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Introduction

Glyoxals (GOS) including methylglyoxal (MGO) and glyoxal (GO)
are structurally very similar dicarbonyl species in biological
systems.’ They are highly reactive glycating agents and react
with proteins, DNAs, and lipids to form advanced glycation and
lipoxidation end products (AGEs and ALESs), resulting in protein
dysfunctions, dicarbonyl stress, and cell death.*® MGO is
produced mainly from glycolysis (non-enzymatic degradation of
triosephosphates),® 1-threonine metabolism,” and lipid perox-
idation,® while GO is mostly generated from lipid peroxidation
and autooxidation of glucose.>'® Aside from their similar reac-
tivity and both being metabolites from glucose metabolism and
lipid peroxidation, GOS also share their major removal pathway
via the glyoxalase system,>'* and their levels are often correlated
in biological systems. Upregulated GOS levels are involved in
many disease states such as diabetes,"””™* obesity," cancer,'®
and Alzheimer's disease.'” Besides, GOS also widely exist in food
including cookies, yogurt, bread, and Manuka honey.***
Therefore, methods for measuring GOS levels are highly desir-
able in GOS associated disease and dietary studies.
Traditional methods for GOS detection often requires
tedious sample derivatization with o-phenylenediamine (OPD)-
based reagents and further separation GOS adducts by HPLC or
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biological fluids such as in urine for diabetic diagnosis and prognosis, and also found application in the
food industry such as for fast unique manuka factor (UMF) scale determination of Manuka honey.

GC, which are not capable of in situ studies.”® Recently, fluo-
rescent probe based imaging methods, which utilize OPD,*~** 2-
amino-2-phenylacetamide,* or 1,8-diaminonapthalene® as the
GOS reactive group (Fig. 1a), have attracted research interests
for their easy operation and in situ detection potentials.>”
However, most of these probes react irreversibly with GOS and
also react with formaldehyde (FA), a key intermediate in one-
carbon metabolism with a reactive aldehyde group.?® Inspired
by arginine-specific glycation reaction by GOS in biological
systems, we recently reported NAP-DCP series of probes as the
first reversible GOS fluorescent probes, which adopt a guani-
dino group as the GOS reactive group (Fig. 1b).> The NAP-DCP
series of probes have pK, values around 8.5 and mainly exist in
the guanidinium form at pH 7.4. When react with GOS to form
5-membered exocyclic dihydroxyimidazolidines in equilibrium
(Fig. 1b), the formed adducts have increased acidity and
significant portion of deprotonation with newly emerged red-
shifted absorption peak at pH 7.4, which can be selectively
excited to generate the fluorescence turn-on response. The
formation of 5-membered ring over 4-membered ring ensures
their high selectivity for GOS over FA.> However, the NAP-DCP
series of probes cannot detect GOS in acidic environment such
as in human urine, which normally has pH ranging from 5.6 to
6.8.% In this work, we would like to explore the effect of
replacement of the naphthalene group in NAP-DCP series of
probes with an anthracene group and designed a new probe
ANC-DCP-1 adopting 1,9-anthrenecarboximide as the fluo-
rophore (Fig. 1c). It was expected that ANC-DCP-1 has similar
reactivity and selectivity with GOS by adopting the same reactive
group. Moreover, the extended conjugation system not only
would afford fluorescence emission with longer wavelength, but
also would help to further stabilize the neutral form of the
probe and require more acidic condition to fully protonate the
guanidino group for turn-on response. As a result, the optimal
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Fig. 1 Probe design: (a) common reactive groups used in GOS fluo-
rescent probes; (b) NAP-DCP series of probes adopting 1,8-naph-
athalimide as the fluorophore; (c) this work: 19-
anthracenedicarboximide based fluorescent probe ANC-DCP-1. The
extension of conjugation system lowered pK, and pH required for full
protonation of the probe.

pH of ANC-DCP-1 for GOS detection may be lower than 7,
allowing GOS detection in acidic environment.

Results and discussion

The probe ANC-DCP-1 was conveniently synthesized from
heating the corresponding anthrenecarboximide bromide 1**
and acetylguanidine 2 in a mixture of solvent of tetrahydrofuran
and methanol in a sealed tube at 120 °C (Scheme S1f). Its
structure was characterized by 'H NMR, *C NMR, HRMS (see
ESIt part I for more details).

With the probe in hand, we first studied the probe ANC-DCP-
1's UV-Vis spectra at various pHs from 12.94 to 2.78 to deter-
mine the probe's pK,. The probe (pH = 10) had an absorption
peak at 496 nm, while the protonated probe (pH =< 6) showed an
absorption peak at 443 nm (Fig. S11). The blue-shift of the
absorption peak of the protonated probe was due to the reduced
intramolecular charge transfer (ICT), supported by the calcu-
lated electron density reduction at the fluorophore's 10-position
from the model probe 4 to its protonated form 3 (Fig. S97) based
on DFT (TD-DFT) calculations at the B3LYP/6-31+G(d,p) level
(see ESIt part III for more details).**** Nonlinear fitting of the
measured absorbance at 496 nm versus pH values afforded pK,
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value of 8.37, lower than the pK, 8.48 (ref. 29) of NAP-DCP-1 due
to the extended conjugation. UV-Vis responses of the probe for
MGO and GO at three different pHs (7.4, 6.0, and 5.0) were then
studied. At pH 6.0, the probe is fully protonated as expected
from its pK, value. The probe's reaction with GOS resulted in the
emergence of a shoulder peak (Fig. 2a and b), presumably due
to formation of the deprotonated 5-membered dihydrox-
yimidazolidine adducts (Fig. 1c). Selective excitation of the
deprotonated adducts at 525 nm generated the fluorescence
turn-on response at 615 nm (Fig. 2c). In contrast, the probe's
absorption spectrum contained a shoulder peak at around
496 nm at pH 7.4 due to deprotonation (Fig. S2a and b¥), which
overlapped with the adducts’ absorption peak and interfered
with GOS detection by raising background fluorescence, while
at pH 5.0, almost no changes of absorption spectra upon
incubation with MGO and GO were identified (Fig. S2c and dt),
suggesting low reactivity of the probe at pH 5.0. Indeed, pH-
dependent fluorescence intensity studies of the probe before
and after incubation with 200 equiv. MGO or GO for 2 h at 37 °C
confirmed that the probe is suitable for GOS detection at weak
acidic condition around pH 6.0 (Fig. S3t). Interestingly, the
maximum excitation wavelength was only slightly red-shifted
after the probe's reaction with GOS, while the maximum emis-
sion wavelength showed a bathochromic shift of 57 nm from
558 nm to 615 nm (Fig. S41), indicating the GOS adducts have
increased Stokes shift. From time-dependent fluorescence
studies (Fig. S51), an incubation time of 2 h was chosen for GOS
detection considering both MGO and GO, which is comparable
to OPD-based probes.”*** Fluorescence turn-on ratios for the
probe incubation with 200 equiv. MGO and GO were 6.4- and
8.9-fold (Aexem = 525/615 nm), respectively (Fig. 2c). From
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Fig. 2 (a and b) Time-dependent UV-Vis spectra of ANC-DCP-1 (20
uM) upon addition of 200 equiv. MGO (a) or GO (b); (c) fluorescence
emission spectra (Aex = 525 nm) of ANC-DCP-1 (5 uM) before and after
addition of 200 equiv. MGO or GO for 2 h; (d) fluorescence intensity of
ANC-DCP-1 (5 uM) at 615 nm (Ae, = 525 nm) upon addition of various
species (1 mM): (1) blank, (2) GO, (3) MGO, (4) formaldehyde, (5)
benzaldehyde, (6) glyoxylic acid, (7) acetaldehyde, (8) o-phthalalde-
hyde, (9) H,O,, (10) glutathione, (11) cysteine, (12) homocysteine, (13)
glucose, (14) Na*, (15) Ca®*, (16) AC*, (17) K™, (18) Cu®*, (19) Zn**, (20)
blank (5% DMSO); (21) NOC-18 (5% DMSO).
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concentration-dependent fluorescence emission studies, limits
of detection (LODs) for MGO and GO were calculated as 12.6
and 12.1 uM, respectively (Fig. S6T). The probe also showed
reversibility in fluorescence turn-on responses for MGO and GO
(Fig. S7t), supporting similar equilibrium-based reaction
mechanism as the NAP-DCP series of probes. Moreover, the
probe retained good selectivity for GOS over many other species
including formaldehyde (FA), benzaldehyde, glyoxylic acid,
acetaldehyde, o-phthalaldehyde, H,0,, glutathione, cysteine,
homocysteine, glucose, Na*, Ca*>*, AI**, K", Cu**, Zn**, and NO
(NOC-18) (Fig. 2d). The observed slight increase of fluorescence
intensity when the probe was incubated with NOC-18 (column
21 in Fig. 2d) was mainly due to increased DMSO percentage
(from 1% to 5%) in the test sample preparation as 5% DMSO
induced the similar fluorescence intensity increase (column 20
in Fig. 2d). The high selectivity for GOS detection over FA was
further confirmed by UV-Vis studies, as FA addition induced
almost no changes in the UV-Vis spectrum (Fig. S87).

The reaction mechanism underlying the probe ANC-DCP-1's
turn-on fluorescence detection for GOS and high selectivity over
FA is believed to be similar to the previous studied probe NAP-
DCP-1.” The guanidino group of the probe was predominately
protonated at pH 6.0. After reaction with GOS, the formation of
dihydroxyimidazolidine adducts, as evidenced by HRMS studies
of the probe's reaction with GO and MGO (Fig. S117), resulted in
the appearance of the red-shifted shoulder peak in the UV
spectra due to increased acidity and deprotonation (Fig. 2a and
b). The assignment of the shoulder peak to the deprotonated
adducts was supported by TD-DFT calculations on the model
compounds 3, 5, and 6, which could possibly exist in equilib-
rium at pH 6.0. The deprotonated adduct 6 give red-shifted
absorption compared with both the protonated probe 3 and
the protonated adduct 5 (Table S1, see ESIf part III for more
details). From calculated HOMO and LUMO orbitals of the
adduct 6, significantly increased p-m conjugation between the
guanidino substituent and the fluorophore was identified
(Fig. S101), which is responsible for the red-shift of the
absorption. The protonated probe-GOS adducts were selectively
excited at 525 nm, resulting in the observed fluorescence turn-
on response. In contrast, FA cannot form cyclized adducts
since the corresponding cyclization reaction requires the
formation of a four-membered ring, which is both kinetically
and dynamically unfavorable, providing the basis for the
probe's high selectivity over FA.

We further explored the potential application of the probe
ANC-DCP-1 for GOS detection in weak acidic human urine.
Fluorescence emission studies of 10 pyM ANC-DCP-1 in urine
from a healthy volunteer (pH = 5.9) incubated with externally
added various concentrations of MGO and GO (0 to 2 mM)
showed concentration-dependent fluorescence emission
increases maximized at 615 nm (Fig. S12a and bf), suggesting
that the probe is capable of differentiating relative GOS levels in
urine samples. The LODs of the probe for MGO and GO in urine
were determined from linear regression as 7.3 and 4.7 uM (S/N),
respectively (Fig. S12c and df), which fell in the range of total
GOS levels in urine of diabetic patients.** Since MGO and GO
levels are simultaneously elevated in diabetic urine samples,*
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the GOS level in urine indicated from the fluorescence intensity
increase after incubation with the probe can be potentially used
for diabetes diagnosis. In a preliminary study of ten urine
specimen consisting of five urine samples from five different
healthy volunteers and five urine samples from distinctive
diabetic patients, all diabetic urine samples showed signifi-
cantly higher fluorescence intensity increases at 615 nm
compared with those of the normal urine samples (Fig. 3a, b,
Tables S2 and S3t), particularly for the diabetic chylous urine
samples No. 3 and 4. Moreover, the fluorescence intensity
increases at 615 nm in urine samples were correlated with
glucose levels measured in blood by the hexokinase catalysis
method (Fig. 3c, see ESIT part V for more details). The results
supported the potential use of the probe for diabetic diagnosis
and prognosis via fluorescence monitoring GOS levels in urine
samples.

Finally, we investigated potential use of the probe ANC-DCP-
1 for studying MGO levels in Manuka honey, which is known for
its non-peroxide antibacterial activity (NPA) attributing mainly
to its high MGO levels (up to 700-800 mg kg ).*® Traditionally,
MGO levels in Manuka honey are measured by HPLC methods,
which often require lengthy sample derivatization.***” Consid-
ering very low level of GO compared with much higher MGO
levels presented in Manuka honey,*® the probe's turn-on fluo-
rescence at 615 nm can provide an attractive way for fast eval-
uation of MGO levels in Manuka honey. For convenience, Acacia
honey was selected as the low MGO control honey to imitate the
de-MGO Manuka honey. To confirm the low MGO content of the
Acacia honey, a mixture of 1 g of acacia honey and 9 g of pH 6.5

1000000 Il Urine sample

a) +ANC-DCP-1 - 0 min
[ Urine sample
+ANC-DCP-1 - 120 min

800000+

600000

15,5 (CPS)

400000+

200000

[

1 2 3 4 5 1 2 3 4 5
Normal Urine Diabetic Urine
1000000 1000000
c) R?=0.9989
750000 800000
4 £ 600000
© 500000 e
2 £ 400000
250000
200000
o T T T 1
Normal  Diabetic Diabetic 15 20 25 30
Urine Urine  Chylous Glucose concentration (mmol/L)
Samples Samples Urine
No.1~5 No.1,2,5 Samples
No. 3,4
Fig. 3 (a) Fluorescence intensities of different urine samples at 615 nm

(Aex = 525 nm) observed immediately (black columns) after addition of
ANC-DCP-1 (10 uM) versus observed after 2 h incubation at 37 °C and
pH 6.0 (red columns); (b) comparison of fluorescence intensity
increases at 615 Nm (Aex = 525 nm) after 2 h incubation at 37 °C and pH
6.0 for normal urine samples, diabetic urine samples not being
chylous, and diabetic urine samples being chylous; (c) nonlinear
regression of the measured fluorescence intensity increases at 615 nm
(Aex = 525 nm) in the urine specimen and the corresponding blood
glucose concentrations (mmol L) of the five diabetic patients.
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Fig. 4 (a) Linear regression of fluorescence intensity at 615 nm (A¢, =
525 nm) of the probe ANC-DCP-1 (10 uM) in diluted acacia honey (pH
6.0) incubated at 37 °C for 1 h versus the concentrations (0-1000 uM)
of MGO added; (b) measured fluorescence intensity at 615 Nnm (Aex =
525 nm) of the probe ANC-DCP-1 (10 uM) in the two diluted Manuka
honey samples (pH 6.0) incubated at 37 °C for 1 h.

PBS solution with a final pH 6.0 was incubated with 10 uM
probe at 37 °C for 1 h, and very low fluorescence intensity
increase was identified (Fig. S13at). Addition of various
concentrations (0 to 1 mM) of MGO to the above diluted acacia
honey solution (pH 6.0) containing 10 pM probe induced
concentration-dependent fluorescence emission increases
(Fig. S13bt) with good linear relationship at 615 nm (Fig. 4a, R
= 0.997). We then tested two purchased Manuka honey samples
labelled with unique Manuka factor (UMF) values 10+ ((MGO] >
256 mg kg ') and 20+ ([MGO] > 829 mg kg™ '). The similarly
prepared diluted Manuka honey samples (pH 6.0) were incu-
bated with 10 uM probe at 37 °C for 1 h. Fluorescence intensities
at 615 nm (Aex = 525 nm) were measured (Fig. 4b). Using the
standard curve obtained from acacia honey (Fig. 4a), the
deduced MGO levels from the fluorescence intensities at
615 nm were 366 + 8 and 984 + 16 mg kg™, respectively, which
matched well with their labelled UMF scales. The results sug-
gested that the probe has great potentials for fast UMF scale
determination of Manuka honey.

Conclusions

In conclusion, we reported an anthracenecarboximide-
guanidine based fluorescent probe ANC-DCP-1 for selective
turn-on detection of methylglyoxal and glyoxal (GOS) over
formaldehyde. Compared with the previously reported 1,8-
naphathalimide-guanidine based fluorescent probes, replace-
ment of the naphthalene ring with an anthracene ring lowers
the probe's pK,, enabling the probe's turn-on detection of GOS
at weak acidic condition around pH 6.0. The probe showed
great potentials in studying relative GOS levels in weak acidic
biological fluids such as in urine for diabetic diagnosis and
prognosis, and also found applications in food industries such
as for fast UMF scale determination of Manuka honey.
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