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An “AND"-logic-gate-based fluorescent probe NAP-DCP-4 with dual
reactive sites is reported, which has improved selectivity for methyl-
glyoxal over glyoxal, featuring formaldehyde-enhanced methylglyoxal
detection and irreversible and reversible turn-on fluorescence
responses at different excitation wavelengths. Its cell-impermeability
enables facile monitoring of extracellular methylglyoxal level changes
in the supernatant of activated macrophages.

Methylglyoxal (MGO) is a highly reactive carbonyl species mainly
formed in glycolysis from the degradation of glyceraldehyde-3-
phophate and dihydroxyacetone phosphate."> MGO forms
advanced glycation end products (AGEs) by glycating DNA, lipids,
and proteins,® causing protein dysfunctions,* activation of RAGE
receptor,” pro-inflammatory signaling and inflammation,>® and
oxidative stress.”'® Elevated MGO and AGE levels are observed in
many diseases including diabetes,""™® obesity,"* cancer,"” and
Alzheimer’s disease.'® Therefore, development of MGO probes for
selective monitoring MGO levels is highly desirable.

In our lab, we are interested in MGO level changes of
macrophages and their surrounding microenvironments upon
activation. Macrophages are critical innate immune cells for
host defence, immune surveillance of cancer cells and main-
taining homeostasis."” It is well known that macrophages can
be activated by heterologous stimuli, such as lipopolysacchar-
ide (LPS), through multiple intracellular pro-inflammatory
signalling pathways, which shifts their metabolism from oxidative
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phosphorylation to glycolysis to satisfy the elevated energy
consumption.'” The increased glycolysis level leads to upregulated
intracellular MGO levels resulting from both enhanced MGO
production and decreased glyoxalase I (GLO1) expression, the
key enzyme for MGO removal.'®'® While there were a few studies
reported that intracellular MGO levels increase upon macrophage
activation,'®"® extracellular MGO level changes and their potential
contributions to inflammatory responses are not clear. It is
possible that activated macrophages that excrete MGO would
induce an extracellular MGO level increase in their microenviron-
ment, which regulates physiological functions of the surrounding
cells.*® Although quite a few fluorescent probes have been
reported for MGO detection (Fig. S1, ESIt), so far, there is no
cell-impermeable probe available for monitoring the extracellular
MGO level changes.

Herein, we would like to report the rational design of a cell-
impermeable fluorescent probe NAP-DCP-4 containing two
polar reactive sites: an o-phenylenediamino (OPD) group and
a guanidino (GND) group, forming an “AND” logic gate for the
selective sensing of the extracellular MGO levels (Fig. 1 and
Fig. S2, ESIf). Both reactive groups’ reaction and sensing
mechanism are well established in the literature. OPD is a
fluorescence quenching group via a photo-induced electron
transfer (PeT) mechanism.?’>* OPD-based fluorescent probes
such as PND-1 and NP react with MGO irreversibly to form
methylquinoxalines, which interrupts the PeT quenching
effect, resulting in a fluorescence turn-on response.”>>* Struc-
turally similar glyoxal (GO) normally does not interfere with
MGO detection in OPD-based probes because of its low
reactivity.>*>** However, formaldehyde (FA) and nitric oxide
(NO) may react with the OPD reactive group and interfere with
MGO detection.>"** In contrast, GND-based fluorescent probes
NAP-DCP-1 and NAP-DCP-3 react with MGO or GO reversibly
and show fluorescence turn-on responses via an intramolecular
change transfer (ICT) mechanism and excitation wavelength
modulation to selectively excite the deprotonated adducts.”®
They show high selectivity over FA and NO, but cannot differ-
entiate between MGO and GO with even higher fluorescence
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Fig. 1 (a) Probe design of NAP-DCP-4: an "AND"-logic-gate-based fluor-
escent probe with both OPD and GND reactive groups for improved MGO
selectivity; (b) illustration of irreversible turn-on responses for MGO at

ex = 365 nm and reversible turn-on responses for MGO at Aex = 425 nm
(only major species in equilibrium are shown).

turn-on ratio for GO.>®* We envisioned that incorporation of
dual reactive groups, OPD and GND, into an ‘“AND”-logic-gate-
based probe would improve the GND-based probe’s selectivity
for MGO over GO, while retaining high selectivity over FA and
NO (Fig. 1a). We also envisioned that the incorporation of both
reversible GND and irreversible OPD reactive groups may render the
probe with both features of reversible (1o, = 425 nm, Off-On-Off)
and irreversible (1ex = 365, Off-On-On) fluorescence responses for
reaction with MGO and then addition of N-acetyl cysteine (NAC), a
known MGO quencher (Fig. 1b). Additionally, the combined use of
the two polar reactive groups could possibly afford a cell-
impermeable probe for monitoring extracellular MGO levels,
as the calculated logP values from the molinspiration website®
for NP,”> NAP-DCP-1,° and NAP-DCP-4 are 3.69, 1.69, and 1.19,
respectively.

The probe NAP-DCP-4 was conveniently synthesized from
commercially available 4-bromo-1,8-naphthalic anhydride (1)
in two steps in a 7.7% total yield and characterized by '"H NMR,
3C NMR and HRMS (see ESIf Part II for more details).

We then studied the probe NAP-DCP-4’s in vitro fluorescence
response for MGO in PBS buffer at pH 7.4. Similar to the
GND-based probe NAP-DCP-1,° the UV-Vis spectra showed a
red-shifted peak at 391 nm (Fig. S3, ESIT) due to the formation
of the deprotonated dihydroxyimidazolidine adduct 6-1I
with increased electron-donation at the 4-position of the 1,
8-naphathalimide (ICT On, Fig. 1b). When 6-II was selectively
excited at 425 nm, the “AND” effect of the “PeT Off”’ of the
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methylquinoxaline formation (labelled in blue, Fig. 1b) and the
“ICT On” of the dihydroxyimidazolidine formation (labelled in
red, Fig. 1b) resulted in the fluorescence turn-on response for
MGO (Fig. 2a). As expected, incorporation of the OPD group
significantly reduced the probe’s turn-on response for GO
(Fig. 2b). To estimate the contribution of the OPD group to
the improvement of MGO selectivity over GO, the probe was
excited at the isobestic absorption wavelength at 365 nm
(see Fig. S3, ESIT for the isobestic point) to minimize the effect
of the GND group’s reaction with MGO towards the fluores-
cence turn-on response. Under this excitation condition, both
unreacted and reacted GND-substituted fluorophores (labelled
in red in Fig. 1) have the same absorbance and are all emissive
from either excited state proton transfer (ESPT) excited states
(“ESPT, ICT on” for the protonated species in Fig. 1b) or excited
state (“ICT on” for 6-I in Fig. 1b) where there is no PeT
quenching group attached.?>*® The fluorescence turn-on ratios
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Fig. 2 (a and b) Fluorescence intensities of NAP-DCP-4 (2 uM) upon
addition of increased concentrations (0, 10, 20, 40, 60, 100, 150, 200, 300,
400, 500, 600, 800, 1000, and 1200 puM) of MGO (a) and GO (b) for 1.5 h;
(c) fluorescence emission spectra of the probe NAP-DCP-4 (2 uM) upon
incubation with 100 equiv. MGO for 1.5 h versus further addition of
1000 equiv. NAC and then incubation for another 3 h; (d) fluorescence
intensity at 559 nm of the probe NAP-DCP-4 (2 uM) upon incubation with
100 equiv. of various other species. (1): probe only, (2): MGO, (3): MGO and
1000 equiv. FA, (4): FA, (5): acetaldehyde, (6): GO, (7): GO and 1000 equiv.
FA, (8): o-phthalaldehyde, (9): glyoxylic acid, (10): benzaldehyde, (11) GSH,
(12): glucose, (13): cysteine, (14): proline, (15): isoleucine, (16): H,O,, (17):
K*, (18): Na*, (19): Cu®*, (20): Zn®*, (21): A**, (22): Ca®*, (23): Fe?*, (24):
Fe®*, (25) NOC-18; (e) pH-dependent fluorescence intensities at 559 nm
of the probe NAP-DCP-4 in response to 100 equiv. MGO or GO; (f) time-
dependent fluorescence intensity increase of the probe NAP-DCP-4
(2 uM) at 559 nm upon addition of 100 equiv. MGO with or without
1000 equiv. FA (all measurements were performed in 10 mM PBS buffer at
37 °C, Jex = 425 nm).
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were 24.7-fold for MGO versus 9.8-fold for GO (Fig. S4c and d,
ESIt) under typical reaction conditions (2 uM probe incubated
with 200 equiv. MGO or GO at pH 7.4 and 37 °C for 1.5 h),
indicating that OPD indeed reacts much faster with MGO than
with GO, which provides the basis for the improved selectivity for
MGO over GO in NAP-DCP-4. Upon excitation with 425 nm light,
the “AND”-logic-gate-based probe showed 21.2 and 11.1-fold for
MGO and GO, respectively (Fig. S3a and b, ESIT). In contrast, the
probe NAP-DCP-1 bearing only the GND group had fluorescence
turn-on ratios 11- and 19-fold for MGO and GO, respectively.*

When excited at 425 nm, the probe’s fluorescence turn-on
response for MGO was reversible upon addition of NAC
(Fig. 2c). The reversibility for GO was not as good as that of
MGO, providing a further differentiation between MGO and GO
(Fig. S6, ESIt). The probe has good selectivity for MGO (Fig. 2d)
over many other reactive carbonyl species (FA, acetaldehyde,
o-phthalaldehyde, glyoxylic acid, and benzaldehyde), GSH, glu-
cose, amino acids (cysteine, proline, and isoleucine), H,0,,
metal ions (K*, Na®, Cu®*, zn**, AI*", Ca*", Fe**, and Fe*"),
and NO (from NOC-18, an NO donor). Further pH-dependence
studies indicated that the probe is suitable for detection of
MGO at pH higher than 6.0 (Fig. 2e).

Since FA may exist in biological systems at much higher
concentration than MGO (up to 500 puM for FA*® versus typical
1-4 pM for MGO*®) and often presents as an interfering species
for MGO detection, we examined the potential effect of FA
towards MGO detection by the probe NAP-DCP-4. When excited
at 365 nm, no significant fluorescence intensity increase was
observed for FA (Fig. S8, ESI, column 4) compared with MGO
(Fig. S8, ESL, column 2), suggesting that FA reacts much slower
with the OPD group than MGO under the same conditions.
However, the coexistence of 10 times concentration of FA
enhanced the probe’s fluorescence turn-on response for MGO
(Fig. 2d, columns 2 and 3), indicating that FA can compete with
MGO to react with the OPD group and help the removal of its
fluorescence quenching effect. When excited at 425 nm, time-
dependent fluorescence intensity studies also confirmed FA-
enhanced turn-on detection of MGO as a result of the “AND”
logic gate (Fig. 2f). Accordingly, the limit of detection (LOD) for
MGO improved from 2.2 uM to 1.8 uM in the presence of
biologically relevant 400 uM FA (Fig. S7, ESIf). As a proof-of-
concept study, the “AND”-logic-gate-based probe NAP-DCP-4
turns an interfering specie (FA) into a promoting specie for the
detection of the analyte of interest (MGO).

The potential interference of NO for MGO detection was also
studied. UV-Vis studies showed that the presence of 1 mM
NOC-18 seemed not to affect the formation of GND-MGO
adducts at around 390 nm (Fig. S9a, ESIf). However, the
fluorescence turn-on ratio for MGO in the presence of 1 mM
NOC-18 was only 3-fold (Fig. S9b, ESIT). We propose that the
formed benzotriazole between OPD and NO may deprotonate at
PH 7.4, and function as a fluorescence quenching group via a
PeT mechanism (Scheme S2, ESIt). Since the NO concentration
is relatively low compared with those of FA and MGO in
biological systems, its interference to MGO detection can be
neglected.

8168 | Chem. Commun., 2021, 57, 8166-8169

View Article Online

Communication

From the above studies, the reaction and sensing mechnism
was proposed in Fig. 1b based on the well-established reaction
and sensing mechanism of each reactive group and formation
of an “AND” logic gate (Fig. S2, ESIt). The proposed reaction
mechanism was supported by HRMS studies that confirmed
the formation of di-MGO adduct 6 (Fig. S11, ESIt) between the
probe and excess amount of MGO and formation of the mono
adduct 7 (Fig. S12, ESIt) when the reaction mixture was further
treated with NAC. 3D fluorescence spectra also confirmed that
the probe gives an irreversible turn-on response (Off-On-On,
labelled as the red triangle) at Aexem = 365/559 nm and
reversible turn-on response (Off-On-Off, lablled as the green
square) at Aeyem = 425/559 nm (Fig. S10, ESIf).

We further examined the probe’s cell permeability and
potential utility in sensing MGO level changes upon macro-
phage activation. RAW264.7 cells were selected as the model
cell line, which were activated by lipopolysaccharide (LPS)
stimulation (see ESIt part V for more details). In the cytotoxicity
studies evaluated by MTS assay, the probe showed surprising
nontoxicity up to 100 uM for both non-activated and activated
RAW264.7 cells (Fig. S13, ESIt). Microplate readings of fluores-
cence intensity for both non-activated and activated RAW264.7
cells incubated with the probe (20 uM) did not show a statis-
tically significant intensity increase compared with the control
cells (Fig. S14, ESIt), indicating that the probe is cell imperme-
able. Otherwise, the probe-incubated cells should have shown
enhanced fluorescence intensity compared with the control
cells after the probe reacted with the intracellular MGO increas-
ingly produced upon LPS activation. Further fluorescence ima-
ging studies using cell-permeable NAP-DCP-1 as the control
also confirmed cell impermeability of the probe (Fig. S15, ESIf).
We then took the cell culture supernatant for fluorescence
analysis. When excited at 425 nm, RAW264.7 cells stimulated
with LPS for 4 h had an apparent fluorescence intensity
increase, which decreased upon addition of 5 mM NAC, con-
firming that the observed fluorescence increase was mostly due
to increased MGO levels (Fig. 3a). Extended stimulation with
LPS for 24 h resulted in further increase of fluorescence
intensity, suggesting further elevated supernatant MGO level
(Fig. 3b). A similar fluorescence intensity increase was observed
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Fig. 3 Fluorescence intensity at 564 nm of NAP-DCP-4 in the super-
natant of RAW264.7 cells stimulated with LPS for 4 h (a and c) and 24 h
(b and d): (@ and b) Jex = 425 nm; (c and d) Aex = 365 nm.
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Fig. 4 Fluorescence intensities at 564 nm of NAP-DCP-4 in the super-
natant of RAW264.7 cells in normal or hypoxia microenvironments stimu-
lated with LPS for 0, 2, 4, 8, 12, and 24 h: (a) Aex = 425 nm; (b) ey = 365 nm.

upon LPS activation when excited at 365 nm, although it was not
reversible upon addition of NAC (Fig. 3c and d). The above studies
confirmed that the probe can be used to monitor the increase of
supernatant MGO levels of macrophages upon activation.

We continued to study the probe’s use for the monitoring of
the supernatant MGO level changes of activated RAW264.7 cells
under hypoxia conditions induced by CoCl,.*° Time-dependent
fluorescence intensity increases upon LPS stimulation were
observed when excited with either 425 nm (Fig. 4a) or 365 nm
(Fig. 4b) light. Upon addition of NAC, the fluorescence intensity
increase remained almost unchanged when excited at 365 nm
(Fig. 4b) in contrast to the fluorescence intensity dropping to low
background values when excited at 425 nm (the blue curve in
Fig. 4a), which confirmed MGO detection. It was also found that
the fluorescence intensities measured were higher under hypoxia
conditions at each time point, suggesting higher excreted MGO
levels at hypoxia conditions due to further increased glycolysis for
energy consumption. It was possible that the fluorescence inten-
sity increase observed may partially come from increased FA
concentrations. However, the increasing differences between the
green curve under hypoxia conditions and the red curve under
normal conditions when excited at 425 nm (Fig. 4a) compared
with the rather unchanged fluorescence intensity differences
when excited at 365 nm (Fig. 4b) still suggested more reacted
GND group and higher MGO levels under hypoxia conditions.

In conclusion, we have reported an “AND”-logic-gate-based
fluorescent probe NAP-DCP-4 adopting two reactive sites: OPD
and GND. The probe has improved selectivity for MGO over GO,
featuring FA-enhanced MGO detection and unique irreversible
and reversible fluorescence turn-on responses at two different
excitation wavelengths. The potential utility of the probe for
extracellular MGO detection was demonstrated in monitoring
the MGO level changes in the supernatant of RAW264.7 cells
upon LPS stimulation under either normal or hypoxia conditions.
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