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A novel colorimetric and ratiometric fluorescent probe (Cou-BPO) was readily prepared for specific
detection of harmful benzoyl peroxide (BPO). The probe Cou-BPO reacted with BPO via a selective
oxidation cleavage-induced cascade reaction of the pinacol phenylboronate group, which resulted in an
observable colorimetric and ratiometric fluorescence response towards BPO with a fast response time
(<15 min) and a low detection limit (56 nM). For practical application, facile, portable and sensitive test
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Introduction

Benzoyl peroxide (BPO) has been widely used as an additive
during food processing due to its good bleaching properties.'™
It has been revealed that excessive BPO in food (e.g. wheat flour)
would generate highly hazardous oxidizing free radicals and
convert into toxic substances such as biphenyl and phenyl-
benzoate, which might further result in tissue damage and
cause diseases.”® Thus, it is indispensible to develop fast and
efficient methods for determining BPO in food samples.®
During the past decades, some analytical approaches have been
employed for the detection of BPO, including chemilumi-
nescence,”'" amperometry,® electrochemistry,">"* spectrophoto-
metry**™” and high-performance liquid chromatography.'®*’
Nevertheless, these traditional methods have some shortcomings
such as low sensitivity, and the requirement for expensive analy-
tical instruments and elaborate sample treatment processes.
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as a probe to determine BPO in food samples and living cells.

Fluorescent probes have been employed as powerful detec-
tion tools for various chemical species due to their advantages
of high sensitivity and selectivity, quick response, high spatial
resolution, and real-time detection.>*>® However, to date, only
a few fluorescent probes have been explored for the detection of
BPO. For instance, Ma et al. developed a fluorescence off-on
type probe for sensing BPO based on resorufin.'® Yang et al.
developed a near-infrared fluorescent probe for sensing/
imaging BPO in zebrafish.*® Nevertheless, these probes have
restrictions associated with probe distribution, environmental
conditions and the efficiency of instruments.>”*® By contrast,
ratiometric fluorescent probes are able to achieve more accu-
rate analysis results by offering a built-in correction.”*® Li et al.
developed a phenylboronic acid pinacol ester-containing fluores-
cent probe for determining BPO with good selectivity and sensi-
tivity in food samples.®” In prior research, we devised a ratiometric
fluorescent probe for BPO on the basis of an oxidation cleavage
reaction of an alkene group (the C—=C bond/bridge).'® Although
progress has been achieved, it is still highly desired to develop
some new and inexpensive fluorescent probes for sensing BPO
with the advantages of being easy-to-prepare, and having long
wavelength emission, a visible color change, a short response time,
and good selectivity and sensitivity.

7-Alkylamino-coumarin possesses a high fluorescence quan-
tum yield and large Stokes shift, as well as good photostability
and low cytotoxicity.’®*° Herein, we used 7-diethylamino-
coumarin to prepare a novel probe Cou-BPO for sensing BPO.
The optical responses of Cou-BPO to BPO were investigated by
UV-vis and fluorescence spectroscopy. "H NMR and HR-MS
spectra were employed to investigate the reaction between
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Cou-BPO and BPO, and the working mechanism was proposed.
Furthermore, facile to use, portable and sensitive test paper of
Cou-BPO has been prepared. For practical application, we
attempted to employ the probe Cou-BPO for determining BPO
in food (wheat flour and noodle) samples. Finally, Cou-BPO was
further employed for visually detecting and imaging BPO in
living cells. This probe exhibited some remarkable features
including a large Stokes shift, good solubility, excellent selec-
tivity and sensitivity, and a ratiometric fluorescence response
towards BPO.

Results and discussion
Design and synthesis of probe Cou-BPO

The fluorescence spectrum of coumarin could be modulated by
three means: (1) introducing electron-donor groups (EDG, such
as -OH and -Et,N) at the 7-position; and (2) introducing
electron-withdrawing groups (EWG, such as pyridinium and
indolium) or (3) extending the m-conjugation system at the
3-position. In this work, we employed 7-diethylaminocoumarin-
3-aldehyde as the fluorophore, which was covalently conjugated
with 4-methyl-1-(4-boronic acid pinacol ester)benzyl pyridinium to
form the probe Cou-BPO with an intramolecular charge transfer
feature (Scheme 1). The structure of Cou-BPO was fully character-
ized by 'H and *C NMR, as well as HR-MS (Fig. S1-S4, ESIY).
It could be envisioned that Cou-BPO will display deep red emis-
sion due to the typical intramolecular charge transfer (ICT)
feature. In the presence of BPO, the pinacol phenylboronate group
on Cou-BPO might be cleaved by BPO-induced oxidation, followed
by elimination of p-quinone methide to eventually generate a new
7-diethylaminocoumarin derivative, which may cause significant
changes of the absorption/fluorescence spectra.

Sensing properties of Cou-BPO towards BPO

To investigate the sensing properties of Cou-BPO towards BPO,
we performed the UV-vis absorption and fluorescence spectral
titration of probe Cou-BPO (10 pM) with various amounts of
BPO. As shown in Fig. 1A, upon the addition of increasing
amounts of BPO (0-150 pM), the UV-vis absorption band of
Cou-BPO centered at 505 nm decreased gradually accompanied
by a new absorption peak at 443 nm gradually increasing.
Consequently, the Cou-BPO solution exhibited an obvious color
change from red to yellow (Fig. 1A and B, inset). By plotting the
absorbance at 443 nm (A,443) versus the concentration of BPO, a
good linear relationship (R* = 0.9905) between A,4; and the BPO
concentration could be observed (Fig. 1B). Meanwhile, the
fluorescence emission band at 620 nm of Cou-BPO gradually
decreased and a new emission peak appeared at 525 nm.
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Scheme 1 The synthetic route of probe Cou-BPO.
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Fig. 1 (A) UV-vis absorption and (C) fluorescence spectrum changes of
Cou-BPO (10 pM) in EtOH in the presence of BPO (0-150 uM); (B) linear
relationship between the absorbance of Cou-BPO and concentration of
BPO. (D) Fluorescence intensity of Cou-BPO versus concentration of BPO.
Jex = 480 NnM, Aem = 525 nm, slit widths: 2.5 nm/2.5 nm.

Consequently, the fluorescence color changed from red to
green (Fig. 1C), which could be easily observed with the naked
eye. The fluorescence spectra of Cou-BPO, Cou-BPO/BPO and
their coumarin precursors are shown in Fig. S5 (ESIt). More-
over, the fluorescence quantum yield of Cou-BPO (¢ = 0.12, in
EtOH) was enhanced (¢ = 0.18, in EtOH) after reaction with
BPO, thus giving rise to strong green fluorescence which was
clearly visible to the naked eye. Moreover, the fluorescence
intensity Fs,s/Fgs0 is linearly related to the BPO concentration
(Fig. 1D, R* = 0.9974), and the detection limit for BPO was
calculated to be 56 nM (S/N = 3).

The response time is an important parameter for the prac-
tical application of a probe. Thus, the time-dependent fluores-
cence spectrum of Cou-BPO (10 pM) towards BPO (15 equiv.)
was measured and recorded every 30 s. As shown in Fig. 2, the
fluorescence intensity at 525 nm increased rapidly after the
addition of BPO and reached a plateau within 13 min, along
with the gradual decrease of the fluorescence intensity at
620 nm, suggesting that Cou-BPO could be employed as a fast
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Fig. 2 Fluorescence intensity changes of Cou-BPO (10 pM) after addition
of BPO (150 uM) at different time intervals.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9tb00889f

Published on 03 September 2019. Downloaded by Universidade daMadeira (UMA) on 3/8/2022 4:05:39 PM.

Journal of Materials Chemistry B

sensing tool to determine low concentrations of BPO in prac-
tical application.

To evaluate the selectivity of Cou-BPO towards BPO, we
examined the ratiometric fluorescence response of Cou-BPO
(Fs25/Fe0) towards various anionic, cationic and small molecule
analytes (150 uM). As shown in Fig. 3, Cou-BPO displayed an
obvious color change from red to yellow together with a fluores-
cence change from red to green in the presence of BPO (Fig. 3,
inset). The addition of CIO™ or H,0, quenched the fluorescence of
the probe, and Cou-BPO did not exhibit an observable fluorescence
response towards some other anionic analytes likeI", F, Cl ", Br,
AcO~, CO;>~, HCO; ™, S,05>7, SO;>, SO, NO,, N;~, TBHP,
TBO*, '0,, *0,~, *OH, GSH, HS ™, HSO; ", Hcy and Cys. Besides, the
cationic and small molecule analytes do not bring about observable
fluorescence changes. These results demonstrate that Cou-BPO is a
highly selective fluorescent probe for BPO among common anionic,
cationic and small molecule analytes.

Sensing mechanism of Cou-BPO towards BPO

To investigate the sensing mechanism of Cou-BPO towards BPO,
the reaction product of Cou-BPO with the addition of excess BPO
was identified by HR-MS (Fig. S6, ESIT). The HR-MS result showed
that an obvious signal peak appeared at m/z 321.3158, which was
assigned to 7-(diethylamino)-3-(2-(pyridin-4-yl)vinyl)-coumarin
(compound 3). From the results, the reaction mechanism could
be deduced as: BPO firstly reacts with the pinacol phenylboronate
on Cou-BPO to produce a phenol, which then underwent a
spontaneous quinone methide elimination reaction to generate
7-(diethylamino)-3-(2-(pyridin-4-ylvinyl}-coumarin. The probe
Cou-BPO showed strong red-fluorescence emission due to its

Fig. 3 Fluorescence intensity ratios (Fs»s/Fg20) of Cou-BPO (10 puM) in the
presence of BPO (150 uM) and other analytes (150 pM) for 15 min: (A) 17, F~,
Cl™, Br~, AcO™, COs?~, HCO3™, HS™, HSO5 ™, 5,052, SO3%~, 5042, NO3™,
Ns~, TBHP, TBO*, 10,, *O,~, *OH, GSH, Hcy, Cys, ClO~, H,0,, and benzoyl
peroxide. (B) Ca®*, Co?*, Cu?*, Fe?*, Fe>*, Hg?*, K*, Mg?*, Mn?*, Ni?*,
Zn?*, Phe, Met, Lys, Tyr, Pro, Ser, His, glycine, glucose, and benzoyl
peroxide. Inset: The color and fluorescence images of Cou-BPO in EtOH
with different analytes.
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Scheme 2 Sensing mechanism of Cou-BPO.

strong ICT effect. By contrast, the ICT effect in compound 3
was largely diminished by conversion of the stronger electro-
withdrawing pyridium group on Cou-BPO into the weaker
electro-withdrawing pyridine group via p-quinone methide
elimination, which subsequently gave rise to an obvious blue-
shift of the fluorescence emission. Moreover, it could be noted
that compound 3 is relatively stable and inert towards excess
BPO. The proposed sensing mechanism is shown in Scheme 2.

To verify that the BPO-involved selective oxidation did not
occur on the C—=C bond/bridge located between the coumarin
and the pyridine rings, a model compound Cou-Pyr was synthe-
sized and characterized by "H NMR and HR-MS (Fig. S7 and S8,
ESIY). After addition of excess BPO, the UV-vis absorption spectra
(Fig. S9, ESIt), fluorescence spectra (Fig. 4A) and time-resolved
fluorescence response (Fig. 4B) of Cou-Pyr showed no obvious
change, implying that model compound 3 is inert to BPO. In our
previous research, we found that BPO could react with the C—C
bond/bridge of (7-diethylamino coumarin-3-yl)vinyl)-1-ethyl-3,3-
dimethyl-3H-indolium via BPO-induced oxidation cleavage,
affording blue fluorescent 7-diethylamino coumarin-3-aldehyde."®
Interestingly, in this work, the BPO-induced oxidation reaction
only occurred on the site of pinacol phenylboronate instead of the
C—C bond/bridge. By contrast to Cou-BPO, the model compound
Cou-Pyr is very stable and inert to BPO oxidation, which is
probably due to its less polarized “push-pull” structure that
stabilized the conjugation system. The reactivity difference
between Cou-BPO and Cou-Pyr is shown in Scheme 3. These
results indicated that Cou-BPO could react with BPO via a
selective oxidation cleavage-induced cascade reaction, which
may benefit the design and synthesis of a ‘“site-selective”
chemodosimeter for sensing application.
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Fig. 4 (A) Fluorescence spectra of Cou-Pyr (10 pM) with BPO (150 pM)

in EtOH solution. (B) Time-resolved fluorescence responses of Cou-Pyr
(10 uM) towards BPO (150 pM). Aex = 490 NnM, Aem = 610 nm, slit widths =
2.5 nm/5 nm.
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BPOlCascade Reaction
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Test paper of Cou-BPO

For fast and portable detection of BPO, filter paper strips were
soaked in Cou-BPO (1 mM) and then dried in air to prepare
Cou-BPO test paper. After exposure to different amounts of BPO
(0-150 uM) for 15 min (Fig. 5), the fluorescence color of the
Cou-BPO test paper changed from bright-red to grey and then
to olive-green. In the food industry, BPO was used as an
oxidizing agent for bleaching and wheat flour decolorization.
Earlier publications have disclosed that BPO intake can cause
oxidative cell/tissue damage; the above results showed that the
Cou-BPO test paper was able to detect trace amounts of BPO
within the harmful range (0-70 puM).> Herein we examined the
Cou-BPO test paper for determination of BPO in the EtOH
extracts of two food samples (wheat flour and noodles pro-
duced in Tianjin, China). As shown in Fig. 6, the bright red
color of the Cou-BPO test paper was still maintained in the
presence of BPO; simultaneously, no obvious fluorescence color
change could be observed, indicating that a negligible amount of
BPO exists in these test food samples. These semi-quantitative
results suggested that the Cou-BPO test paper may serve as a
highly selective test kit for real-time detection of BPO in wheat
flour-based food samples.

Determination of BPO in real food samples by using Cou-BPO

On the basis of the excellent sensitivity and selectivity of
Cou-BPO toward BPO, we further attempted to examine the
applicability of Cou-BPO for quantitative determining BPO in
these samples. The BPO in these real food samples was firstly
extracted with EtOH and then a predetermined amount of BPO

30pM 60 pM

90uM 120puM 150 uM

Fig. 5 Photos of (A) color and (B) fluorescence of Cou-BPO test paper
after exposure to different amounts of BPO (0-150 uM) under 365 nm
light.
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Fig. 6 Photos of (A) color and (B) fluorescence of Cou-BPO test paper
after exposure to the EtOH extracts of food samples (a, blank; b, wheat
flour; c, noodles).
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Fig. 7 Fluorescence spectrum changes of Cou-BPO (10 pM) in noodle (A)
and wheat flour (B) solutions. Aey, = 480 NM, Aerm = 525 nm, slit widths =
2.5 nm/2.5 nm. (C) Fluorescence intensity ratios (Fszs/Fg0) of Cou-BPO
(10 uM) in the presence of the BPO in the food sample solutions. (D) The
color and fluorescence images of Cou-BPO in the presence of different
food samples (a and d: blank; b and e: wheat flour; c and f: noodles). n = 3.

(0, 12.5 pM, 25.0 uM, 37.5 pM, 50.0 pM, and 62.5 pM) was
spiked into the samples. As shown in Fig. 7, no obvious
fluorescence enhancement was observed in the blank (none-
BPO spiked) food samples, indicating that a negligible amount
of BPO exists in the two food samples. With the increase of the
spiked BPO, obvious fluorescence enhancement at 525 nm was
observed along with a fluorescence decrease at 620 nm. According
to the standard calibration curve in Fig. 1D, the amounts of BPO in
the wheat flour and noodle samples were determined. However,
comparatively low-medium recoveries (30.4-66.7%) were obtained
(Table 1). It could be noted that the boronate group could
selectively bind to the hydroxyl groups in the starch chain, and
thus may interfere with the high selectivity of Cou-BPO toward
BPO in food samples.

Fluorescence imaging of BPO in living cells by using Cou-BPO

To visualize BPO in living cells, firstly, the cytotoxicity of
Cou-BPO (2.5, 5.0, 10.0, 15.0, 20.0, and 25.0 pM) in murine

This journal is © The Royal Society of Chemistry 2019
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Table 1 Determination of BPO by Cou-BPO in food samples

Sample Added (uM)  Found (uM)  Recovery (%) RSD (%)

Wheat flour 12.5 5.46 40.89 1.8
25.0 9.02 34.87 1.1
37.5 11.70 30.49 1.7
50.0 15.93 31.33 0.6
62.5 22.53 35.57 1.3

Noodles 12.5 6.48 48.96 3.1
25.0 8.83 34.31 2.3
37.5 14.25 37.26 0.7
50.0 26.98 53.17 1.1
62.5 42.22 66.75 0.3

100%

Cell viability

T25 5 10 15 20 25
Cou-BPO (1M)

Fig. 8 Cytotoxicity of Cou-BPO at various concentrations (2.5 puM,
5.0 uM, 10.0 uM, 15.0 uM, 20.0 uM, and 25.0 uM) towards L929 cells for
24 h. The results are the mean and standard deviation of five separate
measurements. Error bars are = SD, n = 5.

fibroblast L929 cells was evaluated by using a CCK-8 assay Kkit.
As shown in Fig. 8, the L929 cell viability remained at 80.6-96.8%
after incubation with 2.5-25 uM Cou-BPO for 24 h, indicating
that Cou-BPO has low cytotoxicity and good biocompatibility.
Then the fluorescence imaging of BPO in living L929 cells was
performed. As shown in Fig. 9, red fluorescence was observed
(%ex = 543 nm, red channel) within the cells after incubation with
Cou-BPO (10 pM) for 30 min. When they were further incubated
with different amounts of BPO (0, 25, 50, and 100 uM) for

100uM

ouM 25uM 50uM

Bright field

Red channel

Green channel

Fig. 9 Fluorescence images of BPO in L929 cells. L929 cells were
incubated with Cou-BPO (10 puM) at 37 °C for 30 min, and then further
treated with various concentrations of BPO (0, 25, 50, and 100 uM).
Fluorescence images of L929 cells were obtained from the red channel
(dex = 543 NM, Jem = 552-617 nm), and green channel (lex = 488 nm,
Jem = 500-530 nm). Scale bar: 20 pm.
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another 30 min, the red fluorescence gradually decreased and
eventually disappeared, meanwhile, clear cell images with green
fluorescence were observed from the green channel (A =
488 nm). The probe Cou-BPO also can image BPO in HeLa
(human cervical cancer) cells with good performance (Fig. S10
and S11, ESIt). The results indicated that Cou-BPO may serve as
an efficient probe for imaging BPO in living cells.

Experimental
Materials and reagents

All reagents were purchased from Sigma-Aldrich and used as
received. Chromatographic grade ethanol was used for spectral
analysis.

Instruments

A Bruker DPX 400 NMR spectrometer was employed to deter-
mine the 'H and *C NMR spectra using tetramethylsilane
(TMS) as an internal standard. High-resolution mass spectra
(HR-MS) were obtained with a HP-1100 LC-MS spectrometer.
UV-vis absorption and fluorescence spectra were measured with
a Hitachi UV-3310 spectrometer and a Hitachi FL-4500 fluoro-
meter, respectively.

Synthesis procedures of Cou-BPO

7-Diethylaminocoumarin-3-aldehyde (300 mg, 1.22 mmol), and
4-methyl-1-(4-boronic acid pinacol ester) benzyl pyridinium
bromide (572.6 mg, 1.47 mmol) were placed in a flask with
10 mL EtOH as the solvent and 0.05 mL (0.54 mM) piperidine as
the catalyst. The mixture was refluxed for 5 h under a nitrogen
atmosphere, and then the solvent was removed by vacuum
evaporation. The crude product was purified by silica gel
column chromatography (CH,Cl,: MeOH = 8:1 as the eluent)
to give Cou-BPO as a dark red solid (250 mg, yield:
45%)."H NMR (400 MHz, DMSO-d¢) & 8.97 (d, J = 6.8 Hz, 2H),
8.25 (s, 1H), 8.20 (d, J = 6.4 Hz, 2H), 7.90-7.83 (m, 1H), 7.73
(dd, J = 17.0, 15.4 Hz, 3H), 7.54 (dd, J = 15.6, 8.4 Hz, 3H), 6.81
(d,J=11.2 Hz, 1H), 6.62 (s, 1H), 5.75 (s, 2H), 3.50 (q,J = 6.67 Hz,
4H), 1.29 (s, 12H), 1.15 (t, = 7.0 Hz, 6H). ">C NMR (100 MHz,
DMSO-dg) 0 152.5, 146.1, 144.5, 138.2, 137.9, 135.6, 131.3,
128.5, 124.1, 122.9, 114.1, 110.5, 108.8, 96.7, 84.3, 56.4, 44.1,
25.1, 12.8. HR-MS (ESI) m/z calculated for [Cs;3H3sBN,0,4]",
537.2992; found 537.2960 (Fig. S1-S3, ESIt).

General procedure for the detection of BPO

Unless otherwise indicated, all the measurements were performed
with the following procedure. Cou-BPO (10 pM) solution was
prepared by using chromatographic grade EtOH as the test
solution. The UV-vis absorption and fluorescence spectra of
Cou-BPO were recorded after incubation with BPO at 25 °C for
15 min. For comparison, Cou-BPO solution (10 uM) without
BPO was tested under the same conditions.

J. Mater. Chem. B, 2019, 7, 5775-5781 | 5779
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Preparation of the test paper

Filter paper was cut into strips (0.8 x 2.4 cm), which were then
immersed in 1 mM Cou-BPO in EtOH. The probe-soaked filter
paper was taken out, and dried naturally overnight. These
paper strips were directly used to detect BPO. The supernatants
of the food (wheat flour and noodle) samples were dropped
onto the test paper for 30 min. The fluorescence photographs of
the Cou-BPO paper were recorded under 365 nm light.

Determination of BPO in real food samples

Each food sample (4.0 g) and EtOH (40 mL) were put into a
beaker and sonicated for 30 min. Each solution was trans-
ferred to a 50 mL test tube, and centrifuged for 10 min. The
supernatant was collected and then filtered with an organic
membrane (0.45 um). These solutions were spiked with BPO
(0, 12.5, 25.0, 37.5, 50.0 and 62.5 puM). Finally, Cou-BPO
(10 uM) was added to each food sample solution and then
the fluorescence spectra were measured on a Hitachi FL-4500
fluorometer.

Cytotoxicity of Cou-BPO and fluorescence imaging of BPO in
living cells

The related experimental procedures are described in S1 and S2

(ESTH).

Conclusion

In conclusion, we have prepared a cascade reaction-based
fluorescent probe Cou-BPO for the detection of BPO, which
displayed significant colorimetric and ratiometric fluorescence
responses towards BPO with the merits of visual detection, high
selectivity and sensitivity, a fast response (within 15 min) and a
low limit of detection (56 nM). For practical application, facile,
portable and sensitive test paper of Cou-BPO has been prepared
for visual detection of BPO. Furthermore, we attempted to
employ Cou-BPO as a probe to determine BPO in food samples
and to image/visualize BPO in living cells. This work may
provide new insight for developing fast and inexpensive
“sensing site-selective”” probes for sensing various analytes.
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