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Putrescine is a toxic biogenic amine produced in the process of food spoilage, and a high concentration of
biogenic amines in foods will cause health problems such as abnormal blood pressure, headaches and
tachycardia asthma/worsening asthma. The detection of putrescine is necessary. However, traditional
putrescine detection requires specialized instruments and complex operations. To detect putrescine
quickly, sensitively and accurately, we designed and successfully prepared a fluorescent probe (DPY) with
active alkynyl groups. DPY takes p-dimethoxybenzene as the raw material, adding a highly active alkyne
group. It is stable in experimental pH (~7) because the UV-vis absorption and fluorescence emission
spectra in pH = 3-12 have little change. The fluorescence intensity of DPY decreased only about 1%
under the irradiation of 420 nm within 2 h, showing its better photostability. DPY has a high selectivity to
putrescine because of the amino-alkyne click reaction without any catalyst in presence of different
biogenic amines. The obvious response to putrescine was found in 30 seconds at room temperature.
The mechanism between DPY and putrescine was investigated before and after adding putrescine by H
NMR spectra and the Job plot. The results indicated a typical 1: 1 stoichiometry between the DPY and
DAB. Furthermore, the higher sensitivity of DPY to putrescine was obtained with the detection of limit
(LOD) of 3.19 x 1077 mol L%, which was better than that of the national standard (2.27 x 10> mol L™3).
The novel fluorescent probe was successfully applied to beer samples to detect putrescine. The

Received 10th July 2022
Accepted 12th September 2022

DOI: 10.1035/d2ra04250a proposed strategy is expected to provide some guidance for the development of some new ways to
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In view of this, monitoring of putrescine levels in foodstuffs has

1 Introduction
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Biogenic amines (BAs) are nitrogen-containing, aliphatic or
hetero-cyclic, low molecular weight compounds.* Putrescine
(DAB) is an important component of biogenic amines, an
essential component of all living organisms and tissues.>?
Usually, putrescine is formed during the food processing/
storage stages due to the bacterial activities.*® High concen-
tration of biogenic amines was observed in processed foods
such as fish, wine, beer, meat products and in fermented
foods.®® High concentrations of putrescine can easily enter the
body through ingestion, inhalation, or skin absorption, causing
serious health hazards such as food poisoning, respiratory
damage, gastrointestinal damage, abnormal blood pressure,
headaches, and tachycardia asthma/asthma exacerbation.'***
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attracted great attention in food safety. Therefore, it is crucial to
efficiently detect putrescine for food safety.’* Conventional
putrescine detection methods include high-performance liquid
chromatography (HPLC),"* mass spectrometry,' capillary elec-
trophoresis (CE),"® thin-layer chromatography (TLC),"” and
electronic nose technology.'®* However, these methods are not
suitable for in situ detection because they require expensive
instrument support and professional, complex, and technical
operations.*

Among the developed analytical methods, optical detection
is simple, cost-effective and can be employed for on-site appli-
cations.”*®* A number of optical methodologies have been
developed for sensing of biogenic amines in gaseous or in
solution phase.”> Giribabu et al. demonstrated a ninhydrin
colorimetric method for the quantitative detection of aliphatic
biogenic amines, putrescine, and cadaverine. However, this
detection method is only faster at 80 °C.>®* Khuhawar et al. used
sodium lauryl sulfate to protect silver nanoparticles, allowing
silver nanoparticles to interact with putrescine and cadaverine,
and established a quantitative detection method for putrescine
and cadaverine.”* Sathiyanarayanan et al. developed a new
donor-acceptor (D-A) type ratiometric and colorimetric sensor

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The synthetic route of compound DPY.

using a pyridine ring and biphenyl dicyandiethylene as the
donor and acceptor, respectively, which can selectively and
efficiently identify biogenic primary amines.>

However, most fluorescence sensors need specific conditions
such as high temperature or catalyst, which limits the fluores-
cence sensors in the detection of putrescine.*® Fortunately, Kolb
et al. discovered a new organic chemistry strategy, click chem-
istry, which revitalized the old way of organic synthesis.”” Then
Qin et al. used CuCl to catalyze the activation of internal alkynes
and aromatic amines, and successfully developed a simple and
efficient Cu(i)-catalyzed amino-alkyne click polymerization.?®
Amino-alkyne click polymerization could be applied to the
detection of putrescine, but the unstable catalyst Cu(i) is easily
oxidized, resulting in rapid detection being difficult to achieve.
The long reaction time greatly limited the application of this
method in the field of rapid and convenient detection. There-
fore, improving the activity of the reactants and developing
a reaction process that does not require catalysts has become
the key to solving the problem.

An novel fluorescent compound (1,1'-(2,5-dimethoxy-1,4-

introduction of a methoxy group on the benzene ring could
enhance the electron donating ability to obtain a longer emis-
sion wavelength. Using p-dimethoxybenzene as the starting
material, a more active alkynyl group was introduced into the
fluorophore, which was further activated with a carbonyl group
to get DPY (Fig. 1). The highly reactive alkynyl group in DPY can
undergo a spontaneous click reaction with the amino group of
putrescine at room temperature without any catalyst, enabling
selective recognition of putrescine (Scheme 1). DPY can detect
putrescine in only 30 s, and is currently the fastest fluorescent
probe for putrescine. As a reactive fluorescent probe with a new
structure, DPY will provide a new idea for the detection of
putrescine.

2 Experimental
2.1 Materials and methods

The used solvents including methanol (MeOH), ethanol (EtOH),
acetonitrile (MeCN), tetrahydrofuran (THF), dichloromethane
(DCM), N,N-dimethylformamide (DMF), ethyl acetate (EA), and

phenylene)bis(prop-2-yn-1-one), DPY) was designed. The dimethyl sulfoxide (DMSO) were analytical grade and from
natural
light™ UV
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Scheme 1 Sensing mechanism of putrescine (DAB) to DPY (the upper inset shows the change of DPY under natural light and 365 nm UV light

before and after the addition of DAB).
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commercial suppliers. Among them, THF needed to be added
sodium metal and distilled to remove water. The stock solution
of DPY with a concentration of 1 x 10> mol L ™" was prepared
in DMSO, and then was diluted to the concentration of 1 x
107" mol L™ with the above solvents before testing. Eleven
kinds of amine stock solutions of benzylamine (BNZ), aniline
(ANL), triethylamine (TEA), p-phenylenediamine (PPDA),
putrescine (DAB), ammonia (AMNA), melamine (MEA), UREA
(UREA), 1,3-propylene diamine (1,3-DMP), 1-butylamine (BA),
decylamine (DA) were prepared with a concentration of 1 x
10 > mol L.

2.2. Instruments

"H NMR and C NMR spectra were measured on a Bruker
Avance 400 and 600 spectrometer with TMS internal standard as
a reference. Infrared spectra were obtained by a Thermo
Scientific Nicolet IS10 Spectrometer. The ultraviolet visible (UV-
vis) near IR absorption spectra were measured on a UV-2500
spectrophotometer. Fluorescence spectra were measured with
HITRCHI F-7000 fluorescence spectrophotometer, and the
voltage and the slit are 400 V and 5 nm, respectively. The fluo-
rescence quantum yields were measured by the FLS1000 steady-
state transient fluorescence spectrometer and integrating
sphere.

2.3 Synthesis of DPY

The specific synthesis steps and characterization of compounds
1, 2 and 3 in Scheme 1 were presented in the ESI{ (Scheme S1-
S3t). The schematic diagram of the synthetic experimental
device is shown in Fig. $1.T The relative spectral data ("H NMR,
3C NMR and FT-IR) are showed in Fig. $2-510.}

Synthesis of DPY. The synthesis route of DPY is shown in
Fig. 1. DPY is formed by chloromethylation, oxidation and
Grignard reaction of p-dimethoxy benzene. The acetylene bond
in DPY can react quickly with the amino group in DAB at room
temperature (Scheme 1) to realize DAB recognition. At room
temperature, 75% manganese dioxide (7.08 g, 60 mmoL) was
added to a DCM (100 mL) solution of 1-[4-(1-hydroxy-propyl-2-
alkynyl)-2,5-dimethoxy-phenyl]-propyl-2-alkyny-1-alcohol
(compound 3) (0.49 g, 2 mmol) the mixture was stirred for 12 h
and filtered through a short silica gel column to remove
unreacted metal oxides with DCM as the eluent. The obtained
product was further separated and purified by silica gel column
with DCM : petroleum ether =1 : 1 =v : v as the elution. Yellow
powder was obtained with a yield of 48%. "H NMR (400 MHz,
CDCl3) 6 (ppm): 7.57 (s, 2H), 3.95 (s, 6H), 1.56 (s, 2H). >*C NMR
(400 MHz, DMSO) 6 56.42, 82.17, 85.18, 114.88, 130.29, 152.19,
175.32. IR (KBr, cm™%): 3234 (C-H), 2962 (C-H), 2090 (C=C),
1656 (C=0), 1203 (C-0), 1488 (C=C). m. p.: 186.4 °C. Calcd for
C14H1004 (%): C, 69.42; H, 4.13; O, 26.45. Found C, 69.51; H,
4.06; O, 26.43.

2.4. Study on sensitivity of DPY to DAB

The solutions with different concentrations of DPY and DAB
was prepared and tested. The sensitivity of DPY to DAB was

26632 | RSC Adv, 2022, 12, 26630-26638
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analyzed by fluorescence spectrometry, and the limit of detec-
tion (LOD) of amine was calculated.

3 Results and discussion

3.1. Material design and chemical structure

Spontaneous amino-alkyne bond polymerization has been
a research hot topic since it was firstly reported by Tang in
2017.%® After the painstaking work of countless predecessors,
methods developed to regio-/stereoregular nitro-
gencontaining polymers by simply mixing alkynes with amines
at room temperature without any catalyst. As is known to all,
and alkynes are essential groups in the preparation of conju-
gated polymers and carbon-rich materials. Electrophilic reac-
tivity of alkynes can be enhanced by the presence of electron
receptors conjugated to the triple bond. Therefore, we chose
1,4-dimethoxy benzene as the starting material to oxidize the
hydroxyl group adjacent to the alkyne group into carbonyl group
to form carbonyl activated alkyne, so that the material has
higher activity and stability. In the nuclear magnetic hydrogen
spectrum of the compound 3, the hydroxyl group is oxidized to
carbonyl group, which result the hydrogen in the benzene ring
moving to the lower field and the chemical shifting from
7.36 ppm to 7.53 ppm. Meanwhile, compound 3 has five kinds
of hydrogens (methoxy, alkynyl, hydroxyl, methylene, benzene
ring) (Fig. S41), and the hydroxyl in it is oxidized to carbonyl, so
the 'H NMR spectrum of DPY shows only three kinds of
hydrogens (methoxy, alkynyl, benzene ring) in Fig. S5.1 All of
these proved that DPY has been synthesized successfully.

were

3.2. Optical properties of DPY in different solvents

Diluting the DPY stock solution in DMSO with a concentration
of 1072 mol L™! into different solvents, and the final concen-
tration of the dilution solution is 10> mol L™, then the UV-vis
absorption and fluorescence spectra are tested after stabilizing
for 10 min. As shown in Fig. 2A, DPY has two obvious UV
absorption peaks at around 275 nm and 400 nm respectively,
which is mainly attributed to the m-m* and n-m* transition
from the benzene ring, alkyne and the unsaturated bond (C=0)
of DPY. As can be seen in Table 1, most solvents have little effect
on the UV-vis absorption spectra of DPY and with little change
in the maximum absorption wavelength and absorbance. The
slightly red-shifts occur at that maximum absorption wave-
length in DCM and water. The absorbance decreased obviously
in water. The interaction of hydroxyl groups in water led to
torsion of the molecular plane of the compound, which weak-
ened the energy conduction in the compound and reduced the
absorbance.” In the organic solvent, the solubility and disper-
sion of the compounds will be improved, so that the
compounds in the organic solvent are dispersed more evenly
than that of in water, which is beneficial to inter-molecular
energy transfer and higher absorbance. In order to more
clearly learn the solubility of DPY, we prepared its solutions
with concentrations of 0.1 uM, 1 uM, 10 puM and 100 uM in
water, and tested their ultraviolet absorption spectra and fluo-
rescence emission spectra. As shown in the following Fig. S11,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis absorption spectra (A) and fluorescence emission spectra (B) of DPY in different solvents.

the relative absorbance values of DPY increased with concen-
tration. The fluorescence intensity enhanced with the increased
concentration. At the same time, the illustrations of DPY solu-
tions at different concentrations are clear and transparent, so
DPY is completely dissolved at the experimental concentration
of 107> mol L. The absorption spectrum of DPY, and the
maximum absorption peak showed a significant blue-shift and
the absorbance was significantly increased in DMF. It might be
due to the N atom of DMF affecting DPY, which led to the
significant changes in the absorption spectrum. Considering
the longer wavelength fluorescence will be benefit to be
observed, the fluorescence emission spectra were obtained at
the excitation wavelength of 420 nm. The maximum emission
wavelength and fluorescence intensity of DPY in different
solvents were listed in Table 1. In Fig. 2B that the fluorescence
intensity in DMF and water was the lowest, which may be due to
the strong polarity of the solvent. The solute-solvent interaction
was relatively strong in the polar solvent. The excited state in the
relaxed state was more stable by the microenvironment than
that of the ground state. The excited-state energy level of the
luminescent molecule decreases, making the gap between
energy levels decrease. This had a significant effect on the
charge, and it redistributed between the ground state and the
excited state of the fluorescent molecule. This increased the

Table 1 Optical properties of DPY in different solvents®

energy loss between the two stages and the nonradiative tran-
sition and resulted in the decrease of the fluorescence intensity
and the shift of the fluorescence spectrum to the longer wave-
length. On the other hand, water is a poor solvent for DPY,
which will lead to the molecules more easily to aggregate and
result in the fluorescence quenching. The N atom in the DMF
molecule may have some influence on DPY, resulting in
a significant quenching of the fluorescence.** In MeOH and
EtOH, the fluorescence intensity of DPY was also significantly
lower than that of other solvents, and the reason was that the
energy loss generated by fluorescence emission which would be
further increased due to the hydrogen bonds between the solute
and the solvent in the polar protic solvent. This resulted in the
fluorescence intensity decrease and a red-shift in the emission
spectrum. Although the fluorescence intensity of DPY in DCM
and MeCN was higher than that in DMSO, considering the low
boiling point of DCM and MeCN, and the Stokes shift of DPY in
DMSO was larger than that in DCM and MeCN. Moreover, the
fluorescence quantum yield is also the highest, so DMSO was
used as the solvent for subsequent tests.

In order to explore the pH effect and photostability of DPY,
the solutions of DPY in water with a concentration of 1 x 10
“>mol L™ " and the pH of 1-14 were measured showed in Fig. 3A
and B. The UV-vis absorption spectra in Fig. 3A showed that pH

Solvents Amax (nM) &(Lmol ' em™) Amax. (NM) Imax Stokes shift Quantum yield (%)
H,0 412 14 800 528.6 53.77 116.6 10.23
DMSO 402 34 600 518 2933 116 27.29
MeCN 399 36 700 510.8 3478 111.8 19.58
DMF 359 102 100 526 1320 167 15.75
MeOH 401 35 500 498 2380 97 21.38
EtOH 396 36 200 519.5 2221 123.5 24.62
THF 394 35700 498 2380 104 25.36
EA 397 36 900 499 2586 102 18.46
DCM 406 38 300 503.8 3768 97.8 20.18

“ In the table, Ama” was the maximum absorption wavelength, ¢ was the molar absorption coefficient of DPY, ..’ was the maximum emission

wavelength, and I,,,,x was the maximum fluorescence intensity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Ultraviolet absorption spectra (A) and fluorescence emission spectra (B) of DPY in water with different pH; the photostability of DPY in

DMSO under the irradiation of 420 nm within 2 h (C).

values have a little effect. An obvious blue-shift at 400 nm was
found at pH = 14. The possible reason may be that the strong
alkaline promoted some action of carbonyl group (C=0).** The
fluorescence intensity in Fig. 3B decreased significantly in the
strong acid (pH = 1, 2) or alkali (pH = 13, 14) environment,
which can be attributed to the structure adjustment of the DPY
by extreme environments. While the UV-vis absorption and
fluorescence spectra are both stable under the experimental pH
(3-12) in this paper. Furthermore, the photostability of DPY in
DMSO was investigated. Irradiated at 420 nm, the fluorescence
intensity of DPY decreased by only about 1% (from 4556 to
4523) within 120 min in Fig. 3C, which proved the excellent
photostability of DPY.

3.3. Fluorescence detection of DPY to DAB

For detecting the selectivity of DPY to DAB, several of aromatic
amines, fatty amines and heterocyclic amines were selected
with a concentration of 1 x 107> mol L™'. To explore the
response performance of DPY to inorganic amines in daily life,

@ANHz @— NH, HZNOmz
BNZ ANL

PPDA

H,N\/\/\NH2 BN AT N~
DAB 1,3-DMP BA
R P
DA
NH,

PN

) ¢
) )\ )\ 7N
P H,N NH
r - H,N N NH, i 2
TEA MEA UREA
NH, OH"
AMNA

Fig. 4 Amines used for testing.
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AMAN was selected for testing. All the structures involved in the
detection of amines are shown in Fig. 4. After adding different
amines for 10 minutes, the fluorescence spectra did not show
red-shift or blue-shift, but the fluorescence intensity changed
more or less (Fig. S12t). The maximum emission wavelength of
DPY is at 518 nm. The fluorescence intensity of DPY decreases
after adding BNZ, 1,3-DMP, BA, DA and DAB. The decreased
percentage were 16.4%, 29%, 25.5%, 27.6% and 85%, respec-
tively in Fig. 5A. The activity of the amino group in BNZ is
weaker than that of DAB because it is linked to the aryl group.
1,3-DMP, BA, DA can quench DPY to a certain extent because of
its similar structure to DAB. The fluorescence intensity
increased slightly after the addition of ANL, TEA, PPDA, AMNA,
MEA and UREA, because the structure of these amines makes it
difficult for the amino groups to react with DPY.**> Compared
with the other amines (Fig. 5a), the fluorescence of DPY after the
addition of DAB showed a significant decrease, indicating that
DAB had a great influence on the fluorescence emission spectra
of DPY. The above results indicated that DPY had a relatively
obvious selectivity to DAB.

3.4. Sensitivity of DPY to DAB

The stock solution of DPY with a concentration of 1 x
107> mol L ™" and the stock solution of DAB with a concentra-
tion of 1 x 10> mol L™ " were prepared in DMSO, and different
volumes of DPY solution and DAB solution were taken, mixed
and made uniform. The concentration of DPY solution was
diluted to 1 x 10™* mol L%, then different concentration of
DAB (0,1 x 107% 5 x 107° 1 x 107°,2 x 107>, 4 x 107>, 6 x
107°,8 x 107°,1 x 107%, 1.5 x 107%, and 2 x 10 * mol L™
were added.

As shown in Fig. 5A, DPY showed strong fluorescence before
adding DAB, and the maximum emission wavelength was at
518 nm. No red-shift or blue-shift was found after DAB was
added. With the increase of DAB concentration, the fluores-
cence intensity decreases gradually. When the concentration of
DAB reached 2 x 10~* mol L', the fluorescence intensity
decreased about 48 times in comparison to that of pure DPY. In
Fig. 5B and C, the fluorescence intensity of DPY had been
decreasing after the addition of DAB. When the concentration
of DAB was higher than 1.2 x 10™* mol L™, the fluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) Fluorescence emission histogram of DPY to different amines (emission 518 nm); (B) fluorescence emission spectra of DPY after adding

different concentrations of DAB and reacting for 10 min; (C) linear relationship of fluorescence intensity of DPY and concentration of DAB
(emission 518 nm); (D) the fluorescence intensity of DPY and time with the present of DAB (the inset graph represents fluorescence intensity

versus time).

intensity decreases slowly and gradually become stable. In the
concentration range from 1 x 10 ° to 1.2 x 10~* mol L7,
a linear correlation with respect to the putrescine concentration
and the fluorescence intensity has been observed. On the whole,
the fluorescence intensity of DPY changed obviously after add-
ing DAB, and it showed good sensitivity to DAB, which can be
applied to the detection of DAB in actual samples.

A practical fluorescent probe should not only have good
selectivity and sensitivity, but also be suitable for the detection
of actual samples. In Fig. 5C, the experiment was repeated 3
times with error correction. Linear fitting was performed to
obtain the fitting constant R> of 0.993, and the linear fitting
equation was as follows:

Y = 63.76X + 627.65(R> = 0.993) (1)
According to the LOD calculation formula:*
LOD = 3a/slope 2)

The LOD of DAB is 3.19 x 10~ mol L™, which is better than
those of many reported putrescine probes (Table 2).2#**¢ In the
national food safety standard, the detection limit of DAB in
wine and vinegar is about 5.7 x 10> mol L™, so it can be
applied to the detection of actual samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The existence of carbonyl-activated alkyne in DPY supplies
a chance for click-reaction with DAB at room temperature
without catalyst, which led to the fluorescence intensity of DPY
decrease. In order to explore the respond speed, DPY
(107> mol L") and DAB (10~> mol L") were mixed, and tested
the change of fluorescence intensity after only a slight shaking
at an interval of 30 s.The fluorescence intensity decreased
significantly after adding DAB at 30 s, and the quenching degree
reached 31.6% in Fig. 5D. The fluorescence intensity obviously
decreased in 0-120 s, and the quenching degree reached 65.1%.
At 300 s, the fluorescence intensity decreased to the lowest, and
the fluorescence quenching degree reached 87.2%. Obviously,
DPY can be used as a fluorescence probe to detect putrescine
accurately and rapidly.

3.5. Mechanism research

The detection mechanism of DPY to DAB was intuitively
explored by means of "H NMR titration. After adding DAB (2.47
mmol) to DPY (2.47 mmol) for 30 min in DMSO, the proton
signals of C=C was converted from alkynyl at 5.62 ppm and
7.21 ppm can be found in the "H NMR spectrum in Fig. 6C in
comparison to that in Fig. 6A and B. When the DPY containing
electron-deficient alkynyl ketones was used as the electrophilic
reagent, the DAB attacked the carbon atom of alkynyl and
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Table 2 Comparison with some putrescine probes
Structure of Detection
probes LOD (mol L) Dynamic range (mol L") speed Ref.
(e}
!
Clbrhe
Iy Nﬁ 8 x107° 1x107%-6 x 107* 30 min 34
08 S0y
SDS-AgNPS 3.8 x10°° 4.5 x 107°-1.4 x 107* Faster 24
0,
O
0
T4 o _ _ 35
0y 0 RHN_C’:(S)
quv
0
R R R
R=-OH or -OCOCH3
Me, Me
N
[
N N=C>:N;E‘ 107° 1x10°°7.5x107° — 36
0 \_\—SO3Na
Me
0 OCH;
3.18 x 1077 1x107%1.2 x 107" 30 s This work

\!

OCH; O

underwent nucleophilic addition reaction to obtain the carbon-
carbon double bond, which formed a new compound and led to
the decrease of fluorescence intensity. The possible binding

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(<)
>

mode of DAB and DPY was studied by fluorescence spectros-
copy. The total concentration of DPY and DAB was a constant (1
x 10 7> mol L™"). As shown in Fig. $13, fluorescence intensities

45 40 3.5 3.0

Fig. 6 H NMR spectra of (A) DAB, (B) DPY and (C) DAB added dropwise to DPY for 30 min in deuterated DMSO.
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Table 3 The application of DPY in beer samples with different
concentrations of DAB*

Amount added Recovery
Sample  (pL) Amount founded (%) R.S.D (%)
1 30 31.57 105.2 5.2
2 57 59.14 103.8 3.8
3 70 76.03 108.6 8.6

“ R.S.D: relative standard deviation. The values were measured for three
times and averaged.

were obtained at variable molar fraction of [DAB] to [DPY + DAB]
(1:9;2:8;3:7;4:6; 5:5; 6:4; 7:3; 8:2; 9:1). The fluo-
rescence intensity of the system decreased with the adding DAB,
and it is the lowest when the mole fraction was 1 : 1. The results
indicated a typical 1:1 stoichiometry between the DPY and
DAB. The molecular weight of production was tested by Gel
Permeation Chromatography (GPC) (M,, = 6574 g mol ~*; M,, =
13 486 g mol ~*; M, = 17 688 g mol ~*; M,,/M,, = 2.05; M,/M,, =
1.31). An increased concentration of the polymerized product
may also result the fluorescence quenching. And aqueous
environments may result the aggregation of product. In order to
explore this, the fluorescence signals of reaction products were
recorded in different ratios of DMSO/H,O mixed solvents. In
Fig. S14t, the change of DMSO/H,0 ratio had little effect on the
fluorescence signal, which suggested that the reason of fluo-
rescence quenching mainly comes from chemical structure but
is independent of the increased concentration of the polymer-
ized product. Although the structure of the amino group in BNZ
is similar to that of DAB, the electron-donating property of the
phenyl group makes the nucleophilic reaction between BNZ and
DPY far less intense than that of DAB.?” Both BNZ and DAB can
quench the fluorescence of DPY. As shown in Fig. 5A, the
quenching degree of BNZ was much smaller than that of DAB,
so DPY still has a good selectivity to DAB.

3.6. Application in real samples

In order to further verify the application of this method in
actual samples, beer samples were pretreated according to the
national food safety standard of GB5009.208—2016. After
simple pretreatment of beer samples, different amounts of DAB
were added into several groups of treated beer samples, and the
samples were detected by referring to the fluorescence spec-
trometry mentioned above. The results of the analytical tests are
presented in Table 3. The spiked recoveries of the following
three beer samples were 103.8%, 105.2%, and 108.6%, respec-
tively, which could meet the test requirements of actual samples
and thus could be applied to DAB detection of actual samples.

4 Conclusion

In this article, a p-dimethoxybenzene-based compound (DPY)
was designed and synthesized by introducing a highly reactive
acetylene bond. The obtained DPY had displayed yellow-green
light in DMSO under a 365 nm UV lamp. And the fluores-
cence spectra of DPY are affected by the polarity of the solvent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the heteroatoms in the solvent. The highly reactive acety-
lene bond of DPY could react with the amino group of DAB at
room temperature and induce fluorescence quenching, which
was different from traditional fluorescent probes. Therefore,
highly selective detection of DAB could be achieved. Under the
experimental pH and within irradiation times, the data showed
that DPY is more stable. Under the optimal experimental
conditions, the limit of detection of DAB was 3.19 x
10~7 mol L™, which was superior to the national standard of
China (GB5009.208-2016, 2 mg L™, i.e. 2.27 x 10~° mol L™).
The feasibility of the DPY probe in actual sample analysis was
evaluated by testing different concentrations of DAB in beer.
The good recovery about 105% was obtained. This DPY probe
may supply further application advantages for the efficient
detection of DAB to monitor the freshness of food. While DPY is
expected to be developed for simple, rapid, and visual detection
of putrescine, current detection limits are not comparable to
some detection methods based on expensive, sophisticated
instruments. Moreover, some portable small devices may be
designed in combination with the probes in this manuscript to
detect putrescine in future work, which will benefit from the
new method with the advantages of portability, lower price and
high efficiency. The proposal of DPY, that is the reaction
between fluorescent probes and the analyte as a new detection
mechanism, will provide broader ideas for subsequent
researchers in food freshness detection.
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