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Methylglyoxal (MGO) is an important dicarbonyl metabolite that plays a crucial role in a range of
physiological and pathological processes. It is critical to develop precise methods for detecting MGO levels
in vivo to better understand its role in disease progression. Herein, we report an MGO-activatable
fluorescent probe Cy-DNH, based on hemicyanine, which could rapidly and selectively detect MGO with a
low LOD of 95 nM in an acidic microenvironment. In the presence of MGO, acidic pH could trigger Cy-
DNH,; to turn on intense fluorescence within 3 min. Moreover, Cy-DNH, was able to target lysosomes,
allowing for the detection of endogenous MGO in living cells as well as the identification of elevated MGO
levels in tumors and mouse models of gastritis. This work may provide a valuable tool for monitoring MGO
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Introduction

Methylglyoxal (MGO) is a reactive dicarbonyl metabolite
produced in all live cells during various metabolic processes
such as glycolysis, threonine catabolism, and the polyol
pathway."™ As a highly active molecule, MGO can react with
proteins, DNA, and lipids to form advanced glycation end
products, resulting in irreversible cell structural damage and
dysfunction, which is closely associated with pathologies of
diverse human diseases including obesity, Alzheimer's
disease, cardiovascular disease, and diabetes.*"® The
detoxification method of MGO mainly relies on glyoxalase 1
and glyoxalase 2, which can convert MGO into non-toxic
p-lactic acid to regulate the levels of MGO in cells.""™*
Indeed, elevated levels of MGO have been observed in cancer
cells due to the aerobic glycolysis pathway and are involved in
tumor progression.’>  Gastritis is another common
inflammatory metabolic disease with stomach mucosal injury,
and it raises the risk of cancer.'®'” So far, the main clinical
diagnostic tool for gastritis is the combination of an X-ray
barium meal and endoscope.'®'® However, these methods are
complicated to operate, so it is of great significance to
develop simple and non-invasive ways for diagnosing gastritis.
Compared with normal stomach, the upregulation of MGO
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under acidic conditions and diagnosing MGO-related diseases.

concentration occurs in the development of gastritis, which
can kill gastrointestinal bacteria such as Helicobacter pylori.*
Therefore, accurate detection of MGO levels in vivo provides a
new way for the diagnosis of tumors and gastritis, further
elucidating its role in the progression of these diseases.
Although MGO plays an important role in physiological
processes, the mechanism of its impact on complex living
systems is poorly understood due to the lack of simple and
effective detection methods. To date, high-performance
liquid chromatography (HPLC) and liquid chromatography-
mass spectrometry (LC-MS) analysis have been commonly
employed for the detection of MGO in biological samples.*"**
However, these methods suffer from complicated processing
steps such as cell lysis and deproteinization, leading to low
sensitivity and poor accuracy, and are not suitable for
biological systems. In recent years, fluorescence imaging has
attracted wide attention because of its advantages of high
sensitivity, non-invasive visualization, and fast response
speed.”*®® At present, only a small number of “turn-on”
fluorescent probes have been created for imaging MGO in
cells and mice.>*'?°3  Nevertheless, most of these
fluorescent probes require a long reaction time with MGO
(usually 1-2 h), which is not suitable for real-time detection
of variations in MGO levels in vitro and in vivo. Moreover,
fluorescent probes exhibiting high organelle-targeting
capability have been rarely reported. As an essential digestive
organelle, lysosomes have an acidic environment and contain
different kinds of enzymes for cellular metabolism, and
dysfunction of lysosomes has been related to a wide variety
of diseases such as cancer and gastroenteritis.*> Thus, real-
time monitoring and imaging of MGO levels in lysosomes
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will help the diagnosis of cancer and gastritis, while such a
fluorescent probe that can rapidly detect MGO under acidic
conditions is still elusive.

To address these challenges, we herein designed and
synthesized a novel lysosome-targeting fluorescent probe,
named Cy-DNH,, for real-time monitoring MGO levels in
tumors and gastritis. Probe Cy-DNH,, was synthesized via the
Knoevenagel condensation reaction of electron-deficient
benzo[cd]indolium and o-phenylenediamine that is an MGO-
specific recognition unit. Under acidic conditions, it was able
to rapidly recognize MGO and form an emissive product
within 3 min, showing strong fluorescence at 545-580 nm.
Moreover, Cy-DNH, could sensitively and selectively detect
exogenous and endogenous MGO in HeLa cells with a low
limit of detection (LOD) value of 95 nM. Notably, it allowed
the successful visualization of endogenous MGO fluctuations
in mouse tumors and stomach of acute gastritis. To the best
of our knowledge, Cy-DNH, is the first acid-promoted
fluorescent probe capable of specifically imaging MGO in
lysosomes.

Experimental methods
Synthesis of fluorescent probe Cy-DNH,,

Synthesis of compound 6. Compound 2 (64.6 mg, 0.2
mmol) and compound 5 (67.3 mg, 0.2 mmol) were refluxed
in a mixture of dry ethanol (15 mL) under a nitrogen
atmosphere. The reaction mixture was stirred at 80 °C for 4
h. After the reaction was completed, the solvent was removed
under reduced pressure, and the crude product was purified
by flash column chromatography over silica gel using
petroleum methanol/dichloromethane, affording products as
purple solids (yield, 50.7%), '"H NMR (400 MHz, CD;0D): §
9.16 (d, J = 7.6 Hz, 1H), 8.76 (d, J = 16.0 Hz, 1H), 8.65 (d, J =
8.0 Hz, 1H), 8.32 (d, J = 8.4 Hz, 1H), 8.27 (d, J = 7.2 Hz, 1H),
8.18-8.14 (m, 2H), 8.00-7.93 (m, 3H), 7.86 (d, J = 16.0 Hz,
1H), 4.90 (m, 2H), 1.66 (t, J = 7.2 Hz, 3H), 1.57 (s, 18H).

Synthesis of Cy-DNH,. Compound 6 (64 mg, 0.1 mmol)
was dissolved in 5 mL dry dichloromethane and 5 mL
trifluoroacetic acid mixed solution, and stirred for 12 h under
a nitrogen atmosphere at room temperature. The reaction
was monitored by TLC; after the reaction was completed, the
mixture solution was adjusted to neutral pH with saturated
sodium bicarbonate solution, and extracted with DCM. The
crude product was purified by flash column chromatography
over silica gel using petroleum methanol/dichloromethane,
affording products as blue-black solids (yield, 68.0%), 'H
NMR (400 MHz, CD;0D): ¢ 8.88 (d, J = 7.6 Hz, 1H), 8.63 (d, J
= 15.2 Hz, 1H), 8.38 (d, J = 8.0 Hz, 1H), 8.03-7.99 (m, 2H),
7.79 (m, 2H), 7.50 (d, J = 8.4 Hz, 1H), 7.43-7.35 (m, 2H), 6.79
(d, J = 8.0 Hz, 1H), 4.60 (q, J = 7.6 Hz, 2H), 1.57 (t, ] = 7.2 Hz,
3H), **C NMR (100 MHz, CD;0D): 6 163.50, 163.16, 155.02,
149.38, 141.07, 134.72, 132.12, 131.38, 131.18, 130.65, 130.20,
127.69, 127.06, 125.83, 119.50, 116.60, 115.67, 114.29, 107.36,
40.94, 14.85.
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Fluorescence imaging in living cells

For exogenous MGO detection, HeLa cells were treated with
Cy-DNH, (5 uM) for 2 h and fixed with 4% paraformaldehyde
for 5 min, then phosphate buffer solutions (pH 4.2)
containing different concentrations of MGO (0, 5, 10, 20, 30
uM) were added. After incubation for 30 min, laser confocal
imaging was performed.

For endogenous MGO detection, HeLa cells in DMEM
medium were pretreated with curcumin (0, 5, 10, 20, 30 pM)
for 6 h, then incubated with Cy-DNH, (5 uM) for 2 h, and
washed twice with PBS, then fresh medium was added for
laser confocal imaging.

Fluorescence imaging in vivo

Female BALB/c mice (6-8 weeks old, 18-20 g) were purchased
from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. All animal experiments were approved by the Ethics
Committee of Nankai University and carried out in
accordance with the guidelines for animal experiments. The
gastritis mouse model was established by intragastric
administration of 200 pL anhydrous ethanol; 30 min later,
Cy-DNH, (1 mM, 150 pL) was administered intragastrically
into the mice. The abdominal hair of the mouse was removed
and imaged using an IVIS Lumina imaging system. Finally,
the mice were euthanized, and their livers, lungs, hearts,
kidneys, spleens, and intestines were immediately collected
for ex vivo fluorescence imaging.

In order to generate a tumor-bearing mouse model, 4T1-
luc cells (2 x 10%) were injected subcutaneously into the left
and right hind limbs. After one week, the right leg tumor
(experimental group) was injected with curcumin (200 pM, 50
pL) and pretreated for 6 h, while the left leg tumor (control
group) was injected with the same amount of PBS. Then, Cy-
DNH, (500 uM, 50 pL) was injected into the left and right
tumors, respectively. 2 hours later, fluorescence imaging was
performed using an IVIS imaging system (lex = 556 nM, Aey, =
580-640 nm).

Results and discussion
Design and synthesis of MGO-activatable probe Cy-DNH,

Hemicyanine dyes have been broadly used in the fields of
biological imaging and disease diagnosis due to their high
stability, large Stokes shift, tunable spectral characteristics,
and good biocompatibility.*® Here, MGO-activatable probe
Cy-DNH, with a hemicyanine structure was constructed by
the Knoevenagel condensation reaction (Scheme 1).
O-Phenylenediamine, an MGO-specific recognition unit, was
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Scheme 1 Synthetic route of Cy-DNH,.
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selected to detect MGO with excellent selectivity.”® Under
acidic conditions, Cy-DNH,, could rapidly react with MGO to
form the structure of quinoxaline (Fig. 1a). Once reacted with
MGO, the donor-n-acceptor (D-m-A) skeleton of Cy-DNH,
was changed, showing intense “turn-on” fluorescence
emission. As shown in Fig. 1b and ¢, the maximum
absorption wavelength of Cy-DNH, was 590 nm. After
reacting with MGO, the absorption wavelength of the probe
blue-shifted, and a new absorption peak appeared at 460 nm
due to the change in donor-acceptor electron properties. The
fluorescence intensity of Cy-DNH, was very weak, and the
fluorescence signal at 545 nm was greatly enhanced after the
reaction with MGO. Then, Fourier transform high-resolution
mass spectrometry (FTMS) was used to analyze the charge-
mass ratio (m/z) of Cy-DNH, and the product of Cy-DNH,
with MGO. Compared with the characteristic peak of Cy-
DNH, (m/z = 314.1654), the product showed a strong
response peak at m/z of 350.1654, indicating that the reaction
between Cy-DNH, and MGO formed a quinoxaline structure
with the loss of two water molecules (Fig. 1d and e). To
further understand the fluorescence response mechanism,
density functional theory (DFT) calculation was used to
optimize the structure and electron distribution of Cy-DNH,
in the excited state treated with or without MGO. As shown
in Fig. S1,f both of them exhibited similar highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) distributions. However, it was found that the
dihedral angle between the donor and the acceptor of Cy-
DNH,, is 89°, almost in a vertical conformation, whose charge
typically not favored for radiative
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Fig. 1 (a) Proposed reaction mechanism of Cy-DNH, towards MGO
under acidic conditions. Absorption spectra (b) and fluorescence
emission spectra (c) of 10 uM Cy-DNH, and Cy-DNH; incubated with
100 uM MGO in pH 4.2 buffer. lex = 470 nm. Mass spectra of Cy-DNH,
(d) and Cy-DNH, reacted with MGO (e).
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fluorescence emission.>” By contrast, after MGO treatment,
the dihedral angle between the donor and the acceptor plane
decreases to 27°, which could facilitate intermolecular charge
transfer and enhance radiative transition with bright
fluorescence.

Spectroscopic properties of Cy-DNH, towards MGO

Then, in order to further study the response of Cy-DNH,
towards different concentrations of MGO, we measured the
fluorescence spectra of 10 uM Cy-DNH, reacted with different
concentrations of MGO. The results are shown in Fig. 2a; as
the MGO content increases (0-150 uM), the fluorescence
signals at 545-570 nm gradually increased. In addition, the
fluorescence intensity at 545 nm also showed a good linear
relationship with the concentration of MGO in the range of
0-30 uM (R> = 0.998), and the limit of detection (LOD, 30/
slope) was 95 nM (Fig. 2b), indicating that this probe could
detect MGO sensitively and quantitatively. Next, we further
investigate the pH effects on the reactivity of the MGO probe.
Cy-DNH,, (10 pM) and MGO (100 uM) were co-incubated in
different pH buffers at 37 °C for 30 min, and then their
fluorescence emission spectra were measured. As shown in
Fig. 2c, under the condition of low pH (3-5), Cy-DNH,
exhibited higher fluorescence response intensity towards
MGO, indicating that this pH-dependent fluorescence
enhancement phenomenon was probably attributed to the
process of condensation reaction. To further investigate this
effect, we next examined the reaction between Cy-DNH, and
MGO with or without acid. When Cy-DNH, was treated with
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Fig. 2 (a) Fluorescence response spectra of 10 uM Cy-DNH; in the
presence of different concentrations of MGO, lex = 470 nm. (b) Plot of
fluorescence intensity of Cy-DNH, at 545 nm as a function of MGO
concentration. Inset: The linear relationship between fluorescence
intensity and MGO concentration in the range of 0-30 uM. (c)
Fluorescence response spectra of Cy-DNH, to MGO in different pH
buffers. (d) Relative fluorescence intensity at 545 nm of 10 uM Cy-
DNH, treated with various species (200 uM) in pH 4.2 buffers (1. blank,
2.1-Arg, 3. L-Cys, 4. L-Lys, 5. L-Try, 6. GSH, 7. Ca®*, 8. Cu?*, 9. Fe?*, 10.
NH,*, 11. SOs, 12. ClO", 13. H,PO,", 14. NO,, 15. NO3", 16. NO, 17.
-OH, 18. O, 19. H,0,, 20. MGO).
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only MGO or trifluoroacetic acid (TFA), there was no
fluorescence within 5 However, the
fluorescence intensity increased rapidly in the presence of
both MGO and TFA, reaching a plateau within 3 min (Fig.
S2t1). These results confirmed that acidic pH could
significantly accelerate the reaction of the probe with MGO.
To further evaluate its selectivity towards MGO, we measured
the fluorescence spectra of Cy-DNH, (10 uM) incubated with
a variety of common biological species (Fig. 2d and S37).
Among all species (except glyoxal), only MGO could
remarkably turn on the fluorescence of Cy-DNH,, while no
obvious changes were observed in the presence of other
species. It is worth noting that o-phenylenediamine has also
been reported to respond with nitric oxide (NO),>* but this
probe did not turn on in the presence of 20 equiv. NO. Then,
we increased the concentration of NO over hundreds of
equivalents, and we found that Cy-DNH, could slightly turn
on its fluorescence. Because the concentration of NO in cells
is much lower than that, therefore, Cy-DNH, can selectively
detect MGO without interference of NO and holds great
promise for applications in living systems.

increase min.

Cellular localization and fluorescence imaging of MGO in
cells

Before cell imaging, we first evaluated the cytotoxicity of Cy-
DNH, by CCK-8 assay. As shown in Fig. S4,f HeLa cells
retained a high survival rate with Cy-DNH, at the
concentrations from 0 to 25 uM, indicating its high
biocompatibility. Later, we examined the organelle-targeting
ability of Cy-DNH,; HeLa cells were incubated with Cy-DNH,
and commercial mitochondria or lysosome targeting probes.
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Fig. 3 (a) Colocalization imaging of Hela cells stained with Cy-DNH,

(10 puM) and Lyso-Tracker Green (1 uM). (I) Green channel (Lyso-
Tracker Green, Jex = 487 nm, Aem = 500-550 nm). (Il) Red channel (Cy-
DNHy, lex = 487 nm, ey = 570-620 nm). (lll) Merged image of (I and
). (IV) Intensity scatter plot. (V) Relative intensity profile of the white
line across Hela cells. Scale bar = 25 um. (b) Confocal fluorescence
images of Cy-DNH, stained Hela cells in response to different
concentrations of MGO (lex = 487 nm, Aem = 570-620 nm), scale bar:
20 um. (c) Relative fluorescence intensity of cells in (b).
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The results are shown in Fig. 3a and S5;f the red channels
were the fluorescence signals from Cy-DNH,, while the green
channels were the fluorescence signals from mitochondria or
lysosome trackers. Cy-DNH, was co-localized well with
lysosomes and not with mitochondria, showing a Pearson
coefficient of 0.86 and 0.68, respectively. Since it has a better
response to MGO under acidic pH conditions, Cy-DNH, is
promising for monitoring MGO levels in lysosomes.

Next, we investigated the ability of Cy-DNH, for cellular
MGO imaging in the lysosomes of living cells by confocal
microscopy. The HeLa cells were pre-incubated with Cy-DNH,
for 2 h and treated with MGO for 30 min. As shown in Fig.
S6,7 the fluorescence intensity of cells treated with exogenous
MGO was not significantly enhanced compared with
untreated cells, which was probably ascribed to the fast MGO
consumption by glyoxalase 1 (GLO1) in cells."" In order to
eliminate the interference of cellular metabolism of MGO,
HeLa cells were fixed with paraformaldehyde before imaging.
After being incubated with Cy-DNH,, HeLa cells were fixed
and treated with different concentrations of MGO (0-30 uM)
for 30 min in pH 4.2 phosphate buffers. As shown in
Fig. 3b and c¢, with the increase of exogenous MGO,
significant red fluorescence signals emerged and enhanced
gradually, demonstrating the high ability of Cy-DNH, to
detect MGO in cells. To further assess the pH effect on MGO
detection in cells, we incubated HeLa cells with Cy-DNH, in
buffers (containing 10 uM MGO) of pH 4.2 and 7.4,
respectively. HeLa cells treated with acidic buffer displayed
higher fluorescence intensity (Fig. S7t), suggesting that the
lysosome-targeting ability of Cy-DNH, contributes to MGO
detection in cells due to the acidic microenvironment of
lysosomes.

Monitoring endogenous MGO elevation in cells and mice

Furthermore, we applied Cy-DNH, to monitor the
endogenous MGO levels in living cells. Typically, cancer cells
can overexpress the GLO1 enzyme to detoxify the excessive
MGO generated in the glycolytic pathway, and thus inhibition
of the GLO1 activity will increase the MGO levels in cancer
cells.* Curcumin, as one of the inhibitors of GLO1, can
effectively increase the accumulation of MGO in cells. As
shown in Fig. 4a and b, untreated HeLa cells showed low red
fluorescence. In contrast, after being treated with curcumin
for 6 h, HeLa cells exhibited strong red fluorescence due to
the accumulation of excessive MGO, and the fluorescence
intensity increased with the increase in curcumin
concentration. These results revealed that Cy-DNH, might be
used not only to detect MGO in cells, but also to monitor the
ability of GLO1 inhibitors to promote MGO accumulation in
cells, and even utilized to screen GLO1 inhibitors at the
cellular level in the future.

Encouraged by the cell imaging results, we next evaluated
the feasibility of Cy-DNH, to detect MGO in tumors. The
tumor-bearing mouse model was established by injecting 4T1
cells into the right and left legs of the mouse (Fig. 4c). After

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Construction of a mouse model of acute gastritis. (b)
Fluorescence images of the control mouse and gastritis mouse. (c)
Representative ex vivo fluorescence images of major organs. (d)
Relative fluorescence intensity around the stomach in (b). (e) H&E
staining analysis of stomach tissues in the normal mouse (l) and the
gastritis mouse (l1), scale bar = 100 um.

one week, PBS (~50 pL) and curcumin (~50 pL, 100 uM) were
injected into the left and right tumors, respectively. 6 hours
later, Cy-DNH, was injected into the tumors of the left and
right legs. After 2 hours, fluorescence imaging was
performed. As shown in Fig. 4d, there was much stronger
fluorescence intensity in the right tumor than that in the
control left tumor, which was consistent with the results of
cell imaging. Therefore, these results demonstrated that Cy-
DNH, has good capability to image endogenous MGO and
elevated levels of MGO appearing in tumors induced by
GLO1 inhibitor curcumin.

Fluorescence imaging of MGO in the gastritis mouse model

Gastritis is one of the most common inflammatory metabolic
diseases; if not treated in time, it might develop into gastric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cancer. There remains a need to develop non-invasive
methods for diagnosis of gastritis. Previous studies have
shown that an increase in MGO levels was observed in
inflammatory gastrointestinal cells."”” To demonstrate the
potential of Cy-DNH, to visualize MGO in a stomach with
gastritis, a mouse model of gastritis was established by
intragastric administration of alcohol (Fig. 5a).*® 30 min
later, 150 uL of Cy-DNH, was injected into the stomachs of
the mice, and fluorescence imaging was performed. The
fluorescence signals of mice with gastritis were significantly
higher than those of healthy mice (Fig. 5b and d). Then, we
collected the major organs of the mice, including the
stomach, and found that the stomach with gastritis showed
stronger fluorescence intensity (Fig. 5c). In addition,
compared with the normal stomach, obvious swelling,
superficial mucosal congestion, and fibrous tissue
hyperplasia were observed in the stomach with gastritis. The
results of H&E staining further verified the successful
establishment of gastritis (Fig. 5e). Therefore, Cy-DNH, has
great potential as a useful fluorescent tool in the diagnosis of
gastritis.

Conclusions

Here, we developed an acid-promoted fluorescent probe Cy-
DNH, for monitoring MGO levels in tumors and gastritis.
Compared with previously reported probes, Cy-DNH, has
high sensitivity and good selectivity to MGO in an acidic
environment, showing a low LOD of 95 nM. It can not only
image the accumulation of endogenous MGO in lysosomes of
cells, but also monitor the GLO1 activity in the tumor-
bearing mouse model. Furthermore, Cy-DNH, was
successfully applied to visualize the up-regulation of MGO
levels in the gastritis mouse model. Taken together, Cy-DNH,
is a promising fluorescent probe for the detection of MGO
under acidic conditions.
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