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Formaldehyde is an abundant contaminant in food and environments causing various diseases. Thus, the

development of fast, simple, and selective formaldehyde detection is of great interest. Herein, novel
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quinolizinium-based fluorescent probes were designed based on a 2-aza-Cope rearrangement reaction

and showed high selectivity to formaldehyde by fluorescence emission shift. We successfully reduced
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Formaldehyde (FA) is one of the most abundantly reactive
carbonyl species (RCS) which can cause contamination in
environments such as wood, furniture, textiles, construction,
carpeting, disinfectants and preservatives. FA can be found
naturally in a variety of fruits, vegetables, dried mushrooms,
meat, alcoholic beverages, milk products, crustaceans, and fish
in which the level is up to a range of 300 to 400 mg kg '.!
Moreover, FA can be endogenously generated in living systems
during diverse biological processes including one-carbon
metabolism, and demethylation of DNA, RNA, and histones.>™
Although, FA is also a ubiquitous and essential metabolite in
biological systems, accumulation of excess FA can cause various
acute and chronic adverse effects, such as genotoxicity, carci-
nogenicity, and teratogenicity.>® The toxicities of FA arise from
reaction of FA mostly with guanine and adenine in DNA and
produce various types of DNA lesions including DNA adducts,
DNA intrastrand crosslinks, DNA inter-strand crosslinks and
DNA-protein crosslinks.” The normal concentration of endoge-
nous FA in human blood is about 2-3 mg L™ or 67-100 uM but
abnormal level of FA can be up to 800 uM indicating an asso-
ciation with many types of diseases including diabetes, neuro-
degenerative diseases, chronic liver diseases, atherosclerosis,
and heart disorders.>™ Thus, the development of facile and
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the detection time by increasing the bulkiness of the homoallylic moiety. The probes were applied to
detect formaldehyde in aqueous solution, serum, and paper format.

selective strategies for FA detection is vital for environmental
and medicinal assessments.

Nowadays, the research developments for selective detection
of FA have been focused on two reaction types involving Schiff
base (amine and hydrazine) and 2-aza-Cope rearrangement
reactions (Scheme 1).">** These two main approaches are highly
selective and sensitive to FA but the 2-aza-Cope reaction based-
approach showed much longer detection time than the Schiff
base reaction (Table S1, ESIt)."> Thus, it is still challenging to
develop fluorescent probes based on 2-aza-Cope rearrangement
with fast detection time. In 2017, Brewer et al. have incorpo-
rated a geminal dimethyl substituent to the homoallylic amine
(R = Me) resulting in increasing reactivity (detection time was 2
h).* This result could indicate that the bulky homoallylic amine
could accelerate the reaction rate. However, few 2-aza-Cope
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Scheme 1 General reaction-based FA detection involving (a) Schiff
base reaction and (b) 2-aza-Cope rearrangement reaction.
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Scheme 2 Our strategy to detect FA by quinolizinium-based fluo-
rescent probes QA1-2 through a 2-aza-Cope rearrangement
reaction.

based-fluorescent probes have utilized the geminal dimethyl
substituted homoallylic amine as the reaction site (Table S2,
ESIT).”_lg

Herein, we report the design and synthesis of quinolizinium-
based fluorescent probes to detect FA by 2-aza-Cope rear-
rangement reaction with different homoallylic amine moieties
(Scheme 2)."” We found that the incorporation of the geminal
dimethyl substituted homoallylic amine to quinolizinium
improved the detection time as low as 15 min. To our knowl-
edge, QA2 showed the shortest detection time to detect FA
comparing with other 2-aza-Cope reaction-based probes.
Moreover, using quinolizinium as a core reporter for sensor
development has various advantages due to its good quantum
yield, high water solubility due to cationic aromatic heterocy-
cles, diversity of structural modification, and excellent
photostability.>®

The synthesis of QA1-2 probes was outlined in Scheme 3.
Moreover, we synthesized QCHO for the photophysical property
studies to compare with the photophysical properties of the 2-
aza-Cope reaction adducts from the reactions between QA1-2
and FA. The synthetic procedures and structural characteriza-
tion of all compounds (confirmed by '"H NMR, *C NMR and
HRMS) were reported in ESL{ The synthesis was briefly
described by taking QA1 probe as an example, 4-ethy-
nylbenzaldehyde was firstly reacted with ammonia and then
allylboronic acid pinacol ester to obtain 1a (99% yield).
Secondly, the amino group was protected using di-tert-butyl
decarbonate to form 1b (94% yield). Then, a [Cp*RhCl,],-cata-
lyzed C-H activation and annulation reaction of terminal alkyne
1b and 2-phenylquinoline to yield N-Boc protected

7 N NH3 in MeOH (10 equiv.)
MeOH:CH,Cl, (1:4)
/@Ao 0°C, 30 min NH, NEts CHzCIz NHBoc
=

1a (R = H); 99% yield
2a (R = Me); 36% yield
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Scheme 3 Synthetic route of QA1-2 probes.
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Scheme 4 Proposed sensing mechanism of quinolizinium-based
fluorescent probes (QA1-2) with FA.

quinolizinium product 1c (56% yield). Finally, the deprotection
was carried out to give QA1 probe in 50% yield (Scheme 3).

In the presence of FA, the probes (QA1-2) underwent
condensation with FA followed by a 2-aza-Cope rearrangement
reaction and subsequent hydrolysis to obtain an electron
withdrawing aldehyde moiety in QCHO product which was
confirmed by HRMS (QCHO C,,H;(NO": calcd 334.1226; found,
334.1235 (for QA1) and 334.1232 (for QA2)) (Scheme 4 and
Fig. S1, ESI}). Thus, QA1-2 could be employed for the FA
detection.

Firstly, the photophysical properties of QA1-2 were studied.
Upon the addition of FA, the absorption peaks of probes QA1
and QA2 slightly shifted from 415 to 413 nm (Fig. 1a) and the
emission peaks of both probes also shifted from 495 nm to
a new blue emissive peak at 481 nm (Fig. 1b) when measured in
CH;3CN-10 mM PBS buffer pH 7.4 (1: 9, v/v) at 37 °C. The blue
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Fig.1 (a) Absorption spectra of QA1 (100 uM) and QA2 (100 uM) in the
absence and presence of FA (10 mM) and (b) fluorescence spectra of
QAL (10 uM) and QA2 (10 uM) upon addition of FA (10 mM) in CH3CN-
10 mM PBS buffer pH 7.4 (1: 9, v/v) at 37 °C. dex = 410 nm. Inset: the
colour fluorescence images of QA1 and QA2 (100 uM) in the absence
and presence of FA (10 mM) under irradiation with a 365 nm UV lamp.
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shift of both absorption and emission spectra indicated the
formation of QCHO via 2-aza-Cope rearrangement in which the
absorption and emission spectra of QA1-2 in the presence of FA
were similar with the spectra of the synthesized QCHO (Fig. S2,
ESIT). QCHO showed the emissive blue shift comparing with
QA1 and QA2 because of more electron deactivation effect of the
resulting aldehyde group than alkyl amine which correlate with
DFT/TD-DFT calculations of quinolizinium in our previous
work.? Interestingly, the fluorescence colour change was clearly
observed through 365 nm UV light irradiation from intense
green to blue colour upon addition of FA, correlating with their
emission wavelengths (Fig. 1b; inset images). Fluorescence
quantum yields of QA1 and QA2 in CH3;CN-10 mM PBS buffer
pH 7.4 (1:9,v/v)was 0.14 and 0.12, respectively. The incubation
of FA with QA1-2 displayed similar quantum yield as 0.14 which
was the same as the quantum yield of QCHO (Table S3, ESIt).

The time-dependent fluorescence responses of QA1-2
measured in CH3;CN-10 mM PBS buffer pH 7.4 (1:9, v/v) at
37 °C were then performed (Fig. S3, ESIT). To our delight, the
fluorescence response of QA2 to FA reached an equilibrium in
15 min which was much faster than QA1 (60 min) suggesting
that the geminal dimethyl substituted homoallylic amine in
QA2 could improve the reactivity and shorten the reaction time
as reported by Brewer et al.'® Subsequently, the fluorescence
responses of QA1-2 at different pH values (2-9) with and
without FA were studied. From acidic to slightly basic condi-
tions (pH 2-8), QA1-2 showed maximum emission around
495 nm and the conditions with FA showed the blue shift
emissive peak around 481 nm but at pH 9 showed less blue shift
(Fig. S4, ESIT). These results showed that QA1-2 were insensi-
tive towards the pH changes between pH 2-8 allowing the
probes to detect FA at various pH values.

The fluorescence response of QA1-2 towards different
concentrations of FA (0-20 mM) was then investigated (Fig. 2).
Similar linear response of QA1 and QA2 to the FA concentra-
tions were found in a range of 0-1 mM. The detection limits of
QA1 and QA2 were calculated to be 5 and 1 uM, respectively
(Fig. S5, ESIY).

To evaluate the selectivity of QA1-2 towards FA, a variety of
interfering compounds including acetaldehyde, propionalde-
hyde, butyraldehyde, 2-furaldehyde, glyoxal, acetone, NaCl, KCl,
CaCl,, FeSO,-7H,0, CuSO,-5H,0, ZnCl,, 1-GSH, Lr-cysteine,
H,0,, KNO;, and NaNO, were tested. Each interfering
compound (5 mM) was added into QA1-2 (10 pM) in CH;CN-
10 mM PBS buffer pH 7.4 (1 : 9, v/v) conditions. All interfering
compounds did not cause the fluorescence shift to 481 nm
showing that QA1-2 possessed a high selectivity to FA (Fig. Sé6a,
ESIT). Next, competition experiments of QA1-2 were investi-
gated by adding the interfering compounds (5 mM) into QA1-2
(10 uM) in the presence of FA (5 mM). The results showed that
the interfering compounds did not alter the fluorescent shift to
481 nm suggesting that QA1-2 can effectively detect FA even in
the presence of the interfering compounds (Fig. S6b, ESI}).
Thus, it is suggested that QA1-2 could be applied for FA
detection in complex reaction mixtures.

We then examined the feasibility of QA1-2 for practical
applications through the FA detection in mouse serum (Fig. 3)
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Fig. 2 Fluorescence spectra of (a) QAL (10 uM) and (b) QA2 (10 pM)
upon addition of different concentrations of FA (0—20 mM) in CHzCN-
10 mM PBS buffer pH 7.4 (1: 9, v/v) at 37 °C. Incubation time of QA1
and QA2 were 60 min and 15 min, respectively. Aex = 410 nm.

with literature ref. 21-23. The mouse serum was prepared as
mentioned in the ESI.{ In the CH;CN-10 mM PBS buffer pH 7.4
(1 : 9, v/v) conditions containing 0.1% mouse serum, QA1-2 (10
uM) exhibited an intense emission band centered at 495 nm.
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Fig. 3 Fluorescence response of (a) QAL (10 uM) and (b) QA2 (10 uM)
upon increasing concentrations of FA (0—-6 mM) in CHzCN-10 mM PBS
buffer pH 7.4 (1: 9, v/v) (contain 0.1% mouse serum) at 37 °C. Incu-
bation time of QA1 and QA2 were 60 min and 15 min, respectively. Aoy
=410 nm.
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Upon addition of FA with various concentrations at 37 °C, the
maximum emission wavelength at 495 nm gradually shifted to
481 nm (blue shift) with increasing concentrations of FA (0-6
mM). The incubation time of QA1 and QA2 were 60 and 15 min,
respectively. We found that the linear range of QA1 and QA2 to
FA was 0-1 mM. This result indicated that QA1-2 were able to
detect FA in the mouse serum. We also studied the effect of
mouse serum concentrations (0.1, 1, and 5%) on the FA detec-
tion (Fig. S7, ESIT). We found that QA1 and QA2 showed the
blue shift upon the treatment with FA (10 mM) in all percent-
ages of the mouse serum used. Thus, the presence of mouse
serum did not interfere the detection of FA by our probes.

We further demonstrated another application of QA1-2 as
the test strips for FA detection (Fig. 4). Filter paper was loaded
with QA1-2 (10 mM in CH;CN) and let the strips dried. To detect
FA, FA solution was dropped on the strip. After 10 min, the test
strips were irradiated under the 365 nm UV lamp. We found
that QA1 and QA2 test strips showed green fluorescence emis-
sion. In the presence of FA, the emission colour changed from
green to blue moderately observed at 10 mM and clearly
observed at 100 mM. Moreover, the strips of QA1 and QA2 were
also tested with 10 mM of each acetaldehyde, propionaldehyde,
butyraldehyde, 2-furaldehyde, glyoxal, and acetone. The results
showed that the emission colour did not change to blue sug-
gesting that the test strips tolerated with other competing
aldehydes demonstrating the potential of our probes to detect
FA qualitatively. These results implied that QA1-2 test strips
could be applicable with FA detection in contaminated food
samples as formaldehyde has been utilized as food preservative
and bleaching agent illegally with extreme cases of over 4250 mg
kg '

In summary, we have achieved the design, synthesis, and
applications of probes QA1-2 for FA detection. The QA1-2
probes utilized a quinolizinium as the fluorophore moiety
appended with homoallylamine as the FA-responsive group
based on the 2-aza-Cope rearrangement. In the presence of FA,
QA1-2 showed the blue shift of fluorescence emission from 495
to 481 nm in which the fluorescence colour changed from green
to blue as observed by naked eyes. Remarkably, we have
demonstrated that the incorporation of geminal dimethyl
substituents to the homoallylic amine moiety of QA2 reduced
the FA detection time to 15 min which showed extremely fast

FA  Shedee FA  FA

omM 10 mM 10mM 100 mM

Under a 365 nm UV lamp

Fig. 4 The fluorescence emission images of filter paper strips loaded
with QA1 and QA2 (10 mM) upon the adding of different concentra-
tions of FA (0, 10, and 100 mM) and the other competing aldehydes
(10 mM of each acetaldehyde, propionaldehyde, butyraldehyde, 2-
furaldehyde, glyoxal, and acetone) under the 365 nm UV lamp.
Detection time of QAL and QA2 was 10 min.
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response to FA comparing with other 2-aza-Cope-based fluo-
rescent probes. The probes showed high selectivity with FA and
were able to function at various pH (pH 2-8) as well as in the
presence of the competing agents. The linear response of QA1
and QA2 showed in the wide range of 0-1 mM FA. The detection
limits of QA1 and QA2 were evaluated to be 5 uM and 1 uM,
respectively. Furthermore, we have carried out applications of
the QA1-2 probes to detect FA in the mouse serum and utilized
as the FA test strips.
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