b) fluorescence images of HeLa cells
incubated with ABTB (10 mM) for 30 min and then incubated with FA
(20 mM) for 30 min; scale bars, 10 mm.

Fig. 5 Brain tissue section stained using ABTB (a: green light) and DAPI
(b: blue light) in the brain of an AD mouse model. Scale bars, 50 mm.
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