
molecules

Article

A Golgi Apparatus-Targeting, Naphthalimide-Based
Fluorescent Molecular Probe for the Selective Sensing
of Formaldehyde

Maxine Mambo Fortibui 1 , Wanyoung Lim 2, Sohyun Lee 1, Sungsu Park 2,3,* and Jinheung Kim 1,*

����������
�������

Citation: Fortibui, M.M.;

Lim, W.; Lee, S.; Park, S.; Kim, J.

A Golgi Apparatus-Targeting,

Naphthalimide-Based Fluorescent

Molecular Probe for the Selective

Sensing of Formaldehyde. Molecules

2021, 26, 4980. https://doi.org/

10.3390/molecules26164980

Academic Editor: Evagelos Gikas

Received: 10 July 2021

Accepted: 14 August 2021

Published: 17 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemistry and Nano Science, Ewha Womans University, Seoul 120-750, Korea;
maxinemambo@gmail.com (M.M.F.); lshyun127@ewhain.net (S.L.)

2 Department of Global Biomedical Engineering, Sungkyunkwan University, Suwon 16419, Korea;
wanyoung22@gmail.com

3 Department School of Mechanical Engineering, Sungkyunkwan University, Suwon 16419, Korea
* Correspondence: nanopark@skku.edu (S.P.); jinheung@ewha.ac.kr (J.K.)

Abstract: Formaldehyde (FA) is a colorless, flammable, foul-smelling chemical used in building
materials and in the production of numerous household chemical goods. Herein, a fluorescent
chemosensor for FA is designed and prepared using a selective organ-targeting probe containing
naphthalimide as a fluorophore and hydrazine as a FA-binding site. The amine group of the hydrazine
reacts with FA to form a double bond and this condensation reaction is accompanied by a shift
in the absorption band of the probe from 438 nm to 443 nm upon the addition of FA. Further,
the addition of FA is shown to enhance the emission band at 532 nm relative to the very weak
fluorescent emission of the probe itself. Moreover, a high specificity is demonstrated towards FA
over other competing analytes such as the calcium ion (Ca2+), magnesium ion (Mg2+), acetaldehyde,
benzaldehyde, salicylaldehyde, glucose, glutathione, sodium sulfide (Na2S), sodium hydrosulfide
(NaHS), hydrogen peroxide (H2O2), and the tert-butylhydroperoxide radical. A typical two-photon
dye incorporated into the probe provides intense fluorescence upon excitation at 800 nm, thus
demonstrating potential application as a two-photon fluorescent probe for FA sensing. Furthermore,
the probe is shown to exhibit a fast response time for the sensing of FA at room temperature
and to facilitate intense fluorescence imaging of breast cancer cells upon exposure to FA, thus
demonstrating its potential application for the monitoring of FA in living cells. Moreover, the
presence of the phenylsulfonamide group allows the probe to visualize dynamic changes in the
targeted Golgi apparatus. Hence, the as-designed probe is expected to open up new possibilities
for unique interactions with organ-specific biological molecules with potential application in early
cancer cell diagnosis.

Keywords: fluorescent probe; formaldehyde detection; phenylsulfonamide; condensation reaction;
two-photon excitation

1. Introduction

Formaldehyde (FA) is both the simplest aldehyde and a highly reactive carbonyl
species that is well known for its applications in food, textiles, and wood processing [1–3].
Indeed, FA exists at low levels in most living organisms and can be found in natural foods
such as fruits, vegetables, meats, seafood, and dairy products [4]. However, FA has been
recognized as the third largest indoor chemical pollutant, and exposure to FA may induce
severe central nervous system damage, cancer, and even death [5–7]. Due to its toxicity, the
United States Environmental Protection Agency has established a maximum recommended
daily dose of 0.2 mg/kg per day for FA [8].

Biological FA is produced at levels of 0.2–0.4 mM that are maintained endogenously
via enzymatic processes [7]. Whereas cell proliferation can be promoted, and memory
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formation mediated, at healthy FA levels, cognitive impairments, neurodegeneration, and
memory loss have been reported at elevated concentrations due to potent protein and DNA
cross-linking mechanisms.

Recently, several methods such as high performance liquid chromatography (HPLC),
mass spectrometry, and colorimetry have been used to detect FA [9–11]. However, these
traditional techniques have several disadvantages, including low sensitivity, complex
operative procedures, long reaction times, and damage to living cells. In recent years,
fluorescent probes have been recognized as powerful analytical tools for the detection of
various ions and biomolecules in living systems with their high selectivity, sensitivity, fast
response time, and in-situ biological applications [12–14].

Optical imaging is recognized as a supportive noninvasive technique for the study of
living systems. Biological studies have suggested that the generation of FA is associated
with many organelles, including lysosomes, the endoplasmic reticulum, and mitochon-
dria [15–18]. However, the majority of fluorescent probes are limited in their applications
in living tissues due to their use of one-photon excitation with short wavelengths, along
with other shortcomings. By contrast, two-photon microscopy has the ability to penetrate
deep tissue and could provide improved three-dimensional imaging with long-wavelength
excitation [15,19].

Nevertheless, there remains a lack of information on the generation and distribution
of FA in subcellular parts. Hence, the development of an organelle-targeted FA fluorescent
probe would contribute to the enhanced understanding of FA activity in specific organelles.
The Golgi body within a living cell plays a key role for transporting and secreting some
important glycoproteins and lipids. In this respect, two interesting fluorescent probes
for FA were recently reported [15,19]. However, these probes are not very specific as
they can be taken up by almost all sub-organelles and exhibit Pearson coefficients of
0.60 ± 0.05 and 0.426 in the Golgi apparatus. Hence, there is still a strong need for the
development of an efficient probe that is highly specific for a particular sub-organelle and
the development of FA-targeted fluorescent probes with a high specificity towards the Golgi
body is of significant importance for revealing the biological processes associated with
various diseases. Meanwhile, H2O2- and H2S-targeted fluorescent probes incorporated
with the phenylsulfonamide moiety have been reported to stain the Golgi body, showing
high Pearson coefficients over 0.92 [20,21].

Herein, a new fluorescent probe is reported for staining Golgi apparatus and detecting
FA with high specificity. The probe is designed to contain a phenylsulfonamide moiety as
a Golgi-targeting group, 1,8-naphthalimide as a chromophore, and hydrazine as a reaction
site for FA. The probe is shown to exhibit no significant fluorescence via a photoinduced
internal electron transfer (PET) pathway. However, after the introduction of FA, the PET
pathway is suppressed via the formation of a hydrazone group and thus a significant
turn-on signal can be achieved. In addition, the as-developed probe is shown to afford
two-photon emission upon the addition of FA with a good staining of the Golgi apparatus
in live cells.

2. Results and Discussion
2.1. Design and Synthesis of Probe EW2

The condensation of an aldehyde group with fluorescent probes containing an amine
or hydrazine functional group was used to develop chemosensors for the detection of
formaldehyde (FA). As shown in Scheme 1, the probe consisted of a hydrazine-containing
naphthalimide fluorophore with an FA-binding site along with a phenylsulfonamide group
for targeting the Golgi apparatus [15,18,20,21].
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Scheme 1. The synthesis of compound 1 and probe EW2.

2.2. Optical Properties of Probe EW2

The absorption spectra of probe EW2 in the presence of various concentrations of FA
(0–100 µM) are presented in Figure 1. Thus, in the absence of FA, the probe exhibits strong
absorption bands at 260 and 442 nm in 10 mM phosphate-buffered saline (PBS, pH 7.4)
containing 1 % dimethyl sulfoxide. With the addition of FA, the absorption band is seen
to increase in absorbance, and a minor blue-shift to 440 nm is observed. The additional
data in Figure S1 of the Supplementary Materials also reveals a progressive increase in the
blue-shift with increasing concentrations of FA.

Figure 1. The evolution of the absorption (a) and fluorescence emission (b) spectra of probe EW2
(10 and 5 µM, respectively) with increasing concentrations of FA (0–100 µM) in 10 mM PBS buffer
(pH 7.4, 1% DMSO).

The fluorescence emission measurements in Figure 1b indicate that the probe itself is
almost completely non-fluorescent (ΦF = 0.039). However, when FA is introduced to probe
EW2, a strong fluorescence enhancement is observed (ΦF = 0.415) at 546 nm and gradually
increases with increasing concentrations of FA (0–100 µM). A good linear relationship
(R2 = 0.9842) is also established between the emission intensity and the concentration of
FA (Figure S2). The detection limit was calculated to be 0.35 µM using the 3σ method. The
additional data in Figure S3 also demonstrate that probe EW2 exhibits two-photon emission
properties towards FA. Moreover, the kinetic response of probe EW2 to FA was also studied,
and the fluorescence enhancement was recorded in the presence of 5 and 10 equiv. of FA.
In each case, the emission reached a maximum value within three minutes. As shown in
Figure S4, the rate constant of the probe in the presence of 10 equiv. FA was determined to
be k = 0.55 min−1.

To examine the emission properties of probe EW2 in biological conditions, the influ-
ence of pH upon the fluorescence response was studied in the absence and presence of FA.
In the absence of FA, the probe exhibited a negligible change in fluorescence intensity as the
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pH varied from pH 4.0 to 10.0 (Figure S5). However, an enhancement in the fluorescence
intensity with increasing pH was observed in the presence of FA, thus suggesting that FA
can be detected by the probe under physiological pH conditions. These results indicate
that the probe has application potential for the real-time imaging of FA in living systems.

2.3. Selectivity of EW2 towards FA

To evaluate the selectivity of probe EW2 towards FA, the fluorescence response to-
wards a range of competing biological species was also examined, as shown in Figure 2.
Here, the probe EW2 is seen to be highly selective towards FA, with a distinct fluorescence
enhancement at 547 nm, over other analytes, such as Br−, Cl−, F−, I−, NO2

−, NO3
−,

SCN−, OAc−, HSO3
−, OH−, t-BuO−, OCl−, O2, H2O2, HS−, cysteine (Cys), homocysteine

(Hcys), glutathione (GSH), 4-hydroxybenzaldehyde, 4-nitrobenzaldeyde, acetaldehyde,
terephthaldehyde, and glyoxal. This result clearly indicates the excellent selectivity of the
probe EW2 towards FA over other competing species for possible biological applications.

Figure 2. The selectivity of probe EW2 (10 µM) against various analytes (50 µM): (a) fluorescence
spectra and (b) a bar graph of the fluorescence intensities at 547 nm for (1) the probe alone, (2) Br−,
(3) Cl−, (4) F−, (5) I−, (6) NO2

−, (7) NO3
−, (8) SCN−, (9) OAc−, (10) HSO3

−, (11) OH−, (12) t-BuO−,
(13) OCl−, (14) O2, (15) H2O2, (16) HS−, (17) Cys, (18) Hcys, (19) GSH, (20) 4-hydroxybenzaldehyde,
(21) 4-nitrobenzaldeyde, (22) acetaldehyde, (23) terephthaldehyde, (24) glyoxal, and (25) FA in
PBS buffer.

In addition, an experiment was performed in which FA was inhibited by the addition
of NaHSO3. As shown in Figure S6, a progressive decrease in fluorescence was observed
when FA (50 µM) was pretreated with increasing concentrations (50, 100, and 200 µM)
of NaHSO3, followed by incubation with 5 µM EW2. These results demonstrate that the
emission enhancement is diminished by the reaction of FA with NaHSO3.

2.4. Proposed Sensing Mechanism

To further verify the reaction product derived from the probe after the addition of FA,
the final solution was characterized by electrospray ionization (ESI) mass spectrometry.
As shown in Figure S7, a new peak was observed at m/z = 395.58 upon the addition of
FA. The species observed is formulated as [3 + H+]+, thus confirming the formation of the
hydrazone product via the reaction with FA (Scheme 2).

2.5. Detection of Formaldehyde in Food Samples

To evaluate the performance of the probe EW2 in the detection of FA in food, var-
ious samples (dried shiitake mushroom and onions) were prepared as explained in the
Experimental Section. The food samples were then treated with EW2 (5 µM) and the corre-
sponding emission intensities were recorded. As indicated in Figure S8, the mushroom
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and onion extracts responded to the probe with intensity enhancements, thus revealing the
presence of certain amounts of FA.

Scheme 2. The mechanism of the condensation reaction between probe EW2 and FA.

To determine the amount of FA in the food extracts, the test samples were spiked with
various amounts of FA (5, 10, and 15 µM), and the fluorescence intensity of all these samples
were obtained. As shown in Table 1, the level of FA in the dried shiitake mushroom was
found to be 5.2 µM, while that in onions was 4.8 µM. FA in these samples can be detected
with probe EW2, and the recovery shows over 80 %. These results demonstrate that the
EW2 probe can be used for the quantitative detection of FA in food.

Table 1. The determination of FA (µM) in mushroom and onion extracts using probe EW2.

Sample Determined FA
(µM)

Spiked FA
(µM)

Total FA Found
(µM) Recovery (%)

Mushrooms 5.2 5 8.2 81
10 12.1 85
15 20.5 103

Onions 4.8 5 7.5 80
10 11.1 83
15 18.3 99

2.6. Cell Imaging of the Probe

The probe EW2 was used to image FA in MCF7 cells. Negative control cells were
treated with either FA alone or EW2 alone, with both controls affording no fluorescence
(Figure 3). However, when the MCF7 cells were pre-treated with 50 µM FA for 30 min
followed by 5 µM EW2 for an additional 40 min, strong fluorescence signals were observed.
These results indicate that the EW2 probe can be used to detect FA in living cells. Moreover,
the MCF7 cells treated with various concentrations of FA (5, 50, and 500 µM) revealed a
significant dose-dependent turn-on fluorescence. These results confirm the ability of the
probe EW2 to assay the FA quantitatively in living cells.

2.7. Cytotoxicity Studies

The feasibility of using probe EW2 to image FA in living cells was investigated. The
cytotoxicity of EW2 was first evaluated via the MTT assay, as shown in Figure 4. In this
assay, the MCF7 cells were treated with various concentrations (0–30 µM) of EW2. The
results indicate that probe EW2 possesses low toxicity towards living cells and is suitable
for imaging living organisms under the selected conditions. In addition, cell viability was
verified using Hoechst 33342 staining. As shown in Figure 3d, a bright-field image was
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acquired and overlaid with a fluorescence image of the cells stained with Hoechst 33342.
The result clearly reveals the presence of intact and viable nuclei after the treatment of
probe EW2.

Figure 3. The fluorescence imaging of FA in live MCF7 cells using the probe EW2. The MCF7 cells
were incubated with (a) 5, (b) 50, and (c) 500 µM FA for 30 min followed by 5 µM of probe EW2 for
40 min. The image in (d) is the bright-field image of the cells in (c) overlaid with an image stained
with 5 µg/mL Hoechst 33342. The scale bar represents 50 µm in all images. (e) The mean fluorescence
intensities of representative images with 5 µM EW2 with varying concentrations of FA.

Figure 4. The cytotoxicity of probe EW2 (0–30 µM) towards MCF7 cells.

2.8. Inhibition Studies of the Probe

The inhibiting effect of NaHSO3 on FA was then investigated. In this set of experi-
ments, the cells were treated with NaHSO3 as a negative control, and their fluorescence in
the green channel was examined. As shown in Figure S9, this negative control afforded
no fluorescence. However, when the cells were pre-treated with 500 µM FA for 20 min
followed by 5 µM of probe EW2 for 40 min, an intense green fluorescence was observed.
By contrast, no fluorescence was observed for the cells that were pre-treated with 500 µM
FA and NaHSO3 for 20 min followed by 5 µM of EW2 for 40 min. These results are also
consistent with the fluorescence results presented in Figure S6. Thus, the scavenging effect
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of NaHSO3 upon FA was demonstrated, confirming that the probe can be used to monitor
exogenous FA in living cells.

2.9. Colocalization Experiment

Colocalization experiments were performed to investigate the specificity of the probe
EW2 towards the Golgi apparatus afforded by the introduction of a phenyl sulfonamide
group. In this experiment, the MCF7 cells were labelled with EW2 for 30 min and followed
by staining of the Golgi apparatus with a BODIPY TR Ceramide for 15 min. As shown in
Figure 5, the resulting green fluorescence signal from the EW2 exhibits a good degree of
overlap with the red fluorescence of the BODIPY TR Ceramide. In addition, the correlation
plot of the fluorescence intensity of the two channels in Figure 5 reveals a Pearson’s
coefficient of 0.806, demonstrating that the EW2 specifically targets the Golgi apparatus.
The imaging for the detection of FA in the Golgi apparatus suggests that it is the organelle
where the toxic substance FA is detoxified. Moreover, the probe EW2 exhibits much higher
specificity towards the Golgi apparatus than other FA probes [15,22].

Figure 5. Images of MCF7 cells co-incubated with BODIPY TR Ceramide tracker dye and EW2
(5 µM) after TG treatment (0–45 µM). Fluorescence images of the green and red channels, and merged
images. The intensity scatter plot was obtained by quantifying the green and red channel images at
different concentrations. Scale bar = 10 µm. The green channel: λex = 470 nm, λem = 500–550 nm; red
channel: λex = 561 nm, λem = 570–620 nm.

2.10. Imaging Endogenous FA in Cells

Endogenous FA production is triggered by endoplasmic reticulum stress, which is
known to cause various diseases, including neurodegeneration, atherosclerosis, type-2
diabetes, liver disease, and cancer [23]. To induce FA production, the cells were treated
with thapsigargin (TG) prior to being stained with EW2 [23]. As the concentration of TG
increased, the green fluorescence intensity became stronger (Figure 6), demonstrating that
EW2 is also highly useful for imaging FA produced in cells.
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Figure 6. Fluorescent images of endogenous FA in MCF7 cells using probe EW2. Cells were cultured
with TG (0, 15, 30, 45 µM) for 30 min and then 5 µM EW2. (a) Bright-field and fluorescence images of
cells, and merged images. (b) Quantified mean fluorescence intensities of cells in the green channel:
λex = 470 nm, λem = 500–550 nm. Scale bar = 10 µm.

3. Materials and Methods
3.1. Materials and Instrumentation

Unless indicated otherwise, all reagents were purchased from Aldrich and used
without further purification. Distilled water was purified with a Milli-Q purification
system and used throughout all experiments. The 1H-NMR and 13C-NMR spectra were
recorded on a Bruker AVANCE III 300 MHz NMR spectrometer using DMSO-d6 as the
solvent and tetramethylsilane (TMS) as the internal reference. The absorption spectra were
recorded on a Perkin-Elmer model Lambda 2S UV/Vis spectrometer. The emission spectra
were recorded on a Shimadzu RF6000 Spectro-Fluorophotometer with a 1 cm standard
quartz cell.

3.2. Synthesis of Compound 1

Compound 1 was synthesized according to the reported procedure [21]. 4-Bromo-1,8-
napthalic anhydride (2.0 mmol) and 4-(2-aminoethyl)-pyridine (2.0 mmol) were dissolved
in acetic acid (20 mL) and the reaction mixture was refluxed for 8 h. The mixture was then
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cooled to room temperature and the precipitate was filtered and dried to afford compound 1
as a grey solid (68%). 1H-NMR (300 MHz, DMSO-d6, ppm): δ 8.63 (dd, J = 8.0 Hz, 2H), 8.39
(d, J = 7.9 Hz, 1H), 8.26 (d, J = 7.9 Hz, 1H), 8.04 (d, J = 8.5, 7.4 Hz, 1H), 7.99 (dd, J = 8.4 Hz,
2H), 7.63(dd, J = 8.8 Hz, 2H), 7.53(s, 2H). 13C-NMR (300 MHz, DMSO-d6): δ 163.64, 163.58,
133.18, 132.06, 131.85, 131.42, 130.37, 129.66, 129.50, 129.36, 129.31, 129.20, 128.77, 123.81
(Figures S10 and S11). ESI mass, m/z = 432.17 for [1 + H+]+, (calculated 432.26) (Figure S12).

3.3. Synthesis of Probe EW2

Compound 1 (0.2 mmol) and a solution of 80% hydrazine hydrate (0.5 mL) in 2 mL
ethanol were refluxed for 8 h, then cooled to room temperature. The resulting precipitate
was filtered and purified by chromatography on silica gel (DCM/MeOH=30:1) to afford
the probe EW2 as an orange solid (70%). 1H-NMR (300 MHz, DMSO-d6, ppm): 8.61 (dd,
J = 8.0 Hz, 2H), 8.38 (d, J = 7.9 Hz, 1H), 8.29 (d, J = 7.9 Hz, 1H), 8.07 (d, J = 8.5, 7.4 Hz,
1H), 7.99 (dd, J = 8.4 Hz, 2H), 7.63(dd, J = 8.8 Hz, 2H), 7.53(s, 2H). 13C-NMR (300 MHz,
DMSO-d6): 163.43, 163.41, 149.90, 133.53, 132.17, 131.33, 131.18, 130.66, 130.59, 128.94,
128.15, 124.31, 122.79, 121.91 (Figures S13 and S14). ESI mass: found at m/z = 383.75 for
[EW2 + H+]+, (calculated 383.39) (Figure S15).

3.4. Absorption and Fluorescent Titration Measurements

A stock solution of probe EW2 (1 mM) was prepared in DMSO. Formaldehyde and
other analytes were prepared in distilled water. For a typical optical study, a solution of
EW2 was prepared in phosphate-buffered saline (pH 7.4)/DMSO solution (99/1, v/v). The
absorption and fluorescent spectra were recorded upon addition of the analyte of interest.
For all the fluorescence measurements, the excitation wavelength was 440 nm and the slit
width 5 nm.

3.5. Preparation of Formaldehyde Source from Dried Shiitake Mushrooms

The stems of purchased dried shiitake mushrooms were removed and the remaining
material was cut into small pieces (2 g) and stored in a centrifuge tube. After the addition of
distilled water (25 mL), the tube was sealed and placed into an ultrasonic bath for extraction
at 40 ◦C for 1 h. The sample was then centrifuged at 6000 rpm for 10 min, filtered, and the
filtrate stored for subsequent use.

3.6. Detection of Formaldehyde Source from Dried Shiitake Mushrooms

Probe EW2 stock solution (1 mM) was diluted in PBS buffer (10 mM, pH 7.4) and
DMSO. The filtrate of shiitake mushroom (100 µL) was then added to adjust the total
volume of the solution to 3 mL, which thus contained 10 µM EW2. The fluorescence spectra
were recorded with an excitation of 440 nm.

3.7. Preparation of Onion Extract and Detection of Formaldehyde

Onion juice was prepared by homogenizing 500 g of peeled yellow onion bulb with
500 mL of deionized water in a kitchen blender. The onion juice was adjusted to the
required pH (3.5–6.5) using 1 M acetic acid and incubated at 50 ◦C. The onion extract was
then filtered and centrifuged to remove the pulp before further use.

3.8. Cell Imaging

The breast cancer cell line (MCF7) was grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Thermo Fisher Scientific, Seoul, Korea) containing 10% fetal bovine serum (FBS)
(HyClone Laboratories, Erie, PA, USA), 100 units/mL penicillin (Life Technologies, Carls-
bad, CA, USA), and 100 µg/mL streptomycin (Life Technologies) in a 5% CO2 incubator at
37 ◦C. They were seeded in a 35 mm confocal dish for 24 h. Probe EW2 was freshly prepared
as a 1 mM stock in DMSO and its concentration was adjusted with cell medium prior to use.
The cells were first incubated with 5 µM EW2 at 37 ◦C for 40 min, then washed three times
with PBS and incubated with formaldehyde (FA) at various concentrations (5 µM–500 µM)
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in cell medium at 37 ◦C for 30 min. Prior to the imaging, the cells were washed three times
with PBS again. The cells treated with 500 µM FA were stained with 5 µg/mL Hoechst-
33342 (Thermo Fisher Scientific, Seoul, Korea) for 5 min. Cell images were obtained using a
fluorescent microscope (Deltavision®, GE Healthcare, Notre Dame, IN, USA) with an FITC
(Fluorescent isothiocyanate) filter set (λex = 440 nm, λem= 500–550 nm).

To visualize endogenous FA, cells were first treated with TG (15 µM–45 µM) for 30 min
to produce FA and then incubated with EW2 (5 µM) for 40 min. Cell images were obtained
by a K1-Fluo confocal microscope (Nanoscope Systems, Inc., Daejeon, Korea) with either
an FITC (fluorescent isothiocyanate) filter set (λex = 440 nm, λem= 500–550 nm) or a TRITC
(tetramethylrhodamine) filter set (λex = 561 nm, λem = 570–620 nm).

4. Conclusions

The design and synthesis of a new fluorescent probe for the reaction-based sensing of
FA was described herein. The probe contained fluorophore and hydrazine moieties and
was shown to be highly selective towards FA over other biologically relevant analytes.
In addition, the two-photon fluorescent properties of the probe were observed for the
sensing of FA. The probe exhibited favorable properties such as a high turn-on fluorescence,
high sensitivity, and a low detection limit. The probe could also be used to detect FA in
commercially available products such as shiitake mushrooms and onions. In biological ap-
plication, the probe gave satisfactory results for monitoring changes in both exogenous and
endogenous FA levels of cancer cells. Moreover, the probe was able to visualize dynamic
changes in the Golgi apparatus due to cancer cell apoptosis with high specificity. Thus, the
as-developed probe has the potential to serve as an effective tool for the monitoring of FA
in relation to the possible early diagnosis of endoplasmic reticulum stress in cells.

Supplementary Materials: Supplementary materials are available online. Figure S1: Absorption
spectrum of the probe EW2 (10 µM) with increasing concentration of FA in PBS buffer (10 mM,
pH 7.4, 1% DMSO); Figure S2: Linear reaction between fluorescence intensity of the probe EW2
(5 µM) and concentration of FA in PBS; Figure S3: (a) Two-photon emission of probe EW2 (10 µM)
with different concentrations of FA (0–1.0 mM), excited at 800 nm, respectively, in 10 mM SPB
buffer (pH 7.4) at room temperature. (b) Plots of emission intensity vs. concentration of FA; Figure
S4: (a) Reaction-time profiles of probe EW2 (5 µM) in the presence of FA (0, 25, and 50 µM). (b)
Pseudo-first-order kinetic plot of the reaction of EW2 (5 µM) with FA (10 equiv.) in PBS (10 mM).
Slope = 0.55 min−1; Figure S5: Fluorescence intensity changes of probe EW2 (5 µM) alone (� ) and
treated with 50 µM FA (•) at different pH values; Figure S6: Emission spectra of probe EW2 (10 µM)
in the absence (black) and presence (red) of formaldehyde (50 µM) in SPB buffer pH 7.3. The blue
line indicates the spectrum of probe EW2 with formaldehyde and NaHSO3 (50, 100, and 200 µM);
Figure S7: ESI-MS spectrum of probe EW2 treated with FA. The cation [compound 3 + H+]+ was
observed at m/z = 395.58 and calculated as 395.40; Figure S8: Emission spectra of probe EW2 (5 µM)
in the presence of FA (50 µM), dried shiitake mushroom and onion extracts (each 100 µL); Figure
S9: Fluorescence imaging of endogenous FA in the living MCF7 cells. (a) Bright-field image of live
MCF7 cells treated with NaHSO3 (200 µM), (b) fluorescence image of a, (c) merged image of a and b,
(d) Bright-field image of live MCF7 cells treated with FA (500 µM) and EW2 (5 µM), (e) fluorescence
image of d, (f) merged image of d and e, (g) Bright-field image of live MCF7 cells treated with FA
(500 µM), NaHSO3 (500 µM), and then with EW2 (5 µM), (h) fluorescence image of g, (i) merged
image of g and h; Figure S10: 1H-NMR spectrum of compound 1 in DMSO-d6, Figure S11: 13C-NMR
spectrum of compound 1 in DMSO-d6; Figure S12: ESI-MS spectrum of compound 1; Figure S13:
1H-NMR of probe EW2 in DMSO-d6; Figure S14: 13C-NMR of probe EW2 in DMSO-d6; Figure S15:
ESI-MS spectra of probe EW2. The cation [EW2 + H+]+ was observed at m/z = 383.75 and calculated
as 383.39.
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the manuscript.



Molecules 2021, 26, 4980 11 of 11

Funding: This work was supported by the National Research Foundation (NRF) grant funded
by the Korean government (NRF-2019R1A2C1007278, NRF-2017R1A5A1015365), and H-guard
(2018M3A6B2057299 to S. Park) through the NRF funded by the Ministry of Science and ICT.

Institutional Review Board Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Zhou, Y.; Yan, J.; Zhang, N.; Li, D.; Xiao, S.; Zheng, K. A ratiometric fluorescent probe for formaldehyde in aqueous solution,

serum and air using aza-cope reaction. Sens. Actuators B Chem. 2018, 258, 156–162. [CrossRef]
2. El Sayed, S.; Pascual, L.; Licchelli, M.; Martínez-Máñez, R.; Gil, S.; Costero, A.M.; Sancenón, F. Chromogenic Detection of Aqueous

Formaldehyde Using Functionalized Silica Nanoparticles. ACS Appl. Mater. Inter. 2016, 8, 14318–14322. [CrossRef]
3. Wang, T.; Gao, X.; Tong, J.; Chen, L.C. Determination of formaldehyde in beer based on cloud point extraction using

2,4-dinitrophenylhydrazine as derivative reagent. Food Chem. 2012, 131, 11577–11582. [CrossRef]
4. Chiou, J.; Leung, A.H.H.; Lee, H.W.; Wong, W.T. Rapid testing methods for food contaminants and toxicants. J. Integr. Agric. 2015,

14, 2243–2264. [CrossRef]
5. Salthammer, T.; Mentese, S.; Marutzky, R. Formaldehyde in the Indoor Environment. Chem. Rev. 2010, 110, 2536–2572. [CrossRef]

[PubMed]
6. Unzeta, M.; Sol, M.; Boada, M.; Hernandez, M. Semicarbazide-sensitive amine oxidase (SSAO) and its possible contribution to

vascular damage in Alzheimer’s disease. J. Neural Transm. 2007, 114, 857–862. [CrossRef]
7. Hauptmann, M.; Stewart, P.A.; Lubin, J.H.; Beane Freeman, L.E.; Hornung, R.W.; Herrick, R.F.; Hoover, R.N.; Fraumeni, J.F., Jr.;

Blair, A.; Hayes, R.B. Mortality From Lymphohematopoietic Malignancies and Brain Cancer Among Embalmers Exposed to
Formaldehyde. Natl. Cancer Inst. 2009, 101, 1696–1708. [CrossRef]

8. Afkhami, A.; Bagheri, H. Preconcentration of trace amounts of formaldehyde from water, biological and food samples using an
efficient nanosized solid phase, and its determination by a novel kinetic method. Microchim. Acta. 2012, 176, 217–227. [CrossRef]

9. Luo, W.; Li, H.; Zhang, Y.; Ang, C.Y.W. Determination of formaldehyde in blood plasma by high-performance liquid chromatog-
raphy with fluorescence detection. J. Chromatogr. B Biomed. Sci. Appl. 2001, 753, 253–257. [CrossRef]

10. Yu, P.H.; Cauglin, C.; Wempe, K.L.; Gubisne-Haberle, D. A novel sensitive high-performance liquid chromatogra-
phy/electrochemical procedure for measuring formaldehyde produced from oxidative deamination of methylamine and in
biological samples. Anal. Biochem. 2003, 318, 285–290. [CrossRef]

11. Kato, S.; Burke, P.J.; Koch, T.H.; Bierbaum, V.M. Formaldehyde in Human Cancer Cells: Detection by Preconcentration-Chemical
Ionization Mass Spectrometry. Anal. Chem. 2001, 73, 2992–2997. [CrossRef] [PubMed]

12. Chan, J.; Dodani, S.C.; Chang, C.J. Reaction-based small-molecule fluorescent probes for chemoselective bioimaging. Nat. Chem.
2012, 4, 973–984. [CrossRef]

13. Yang, Y.; Zhao, Q.; Feng, W.; Li, F. Luminescent Chemodosimeters for Bioimaging. Chem. Rev. 2013, 113, 192–270. [CrossRef]
14. Chen, X.; Lee, K.A.; Ha, E.M.; Lee, K.M.; Seo, Y.Y.; Choi, H.K.; Kim, H.N.; Kim, M.J.; Cho, C.S.; Lee, S.Y.; et al. A specific and

sensitive method for detection of hypochlorous acid for the imaging of microbe-induced HOCl production. Chem. Commun. 2011,
47, 4373–4375. [CrossRef] [PubMed]

15. 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]

16. 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]

17. 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]

18. Xin, F.; Tian, Y.; Gao, C.; Guo, B.; Wu, Y.; Zhao, J.; Jing, J.; Zhang, X. A two-photon fluorescent probe for basal formaldehyde
imaging in zebrafish and visualization of mitochondrial damage induced by FA stress. Analyst 2019, 144, 2297–2303. [CrossRef]

19. Kim, H.M.; Cho, B.R. Small-Molecule Two-Photon Probes for Bioimaging Applications. Chem. Rev. 2015, 115, 5014–5055. [CrossRef]
20. Hui, W.; Zixu, H.; Yuyun, Y.; Jiao, Z.; Wei, Z.; Wen, Z.; Ping, L.; Bo, T. Ratiometric fluorescence imaging of Golgi H2O2 reveals a

correlation between Golgi oxidative stress and hypertension. Chem. Sci. 2019, 10, 10876–10880.
21. Zhu, H.; Liang, C.; Cai, X.; Zhang, H.; Liu, C.; Jia, P.; Li, Z.; Yu, Y.; Zhang, X.; Sheng, W.; et al. Rational design of a targetable

fluorescent probe for visualizing H2S production under golgi stress response elicited by monensin. Anal. Chem. 2020, 92,
1883–1889. [CrossRef] [PubMed]

22. 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] [PubMed]

23. Liang, X.-G.; Chen, B.; Shao, L.-X.; Cheng, J.; Huang, M.-Z.; Chen, Y.; Hu, Y.-Z.; Han, Y.-F.; Han, F.; Li, X. A Fluorogenic Probe
for Ultrafast and Reversible Detection of Formaldehyde in Neurovascular Tissues. Theranostics 2017, 7, 2305–2313. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.snb.2017.11.043
http://doi.org/10.1021/acsami.6b03224
http://doi.org/10.1016/j.foodchem.2011.10.021
http://doi.org/10.1016/S2095-3119(15)61119-4
http://doi.org/10.1021/cr800399g
http://www.ncbi.nlm.nih.gov/pubmed/20067232
http://doi.org/10.1007/s00702-007-0701-0
http://doi.org/10.1093/jnci/djp416
http://doi.org/10.1007/s00604-011-0715-z
http://doi.org/10.1016/S0378-4347(00)00552-1
http://doi.org/10.1016/S0003-2697(03)00211-2
http://doi.org/10.1021/ac001498q
http://www.ncbi.nlm.nih.gov/pubmed/11467545
http://doi.org/10.1038/nchem.1500
http://doi.org/10.1021/cr2004103
http://doi.org/10.1039/c1cc10589b
http://www.ncbi.nlm.nih.gov/pubmed/21399827
http://doi.org/10.1002/anie.201510373
http://doi.org/10.1021/jacs.5b05339
http://doi.org/10.1039/C8NJ01240G
http://doi.org/10.1039/C8AN02108B
http://doi.org/10.1021/cr5004425
http://doi.org/10.1021/acs.analchem.9b04009
http://www.ncbi.nlm.nih.gov/pubmed/31867952
http://doi.org/10.1021/jacs.5b05340
http://www.ncbi.nlm.nih.gov/pubmed/26306005
http://doi.org/10.7150/thno.19554
http://www.ncbi.nlm.nih.gov/pubmed/28740553

	Introduction 
	Results and Discussion 
	Design and Synthesis of Probe EW2 
	Optical Properties of Probe EW2 
	Selectivity of EW2 towards FA 
	Proposed Sensing Mechanism 
	Detection of Formaldehyde in Food Samples 
	Cell Imaging of the Probe 
	Cytotoxicity Studies 
	Inhibition Studies of the Probe 
	Colocalization Experiment 
	Imaging Endogenous FA in Cells 

	Materials and Methods 
	Materials and Instrumentation 
	Synthesis of Compound 1 
	Synthesis of Probe EW2 
	Absorption and Fluorescent Titration Measurements 
	Preparation of Formaldehyde Source from Dried Shiitake Mushrooms 
	Detection of Formaldehyde Source from Dried Shiitake Mushrooms 
	Preparation of Onion Extract and Detection of Formaldehyde 
	Cell Imaging 

	Conclusions 
	References

