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Biogenic amines (BAs) are important biomarkers to monitor meat spoilage. However, the design of
efficient BA fluorescent probes with distinct colorimetric and ratiometric fluorescent dual-channels is
still a critical challenge because of similar chemical properties and basicity between BAs and other
amines. Herein, pyrrolopyrrole cyanine (PPCy-1) is reported to display distinctly high reactivity toward
BAs through an ultrasensitive irreversible chromophore reaction for the first time. The reaction
mechanism is ascribed to synergistic aza-Michael addition and B—N detachment, followed by hydrolysis
to produce low-conjugated diketopyrrolopyrrole and heteroaromatic acetonitrile compounds. As a
result, colorimetric and ratiometric fluorescent dual-channel (Al,, = 188 nm and Aleyn = 151 nm) signals

Received 17th August 2021, and a limit of detection up to 62.1 nM level for BA solution are acquired. In addition, the colorimetric

Accepted 15th October 2021 detection of volatile amine vapor using the PPCy-1-loaded filter paper, showing a color change from
green to yellow, is feasible. A simple and cost-effective fluorescence “turn on” method using the filter

paper or the CAD-40 resin loaded with PPCy-1 to detect TVB (total volatile bases) originating from
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1. Introduction

Reaction-based fluorescent probes have attracted considerable
attention in recent years due to their high selectivity and
sensitivity." Among them, the chromophore reaction based
fluorescent probe is attractive because the chromophore core
is destroyed by an analyte attack, resulting in the loss of
n-conjugation and drastic changes of optical properties.’
So, the chromophore reaction-based probes exhibit superior
advantages such as a large shift in UV-vis and emission spectra,
and colorimetric and fluorescence dual signals by through a
naked-eye visualization process.’ To date, several chromophore
cores such as rhodamines and boron dipyrromethene (BODIPY)
have been used as probes to detect GSH, bases and anions.*”
Recently, our previous work demonstrated that pyrrolopyrrole
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shrimp spoilage is further demonstrated.

aza-BODIPY (PPAB) and lactam-fused aza-BODIPY can undergo
a chromophore reaction to generate much smaller conjugated
molecules in the presence of amines.® In these cases, a high
concentration of the probe or long reaction time is needed in
order to accelerate the reaction rate, which seriously limits their
practical application.

As we know, biogenic amines (BAs) including cadaverine
(1,5-pentanediamine), putrescine (1,4-butanediamine), spermi-
dine and spermine mostly exist in the spoiling process of foods,
such as meat, fish, seafood, etc.”'° For instance, cadaverine
and putrescine have a bad odor during meat decomposition
and are important biomarkers for meat spoilage. In addition,
BAs also have a negative effect on human health and physio-
logical functions. The high levels of BAs in spoiled foods are
harmful to the central nervous system.'*™* BAs can react with
nitrites to generate nitrosamines, a known carcinogen. Owing
to their toxic nature, the real-time monitoring of BA concen-
tration is important and urgent for ensuring public health and
food safety. Several reaction-based fluorescent BA probes such
as nucleophilic addition, aza-Michael addition, dechlorination
and condensation reaction, Schiff base formation, ester amino-
lysis, and others have been developed.'* However, the selectivity
and sensitivity of existing probes for BA detection still need to
be improved for facile and on-site practical use. It is urgent to
develop a more efficient chromophore reaction for BA detection.

J. Mater. Chem. B, 2021, 9, 9383-9394 | 9383


http://orcid.org/0000-0002-2522-5439
http://orcid.org/0000-0003-1063-881X
http://orcid.org/0000-0002-5658-1145
http://crossmark.crossref.org/dialog/?doi=10.1039/d1tb01791h&domain=pdf&date_stamp=2021-11-02
http://rsc.li/materials-b
https://doi.org/10.1039/d1tb01791h
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB009045

Published on 15 ijna 2021. Downloaded on 25.02.2026 5:19:21.

Paper

(a) Lewis acidic boron

View Article Online

Journal of Materials Chemistry B

! : R1 f
R BAs ! 1
Re P NN P g, 2 ’
o . o /)\‘ :
Highly active: 57 X\-NH N !
i N
aza-Michael addition site ] 5 (E _____ ;
PPCy-1
» Fast, efficient
Ri= -- OCgH17 Rp= --
» AAy, =188 nm, A, =151 nm
Br

(b) Enhanced reactivity with BAs

This work

OCgH47
PPCy-1

Kobs (102 5™)

— 1.55 (157-fold higher)

Spermidine 7.54 (74-fold higher)

« LOD: up 62.1 nM
« Fluorescence "turn on " for monitoring

shrimp spoilage

Our previous work

OCgH
PPAB-1

Kobs (1028

> 0.0087
0.10

Scheme 1 The chemical structures of PPCy-1 and PPAB-1 for BA detection in this work.

Considering the weak nucleophilicity of amines and low BA con-
centrations in spoiled food, however, it would be more challenging.

To achieve this aim, we herein report a novel and highly
efficient chromophore reaction for BA detection with excellent
selectivity and sensitivity. The design principle of the probe is
as follows: (1) the aza-Michael addition between amine and
electrophile could proceed smoothly and rapidly under mild
conditions.'® o,B-Unsaturated nitrile moieties are introduced as
amine sensing recognition sites. (2) The Lewis acidic boron
center is selected as another reaction site, because the inter-
action between the boron and nitrogen atoms of amines would
reduce the probe’s conjugation length. (3) Multiple boron
atoms and unsaturated nitrile moieties are integrated into a
fluorescent probe. It would be helpful to accelerate the reaction
between BAs (with multiple amino groups) and the probe.
Based on these considerations, the as-synthesized PPCy-1
(Scheme 1a) rapidly showed synchronous colorimetric and
fluorescence changes (A, = 188 nm and Aley, = 151 nm) in
the presence of BAs within 1 min. More importantly, PPCy-1
showed 158-fold faster pseudo-first-order rate constants (kqps)
with putrescine than our previously used compound PPAB-1
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(Scheme 1b), which strongly indicated that PPCy-1 was indeed
an efficient chromophore reaction-based probe for BA detection.
In addition, practical applications in monitoring TVB (total
volatile bases) from shrimp spoilage based on a PPCy-1-loaded
paper-strip and a CAD-40 resin are investigated.

2. Experimental

Compounds 1 and 2 were prepared according to previously
reported methods, respectively.®*®

2.1. Experimental procedure for amine detection

A stock solution of PPCy-1 (0.5 mM) was prepared in chloro-
form, and a dilute solution (2.5 pM) was placed in 3 mL cuvettes
for all measurements. For the titration experiments, amine
solutions were also prepared in chloroform. PPCy-1 (2.5 pM)
was incubated with different concentrations of amines at 25 °C
for the desired time. Absorption and fluorescence spectral
analysis data for individual samples were recorded.

This journal is © The Royal Society of Chemistry 2021
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2.2. Detection of BA solution/vapor based on the PPCy-1
loaded filter paper

A volume of 200 pL of chloroform stock solution of PPCy-1
(10 mM) was drop-casted onto the Whatman filter paper followed
by evaporation to dryness. The PPCy-1 loaded filter paper was
exposed to different BA solutions for 2 min, and then the color
change in daylight and fluorescence change under 365 nm
irradiation were measured using a camera.

For sensing of dilute vapors, the PPCy-1-loaded filter paper
was kept in a 50 mL airtight container with 2 mL of amine
solution for 5 min. Then, the absorption and emission spectra
were recorded.

2.3. Pretreatment of macroporous CAD-40 resins

Macroporous CAD-40 resins were acquired from Zhengzhou
Hecheng New Materials Technology Co., Ltd, China. The resins
were soaked in 95% (v/v) aqueous ethanol solution for 24 h and
then washed with deionized water for the removal of ethanol.
After this, the resins were soaked in 5% solution of HCI for 4 h,
then neutralized by washing with deionized water, again
soaked in 5% solution of NaOH for 4 h and finally again
neutralized by washing with deionized water. Then, the resins
were dried and immediately stored in vacuum sealed nylon
bags at 4 °C before use.

2.4. Detection of shrimp freshness based on the PPCy-1
loaded filter paper

Fresh shrimp was purchased from the local market. It was
sealed with aluminum foil at 28 °C or —4 °C in the presence of
the PPCy-1 loaded filter paper. Pictures were then taken at the
desired time under daylight and 365 nm irradiation.

2.5. Detection of shrimp freshness based on the PPCy-1
loaded CAD-40 resin

After pretreatment, the CAD-40 resin (1 g) was immersed in
4 mL of PPCy-1 chloroform solution (10 mM). After 10 minutes,
the CAD-40 resin was collected by filtration and dried at 50 °C
for 6 hours. Fresh shrimp was purchased from the local market.
It was sealed with aluminum foil at 28 °C or 4 °C in the presence
of the PPCy-1 loaded CAD-40 resin. Pictures were then taken at the
desired time under daylight and 365 nm irradiation.

2.6. Synthesis of PPCy-H

Compound 2 (700 mg, 1 mmol), compound 1 (750 mg, 3.5 mmol)
and 40 mL of o-dichlorobenzene were heated to reflux under
nitrogen. Phosphoryl chloride (0.75 mL, 8 mmol) was then added.
The reaction was monitored by thin layer chromatography. Once
compound 2 was consumed, the reaction was stopped. The
reaction solution was cooled to room temperature and a large
amount of methanol was added to precipitate a solid, which was
filtered and washed with methanol until the filtrate was colorless.
The crude product was purified by column chromatography using
dichloromethane as the mobile phase. Then, the resulting solids
were recrystallized with methanol and dichloromethane to obtain
323 mg PPCy-H of blue solid in 29% yield. M.p. > 300 °C. "H NMR

This journal is © The Royal Society of Chemistry 2021
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(CD,Cl,, 500 MHz) 6 12.31 (d, J = 15.6 Hz, 2H), 7.91-7.84 (m, 2H),
7.72-7.62 (m, 4H), 7.29-7.16 (m, 4H), 7.06 (t, J = 8.6 Hz, 2H), 4.13
(t,J = 6.5 Hz, 4H), 1.87 (m, 4H), 1.53-1.36 (m, 10H), 1.34 (s, 18H),
1.32-1.20 (m, 10H), 0.86 (t, J = 6.2 Hz, 6H). MALDI-TOF (%): calced
for CeoHeeBr,NgO, 1092.3 found [M + H]' 1093.1.

2.7. Synthesis of PPCy-1

PPCy-H (250 mg, 0.228 mmol) and N,N-diisopropylethylamine
(2.56 mL, 9.12 mmol) were added to 20 mL of anhydrous
dichloromethane at 40 °C under nitrogen. Boron trifluoride
ether (0.8 mL, 4.56 mmol) was added and allowed to react for
1 hour. The mixture was cooled to room temperature, washed
with saturated NaHCO; solution, and extracted with dichloro-
methane. The crude product was purified by column chroma-
tography with the mobile phase (dichloromethane: petroleum
ether = 1:1). The obtained solid was recrystallized with dichloro-
methane and methanol to obtain 150 mg PPCy-1 of green solid in
55% yield. M.p. > 300 °C. 'H NMR (CD,Cl,, 500 MHz) & 7.83
(s,2H), 7.64 (d, ] = 8.4 Hz, 2H), 7.56 (s, 2H), 7.52-7.44 (m, 4H), 7.02
(d, ] = 8.9 Hz, 2H), 4.10 (s, 4H), 1.84 (m, 4H), 1.42-1.30 (m, 10H),
1.29 (s, 18H), 1.28-1.12 (m, 10H), 0.85 (t, ] = 6.6 Hz, 6H). *>*C NMR
(CD,Cl,, 125 MHz) § 161.4, 157.8, 155.3, 151.5, 149.4, 146.8, 135.4,
131.5, 131.1, 124.6, 123.3, 122.7, 111.8, 111.8, 111.7, 111.1, 110.8,
69.5, 67.7, 53.9, 53.6, 53.4, 35.3, 31.9, 31.3, 29.3, 29.3, 29.0, 26.0,
22.7, 13.9. MALDI-TOF (%): caled for CgoHgyB,Br,F4NgO, 1190.6,
found [M]" 1090.6.

2.8. Scanning electron microscopy (SEM)

PPCy-1 (2.5 pM) in chloroform was mixed with 50 pM BAs
(putrescine, cadaverine, spermidine, and spermine) at room
temperature for 10 min. After drying completely, the sample
was observed using a Hitachi S-5000H field emission scanning
electron microscope.

3. Results and discussion
3.1. Synthesis

As shown in Scheme S1 (ESIt), PPCy-H was prepared by the
condensation reaction of diketopyrrolopyrrole (compound 2)
with heteroaromatic acetonitrile (compound 1) in the presence
of phosphoryl chloride. The following reaction between PPCy-H
and BF;-Et,0 yielded PPCy-1. Their chemical structures were
characterized by "H NMR, *C NMR and MALDI-TOF measure-
ments (Fig. S1-S5, ESIt). The control compound (PPAB-1) was
also independently prepared (Scheme S1, ESIt). DFT calcula-
tions showed that the electron densities of the HOMO and
LUMO of PPCy-1 are mainly located on the conjugated planar
PPCy chromophore core and the energy gap was calculated to
be 2.025 eV (Fig. S6, ESIt). In addition, PPCy-1 has good
photostability (Fig. S7, ESIt).

3.2. Sensing response of PPCy-1 toward BAs

The response of PPCy-1 toward typical BAs (putrescine, cadaverine,
spermine, and spermidine) at room temperature was moni-
tored (Fig. 1). PPCy-1 showed two absorption bands at 695/640 nm.

J. Mater. Chem. B, 2021, 9, 9383-9394 | 9385
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Fig.1 Time-dependent UV-vis spectra of PPCy-1 (2.5 uM) in the presence of spermine, spermidine, putrescine and cadaverine (50 pM) at room

temperature.

Upon the addition of BAs (50 uM) to a solution of PPCy-1 (2.5 pM),
a distinct color change from green to yellow within 1 min was
observed. The time-dependent UV-vis spectra showed that spermine
and spermidine had the fastest response, resulting in the disap-
pearance of absorption peaks at 695 and 640 nm, and accompany-
ing the emergence of new peaks at 350 and 425 nm within 1 min.
For putrescine and cadaverine, 2 and 5 min were needed to
complete the reaction under the same conditions, respectively,
where new peaks at 335 and 501 nm were present.

The time-dependent emission spectra indicated that the
emission band of PPCy-1 at 720 nm vanished and the blue-
shifted emission (569 nm) appeared immediately (within
1 min) in the presence of spermine and spermidine, resulting
in a ratiometric fluorescence response (Fig. 2). Putrescine showed
a similar fluorescence response with spermine and spermidine,
but with a slightly slower response rate (within 2 min). For
cadaverine, more reaction time (more than 10 min) was needed
to produce similar emission changes. The disappearance of
absorption peaks at 695/640 nm and emission peak at 720 nm
implied that the PPCy-1 chromophore core was destroyed and less
conjugated molecules were generated.

The decrease of the absorption peak at 695 nm of PPCy-1
was linearly proportional to the concentration of BAs (Fig. S8,
ESIY). Their limit of detection (LOD) based on a 3a/slope basis
was found to be 0.066, 0.043, 0.229 and 0.179 uM for spermine,
spermidine, cadaverine and putrescine, respectively.

3.3. Reactivity and selectivity of PPCy-1 toward various amines

A study of the selectivity and reactivity of PPCy-1 toward various ali-
phatic and aromatic amines was investigated by its time-dependent
absorption and fluorescence response (Fig. S9 and S10, ESIT).

9386 | J Mater. Chem. B, 2021, 9, 9383-9394

It can be found that the amino number and steric effect of
amines play a significant role in determining the reactivity
of PPCy-1 and amine. As shown in Fig. 3a and b, spermine,
spermidine, putrescine, cadaverine and 1,3-diaminopropane
gave rise to the greatest absorption and fluorescence response.
Their decrease at A,, = 695 nm and Aep, = 720 nm was up to 99%
within 2 min incubation (entries 2-5). 1,6-Diaminohexane did
not induce as strong a spectral response as other diamines; the
underlying mechanism was unclear. The absorption decrease at
695 nm and the fluorescence quenching rate at 720 nm were
about 20% under the same conditions (entry 6). The primary
monoamines, secondary amines, tertiary amines and aromatic
amines failed to generate a spectral response (entries 7-20).
Meanwhile, other reagents (such as amides, esters, dicarboxylic
acids, diols, and alkyl halides) did not elicit any absorption and
emission response of PPCy-1 (data not shown). These results
indicated that PPCy-1 showed excellent selectivity to BA detection.
The BA concentration-dependent UV-vis and emission spectra
of PPCy-1 (2.5 uM) in the presence of putrescine, cadaverine,
spermidine and spermine at room temperature further indi-
cated the PPCy-1 chromophore converted into less conjugated
compounds, as shown in Fig. S11 and S12 (ESIt). The plots with
ratiometric responses indicated that the LOD for spermidine was
estimated to be as low as 0.016 uM from the ratiometric change of
the absorption intensity simultaneously at 340 and 695 nm. The
LOD for other three BAs ranges from 0.033 to 0.084 puM (Fig. S13,
ESIt). These results are comparable to the reported ratiometric
detection of biogenic diamines using a perylenediimide-based
fluoroprobe."”

The reaction kinetics between PPCy-1 and polyamines/
diamines (spermidine, spermine, putrescine, 1,3-diaminopropane,

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Time-dependent emission spectra of PPCy-1 (2.5 uM) in the presence of spermine, spermidine, putrescine and cadaverine (50 uM) at room

temperature.

cadaverine, and 1,6-diaminohexane) were investigated. The pseudo-
first-order rate constants (k,,s) were calculated by monitoring the
decrease of absorption bands at 695 nm over time (Fig. 3c). The kqps
values of 2.63 x 107> s ' and 7.54 x 10~> s~ * for spermine and
spermidine were observed, respectively. The diamines showed
the ks values of 0.86 x 1072, 1.55 x 1072, 0.51 x 10 2 and
0.16 x 10~>s* for 1,3-diaminopropane, putrescine, cadaverine and
1,6-diaminohexane, which was 7.8, 3.9, 13.8, and 46.1-fold
lower than that for spermidine, respectively. The reaction rate
followed this order: spermidine > spermine > putrescine >
1,3-diaminopropane > cadaverine > 1,6-diaminohexane.

Our previous research indicated that PPAB was also respon-
sive to BAs. So, control experiments with PPAB-1 were carried
out. Spermidine and cadaverine were selected as typical BAs.
As shown in Fig. S14 and S15 (ESIT), PPAB-1 reacted with them
in a more awkward way. The kops values were 0.10 x 10> s "
and 0.0087 x 10~> s~' for spermidine and cadaverine, which
was 74- and 157-fold, respectively, lower than that for PPCy-1.
The detailed data are summarized in Table 1. The results
indicated that PPCy-1 had much higher reactivity than PPAB-1.
The LOD, sensing characteristics and sensing mechanism as
compared with other reported methods are summarized in
Table S1 (ESIt), and demonstrate that PPCy-1 has superior
selectivity and sensitivity.

3.4. Detection mechanism study

To investigate the sensing mechanism, we measured the HRMS,
'H, "B, '°F NMR, and FTIR spectra of PPCy-1 with an excess
of amine. The aza-Michael addition between the amine and
electrophile could proceed smoothly and rapidly in a stepwise

This journal is © The Royal Society of Chemistry 2021

manner.'*?

In the first step, a tetrahedral intermediate is
formed as the consequence of a nucleophilic attack of the
amino group on the unsaturated carbon-carbon double bond.
Subsequently, the decomposition of the tetrahedral intermediate
yields imine (Scheme S2, ESI). In our case, the multiple reaction
was involved between PPCy-1 and BAs. The reaction mechanism
can be ascribed to synergistic aza-Michael addition and B-N
detachment, followed by hydrolysis to produce low-conjugated
diketopyrrolopyrrole and heteroaromatic acetonitrile compounds
(Scheme 2). Taking cadaverine as an amine model compound and
based on HRMS, 'H, ''B, '°F NMR, and FTIR spectra, the possible
reaction mechanism between PPCy-1 and cadaverine is shown in
Scheme 2. The corresponding intermediate (IM1-IM5) and final
reaction compounds (1 and 2) can be found in the HRMS
spectra. As shown in Fig. S16 (ESIf), intermediate IM1 (1277.7
for [IM1 + H]') can be found due to the aza-Michael addition
reaction that occurs between putrescine and PPCy-1. The attack
of a B-N bond by another putrescine and decomposition of
intermediate IM1 generated a new BF,-chelating complex IM2
(137.0 for [IM2 + 2H]"), heteroaromatic acetonitrile 1 (215.1 for
[1+H]") and IM3 (1073.4 for [IM3-C,H;]"). The following repeated
aza-Michael addition and B-N detachment process produced
intermediate IM4 (1073.4 for [IM4-C,Hs]") and IM5 (897.4
for [IM5 + MeOH]'). The hydrolysis reaction of IM5 produced
diketopyrrolopyrrole 2, where the peak at 673.3 was assigned to
[2-C,H; + 2H]".

The "H NMR spectrum of PPCy-1 in the presence of sper-
mine showed new chemical shifts at 12.45 and 3.83 ppm for
N-H of DPP compound 2 and methylene (-CH,CN) of hetero-
aromatic acetonitrile 1, respectively (Fig. 4a). In the "'B NMR

J. Mater. Chem. B, 2021, 9, 9383-9394 | 9387
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Fig. 3 (a) The absorption at 695 nm and (b) fluorescence changes at 720 nm of PPCy-1 (2.5 uM) at 25 °C upon the addition of 50 uM of various amines
for 2 min (1: blank, 2: spermine, 3: spermidine, 4: 1,3-propanediamine, 5: putrescine, 6: cadaverine, 7: 1,6-hexanediamine, 8: n-propylamine,
9: n-butylamine, 10: n-pentamine, 11. n-hexylamine, 12: n-heptylamine; 13: n-octylamine, 14: cyclohexylamine, 15: aniline, 16: p-methoxyaniline,
17: p-nitroaniline, 18: trimethylamine, 19: triethylamine, and 20: diethylamine). Ag and A represent the absorption of PPCy-1 at 695 nm in the absence and
presence of amine, respectively. Io and | represent the emission of PPCy-1 at 720 nm in the absence and presence of amine, respectively. (c) UV-vis
kinetics for PPCy-1 with different BAs at 25 °C at a monitoring wavelength of 690 nm. (d) The photos of PPCy-1 in presence of spermine (Spm),

spermidine (Spd), putrescine (Put) and cadaverine (Cad) on daylight and 365 nm irradiation.

Table 1 The pseudo-first-order rate constants (kops) for the reaction between PPCy-1 and amines®

Amines Structure pKa Kops (1072 s7Y)
1,3-Propanediamine HN" " NH, 10.94, 9.82 0.86

. A~~~ NH2 1.55
Putrescine HoN 10.80 0.0087°
Cadaverine HNT " NH, 10.05 0.51
1,6-Diaminohexane N SN 11.85 0.16

NH
Spermidine HzN/\/\H/\/\/ 2 11.56, 10.80, 9.52 S'fgb
H

Spermine HZN/\/\”/\/\/N\/\/"”Z 11.50, 10.95, 9.79, 8.90 2.63

“ Reaction conditions: PPCy-1 (2.5 uM), amines (50 M) at room temperature, and incubation time: 2 min. ? Reaction conditions: PPAB-1 (2.5 uM),

amines (50 pM) at room temperature, and incubation time: 2 min.

and '°F NMR spectra, obvious changes are shown. As shown in
Fig. 4b, the triplet at 1.04 ppm and 1.67 ppm in the absence and
presence of putrescine was observed, respectively. The two
broad peaks at —133.70 and —132.00 ppm shifted to —132.12,
—133.51, —135.92 and —136.95 ppm after the addition of
spermine (Fig. 4c). The FT-IR spectrum of PPCy-1 also showed
characteristic peaks at 1658 and 3358 cm™ ", ascribed to C=0
and N-H bonds in DPP compound 2 upon the addition of
spermidine (Fig. S17, ESIt). Moreover, the absorption and
emission spectra of the reaction mixture are very similar to

9388 | J Mater. Chem. B, 2021, 9, 9383-9394

those of DPP compound 2 and heteroaromatic acetonitrile 1
(Fig. S18 and S19, ESIt). All results indicated that PPCy-1
underwent a chromophore reaction in the presence of BAs to
generate DPP compound 2 and heteroaromatic acetonitrile 1.
The possible mechanism is shown in Scheme 2.

The alkyl chain length, amine group number, basicity and
steric hindrance play a synergistic effect on the reaction
rate between PPCy-1 and amine. For 1,6-diaminohexane, the
nine-membered B complex formed during the reaction process
was not stable, which would delay the reaction rate. So,

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 The possible reaction mechanism between PPCy-1 and cadaverine.

1,6-diaminohexane has lower pseudo-first-order rate constants
(kops) than other diamines. On the other hand, the amino group
number has a positive effect on reactivity. Since spermidine
possesses 1.5-fold the amino number than diamine (putrescine,
cadaverine, and 1,6-diaminohexane), the former showed a higher
reaction rate than the latter. Although spermine has four amino
groups, its bulky steric hindrance may be unfavorable to approach
and attack PPCy-1, resulting in a lower reaction rate than
spermidine. Therefore, spermidine showed the highest reaction
rate than other BAs.

In addition, the reaction mechanism in Scheme 2 portrays
the ultimate products after the reaction of BAs with PPCy-1,
which are diketopyrrolopyrrole (2), heteroaromatic acetonitrile,
and chelating complex. Due to the presence of the N-H bond of
2, various intermolecular H-bonds exist (Fig. S20, ESI}).
In particular, intermolecular H-bonds between diketopyrrolo-
pyrrole 2 and amino groups BAs in the presence of an excess of
BAs would produce a different aggregation state, which plays
an important role in regulating the resulting emission color.
As shown in Fig. 5, different surface morphologies are present

This journal is © The Royal Society of Chemistry 2021

in the presence of different BAs. These synergistic effects lead
to a variation of visible and fluorescence colour in solution in
the presence of different BAs (Fig. 3d).

3.5. Application of the PPCy-1-loaded filter paper for BA
solution and volatile amine vapor

To further investigate the practical application of PPCy-1, the
PPCy-1-based test strip was used to detect the BA solution.
In the presence of a different concentration of BA (spermine,
spermidine, putrescine, and cadaverine) solution, a distinct
color change was observed both in daylight and under 365 nm
irradiation (Fig. 6 and Fig. S21, ESIT). The color changes from
green to yellow in daylight and fluorescence “turn on” when
increasing amine concentrations were present. Moreover, when
the BA solution was used as ink for writing on the PPCy-1
loaded filter paper, a distinct color change was also observed
(Fig. S22, EST}).

For practical applications, vapor sensing is more convenient
and preferable. In this study, some volatile amines, including
trimethylamine, triethylamine, putrescine, 1,3-diaminepropane,
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cadaverine, spermidine and ammonia, were selected as a typical
amine vapor model. PPCy-1 solution possessed a shoulder absorp-
tion at 695/640 nm and an emission at 720 nm by fine structures.
However, the PPCy-1-loaded filter paper showed multiple broad
absorption bands and weak emissive bands, implying strong
intermolecular n-r interactions in the aggregated state. After
5 min incubation (trimethylamine, triethylamine, and putrescine
vapor), the absorption bands at 701 and 648 nm were largely
decreased and two new absorption bands at 508 and 339 nm were
present. As a result, the color change from green to yellow can be
easily observed by naked eyes, which was consistent with results
previously found in solution (Fig. 7). Cadaverine, spermidine and
ammonia performed similarly, but did not give as great an
absorption change as the former under the same conditions
(Fig. S23, EST}).

The fluorescence enhancement was observed toward trimethyl-
amine, triethylamine, putrescine, 1,3-diaminepropane, cadaverine,
and spermidine vapors (Fig. S24, ESIt). The greatest green

9390 | J Mater. Chem. B, 2021, 9, 9383-9394

fluorescence ‘turn-on’ phenomenon was observed after expo-
sure to ammonia vapor. To obtain insights into this observation,
the time-dependent absorption and emission spectra of PPCy-1
solution in the presence of ammonia vapor were studied. The
results were similar with those in the presence of BAs, indicating
that ammonia had a similar chromophore reaction mechanism as
discussed above (Fig. S25, ESIt).

The intermolecular homogeneous reaction between dispersed
PPCy-1 and BAs is involved in solution. Instead, the hetero-
geneous reaction between solid PPCy-1 and gaseous BAs is
involved when a PPCy-1-based test strip was exposed to volatile
amines. The selectivity difference of PPCy-1 for BAs in solution and
solid can arise for many reasons including nucleophilicity, vapor
pressure, steric hindrance, relative vapor density and the affinity to
the sensing material. It is difficult to disentangle which one is the
decisive factor. In our case, it seems that the amines with high
vapor pressures and nucleophilicity, and less steric hindrance
would be beneficial to accelerate the reaction between amine vapor

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 SEM images of PPCy-1 (2.5 uM) in the presence of BAs (50 uM).

and solid PPCy-1. For example, trimethylamine, ammonia and
triethylamine have higher vapor pressures (~214.6, 7.6 and 48 kPa,
respectively, Table S2, ESIt), and higher reactivity is obtained.
Cadaverine and spermidine possess much lower vapor pressures
(0.13 and 0.036 kPa, respectively, Table S2, ESIT) than the former,
resulting in slower reactivity and less photophysical changes.

3.6. Detection of TVB (total volatile bases) originating from
shrimp spoilage

The sum of primary, secondary, and tertiary amines in the form
of volatile amines and toxic nitrogen compounds are classified

(a) Putrescine

OM 0.IpM IpM 10pM 0.ImM

View Article Online

Paper

as TVB (total volatile bases). The compounds have aromatic and
heterocyclic structures and include BAs such as putrescine and
cadaverine.'® Moderate levels of BAs are essential and benefi-
cial to regulate physiological activities in the human body.
However, there are toxic thresholds for BAs that could lead to
a wide range of illnesses including severe headaches, hyper-
tension, abdominal pain, tachycardia, etc.'®*° There have been
many research studies investigating the relationship between
TVB levels and the freshness of fish and other seafood
products.”’ The widespread application of TVB to determine
fish freshness has been established.””

The potentiality of the PPCy-1-loaded filter paper was used
to detect TVB for the determination of spoilage in raw shrimp
samples. Upon exposure to shrimps in a sealed plastic con-
tainer, the green fluorescence ‘turn-on’ responses over 12 h
incubation at 4 °C were observed. The fluorescence continued
to strengthen with the increase of incubation time. The low
background and distinct change from dark to a green color
were helpful to provide visual detection with considerable
simplicity (Fig. 8a). As a control, when shrimps were stored in
the refrigerator at —4 °C or 4 °C, no emission change can be
found (Fig. S26, ESIt).

The macroporous CAD-40 resin is an organic adsorbent
composed of polystyrene cross-linked with divinylbenzene.
It has a suitable particle diameter (0.3-1.25 mm), large surface
area (450-500 m> g~ ') and small average pore diameter
(7-8 nm), and is a good candidate for high loading PPCy-1
and plays a positive role in improving the sensing sensitivity.
As shown in Fig. 8b, when the weakly emissive PPCy-1-loaded

ImM 10mM 0.IM

(b) Cadaverine

OM 0.IpM 1pM

10uM  0.1mM

ImM 10mM 0.IM

Fig. 6 The color and emission changes of the PPCy-1-loaded filter paper with colorimetric (top) and fluorescent (bottom) dual modes in the presence

of (a) putrescine and (b) cadaverine solutions at 25 °C.
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Fig. 8 Monitoring shrimp spoilage at 25 °C by (a) PPCy-1-loaded filter paper and (b) PPCy-1-loaded CAD-40 resin with fluorescent modes. (c) The
emission spectra and (d) I/l at 493 nm of the PPCy-1-loaded CAD-40 resin in the absence and presence of shrimp storage at 4 °C and 25 °C for 36 h.
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CAD-40 resin was incubated with shrimp at 25 °C for 12 h,
a more obvious green fluorescence ‘turn-on’ response was observed.
The new emission peaks at 493 and 549 nm were greatly intensified
to yield 30-fold fluorescence enhancement at 493 nm (Fig. 8c and d).
The resulting color change was evident to the naked eye under UV
irradiation. In contrast, there were no obvious emission changes to
shrimps kept in the refrigerator at 4 °C for 72 h (Fig. S27, ESI{).

4. Conclusions

In summary, we report a new chromophore reaction-based
signaling mechanism for the construction of a fluorescent
probe (PPCy-1) for BA detection. PPCy-1 enriched in the large
arsenal of the amine-responsive probe: its reaction with BAs
results in 188 nm absorption and 151 nm emission hypsochromic
shift signal within 1 min. The high sensitivity and selectivity
confer its utility in assessment of food quality, to the industrial/
environmental monitoring of volatile amines. To the best of our
knowledge, this work is the first example of a PPCy dye conversion
to DPP compound through an efficient chromophore reaction for
BA detection.
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