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In this work, a new flavone-based fluorescent probe 3-hydroxy-3'-formylflavone (3HFF) was designed to
achieve highly selective relay recognition of HSO3 and AI** in DMSO-H,0 (2:8, v/v) solution. 3HFF dis-
played a highly selective response to HSO3 with a green fluorescence appearing at 524 nm. Moreover,
the in situ generated 3HFF + HSO3 system demonstrated eminent relay recognition capability for A**
with a blue fluorescence appearing at 453 nm by the formation of a 1:1 complex between 3HFF and
A" in DMSO-H,0 (2:8, v/v) solution. However, only slight change was observed in emission intensity
with addition of AI** to 3HFF, and indicated HSO35 was essential for the sensing of AI>*. This work achieves
the detection of HSO3 and AI** by only one probe and provides another example for this rare combination

© 2015 Elsevier B.V. All rights reserved.

Introduction

Most of life forms have a great requirement for anions and met-
als, as they play critical roles in various physical activities [1,2].
Among the biologically important anions, hydrogen sulfite is
extensively used as antimicrobial agent, enzyme inhibitor and
antioxidant for foods and beverages to preserve their freshness
and shelf life [3-7]. However, it has been discovered that a certain
concentration of hydrogen sulfite is harmful to skin, respiratory
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tract, and gastrointestine [8,9]. On the other hand, metal ions, as
essential elements present in human body, play critical roles in
many biological processes. Aluminum is the third most abundant
metal in the earth’s crust, and is found to distribute to all tissues
in the body as well as natural waters everywhere [10]. However,
aluminum may deposit in various organs and be harmful to
humans [11]. Owing to the diversity of their functions mentioned
above, the sensing of HSO3 and AI** is crucial in controlling their
concentration levels in the environmental monitoring and their
direct impact on human health [12]. Fluorescent probes are
broadly used as powerful tools to spy on ionic species owing to
their low cost, high selectivity, versatility and easy monitoring
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Scheme 1. Synthesis of 3HFF.
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Fig. 1. Fluorescence emission spectra of 3HFF (10 uM) with the addition of HSO3
(0-40 equiv) in DMSO-H,0 (2:8, v/v, pH = 5) solution (/ex = 345 nm).

[13]. Some of selective recognition probes based on the hydrogen
bonding, electrostatic interactions or coordination with suitable
metal ions have been exploited to detect anions [14-17]. Among
these examples, the reaction-based probes, which adopt special
chemical reactions triggered by target analytes, provide us multi-
ple methods for investigating extensive analytes [18,19].
Aldehyde is known to react with hydrogen sulfite by forming an
aldehyde-hydrogen sulfite adduct which can bring about changes
in the electron acceptor strength [20]. Based on this process, many
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Fig. 2. Fluorometric traces for the reaction of 3HFF (10 uM) with 40 equiv and 15
equiv HSO3 in DMSO-H,0 (2:8, v/v, pH =5).

selective recognition probes bearing an aldehyde group have been
designed to detect HSO3 [21-23]. However, the function of these
probes is unitary and has not been further studied. The adduct sub-
unit generated from the detection of HSO3 was deconjugated from
the electron rich moiety. If another binding site for metal ion is
existed in the electron rich moiety, optical properties for specific
metal may be different between the probe and the adduct gener-
ated from the detection of HSO3.

In order to detect these two biologically and environmentally
important ions relying on only one probe, we designed a new com-
pound, 3-hydroxy-3'-formylflavone (3HFF), which demonstrated
highly selective and successive recognition of HSO3 and AI** in
DMSO0-H,0 (2:8, v/v) solution. To the best of our knowledge, this
is the first report about aldehyde-based fluorescent probe to sense
both HSO3 and AI®**, although many AI** sensors have been
reported [24-28]. Meanwhile, another compound, 3-hydrox-
yflavone (3HF), as an AI** probe based on the former research
[29] was prepared as a reference substance to discuss the process
of sequential recognition.

Experimental section
General information

The chemicals used were of analytical reagent grade and used
without further purification, if not stated. Deionized water was
used throughout the experiments. All reactions were carried out
on the magnetic stirrers and their reaction processes were moni-
tored on thin layer chromatography (TLC). Absorption and fluores-

cence spectra were taken on a Shimadzu UV-2450
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Fig. 3. Emission spectra of 3HFF (10 uM) in the absence and presence of 40 equiv
anions in DMSO-H,0 (2:8, v/v, pH = 5) solution with an excitation of 345 nm.
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Fig. 4. Competitive selectivity of 3HFF (10 uM) (labeled as L;) toward HSO3
(400 uM) in the presence of various anions (0.2 mM).

spectrophotometer and a Hitachi F-7000 fluorescence spectrome-
ter, respectively. IR spectra were measured on KBr pellets on a
Nicolet NEXUS 670 FT-IR spectrophotometer. Melting points were
recorded on an X-4 digital melting-point apparatus. '"H NMR and
13C NMR measurements were performed on a Bruker-400 MHz
nuclear magnetic resonance spectrometer with DMSO as solvent
and TMS as internal reference. All pH measurements were made
with a pH-10C digital pH meter.

0.2 mol L~! Na,HPOy citric acid buffers were prepared in deion-
ized water. Stock solutions of the anions (1 x 10> mol L~!) and
metal ions (2 x 1073 mol L~!) were prepared from their sodium
salts and chloride salts in deionized water, respectively. All the
measurements were performed at room temperature. For fluores-
cence measurements, both the excitation and emission slit widths
were 5.0 nm, and the PMT voltage was 700 V.

Synthesis

Synthesis of 1,3-bis(diethoxymethyl)benzene (1), 3-
(diethoxymethyl)benzaldehyde (2) and 3-hydroxyflavone (3HF)

In the process of synthesis of 3-hydroxy-3’-formylflavone, 1,3-
bis(diethoxymethyl)benzene (1) and 3-(diethoxymethyl)benzalde-
hyde (2) were also used. The 3HF [30], compound 1 and compound
2 [31] were synthesized according to reported procedures.

Synthesis of 3-hydroxy-3'-formylflavone (3HFF)

3HFF was synthesized by one pot method. KOH (5.6 g, 10 mmol)
was added to a ethanolic solution (10 mL) of 2’-hydroxyacetophe-
none (0.15 g, 1.1 mmol). The obtained solution was cooled to room
temperature. Compound 2 (0.18 g, 1 mmol) was added and the
reaction mixture was stirred for 12 h. Then, the solvent was evap-
orated under reduced pressure. Deionized water (2 mL) and
methanol (6 mL) were added to the reaction mixture. The reaction
mixture was placed in an ice-water bath and 1 mL of 30% H,0,
solution was slowly added, and then stirred at room temperature
for another 5 h. After this period, concentrated HCl (37%) was
added until pH =2 and then the reaction mixture was stirred for
another 30 min. Then the precipitate was collected by filtration,
washed with cold ethanol, and dried in vacuum. The crude product
was purified by chromatography on silica gel (dichloromethane/
petroleum ether = 1:6, v/v) to afford 3HFF as a colorless powder
in 30.1% yield (0.08 g); m.p. 224-226 °C. IR (cm™!, KBr): 3178.97,
2956.39, 2870.66, 1691.84, 1633.11, 1623.85, 1597.19, 1573.5,

1483.83, 1471.62, 1275.97, 799.59 and 753.35. '"H NMR (DMSO-
dg, 400 MHz): & 10.13 (s, 1H), 9.95 (s, 1H), 8.76 (t, J = 1.2 Hz, 1H),
8.54 (dt, J=6.4 Hz, 1.2 Hz, 1H), 8.15 (dd, ] = 6.4 Hz, 1.2 Hz, 1H),
8.05 (m, 1H), 7.81-7.87 (m, 3H), 7.49-7.52 (m, 1H). 3*C NMR
(DMSO-dg, 100 MHz): & 193.4, 173.6, 155.1, 144.4, 140.1, 136.9,
134.4, 133.5, 132.8, 131.2, 130.0, 128.8, 125.3, 125.2, 121.8,
118.9. Anal. Calcd for Cy¢H;004 (266.06): C, 72.16; H, 3.78%.
Found: C, 71.63; H, 3.52%.

Results and discussion
General information

A standard procedure was used to prepared the intermediate 2,
3-(diethoxymethyl)benzaldehyde, which was reacted with 1-(2-
hydroxyphenyl)ethanone in ethanol solution by one pot method
at room temperature to afford 3HFF in modest yield (Scheme 1).

3HFF was characterized by IR, 'H NMR, 13C NMR, and Elemental
analysis (Figs. S1-S3). The photo-physical properties of 3HFF with
several anions in DMSO-H,0 (2:8, v/v) solution were investigated
by UV-vis and fluorescence measurements. After that, the spectral
characteristics of the 3HFF + HSO3 system with various metal ions
were also further studied.

Sensing properties of 3HFF toward HSO3

The fluorescence spectra of 3HFF containing different concen-
tration of HSO3 solution were recorded at 370-600 nm upon exci-
tation at 345 nm in DMSO-H,0 (2:8, v/v, pH = 5) (Fig. 1). As we can
see, 3HFF alone exhibits weak dual emission maximum at 407 nm
and 524 nm. The reason is that 3HFF transforms from a normal iso-
mer (N) in the ground state to the tautomer (T*) through the
excited-state intramolecular proton transfer (ESIPT) process upon
photoexcitation [32,33]. In this process, blue (407 nm) and green
(524 nm) fluorescence occur from N* and T* respectively. There
was a low fluorescence quantum yield (& =0.0009) using cou-
marin 1 (& =0.50 in ethanol) as standard [34]. Upon addition of
increased amounts of HSO3, the initial fluorescence intensities at
407 nm and 524 nm were gradually increased with a relatively
higher fluorescence quantum yield (& = 0.0065) and accompanied
by a visual fluorescence color change from colorless to green.
Fig. S4 is the calibration graph for HSO3 and the graph is linear
for the hydrogen sulfite concentration between 4 and 60 puM,
R =0.99014. According to IUPAC, the detection limit is calculated
as 1.97 uM based on the 3a/slope where o is the standard devia-
tion of the blank solution.

Response time is a very important point in sensing for most
reaction-based probes. We then proceeded to investigate the time
required for the reaction of 3HFF and HSO3 at 25 °C. As shown in
Fig. 2, when 40 equiv and 15 equiv HSO3 were added to 3HFF solu-
tions, the fluorescence intensities at 524 nm increased with reac-
tion time and then levels off at reaction time greater than about
8 min. It showed that 3HFF could use to detect HSO3 with a rapid
analytical method.

Selectivity is a very important parameter to evaluate the perfor-
mance of a new fluorescent probe. Emission spectra of 3HFF
exposed to 40 equiv of various anions such as SO5~, CO%~, HCO3,
PO3-, HPO3 ™, AcO~, CI-, Br—, I, F, Cl03, S;037, 5,03, HSO3 were
investigated at the same test condition in order to validate the
specific affinity of 3HFF towards hydrogen sulfite (Fig. 3). There
was a clear fluorescence enhancement (14-fold) at 524 nm with
addition of HSO3 to 3HFF, but little fluorescence intensity changes
were observed with other anions, indicating the probe could be
utilized to selectively detect HSO3 without interference from other
anions.
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Fig. 5. '"H NMR spectra of 3HFF without (top) and with (40 equiv) HSO3 (base) in 2/3DMSO — dg + 1/3D,0.
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Fig. 6. Fluorescence emission spectra of 3HFF (10 uM) with AI** (500 uM) and
3HFF + HSO3 (10 uM + 400 uM) with various metal ions (500 uM) in DMSO-H,0
(2:8, v/v) solution (Zex = 345 nm).

Furthermore, competition experiments were conducted in
order to examine practical applicability of this sensor. As shown
in Fig. 4, the presence of other anions resulted in almost no distur-
bance with the determination of hydrogen sulfite in DMSO-H,0
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Fig. 7. Fluorescence emission spectra of 3HFF (10puM), 3HFF+HSO3
(10 uM + 400 puM) and 3HF (10 uM) in the presence of A** (500 uM) in DMSO-
H,0 (2:8, v/v) solution (Zex = 345 nm).

(2:8, v/v) solution which indicated that 3HFF was feasible for
practical.

To exam the effect of pH on the fluorescence properties, the flu-
orimetric titration in the absence and presence of hydrogen sulfite
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was investigated in different pH solutions. As shown in Fig. S5, the
fluorescence signals of 3HFF at 524 nm were quite weak and the
changes were minor in the pH range from 2 to 10. Meanwhile,
the fluorescence intensity of the 3HFF + HSO3 system increased
sharply from pH 2.0 to 4.0 and decreased at pH values above 7.0,
but maintained relatively invariable from 4.0 to 7.0. Considering
practical application, a pH 7.0 solution was selected for the analyt-
ical system in subsequent experiments.

The increase of fluorescence at 407 nm and 524 nm is also
explained. The fluorescence quenching due to a possible charge
transfer from the flavonol HOMO to the aldehyde carbonyl LUMO
in 3HFF is depressed in the 3HFF + HSO3 system, where the sp?
hybrid carbonyl is transformed to an sp> hybrid carbon owing to
the addition reaction of aldehyde.

To further analyze the reaction pathway, 'H NMR titrations
were carried out in 2/3DMSO-dg + 1/3D,0. 'H NMR spectra of
3HFF before and after treatment with 40 equiv of HSO3 are shown
in Fig. 5. The proton signal of § 10.08 could be assigned to the alde-
hyde proton and the signal was shifted to 5.25 after the addition of

Wavelength (nm)

Fig. 10. UV-vis spectral changes of 3HFF + HSO3 system (10 uM + 400 pM) as a
function of AI>* in DMSO-H,0 (2:8, v/v) solution.

HSOs3. The proton signals of the phenol group at 7.47-8.72 were
shifted to 7.24-8.24. These results are attributed to the nucle-
ophilic addition of the probe’s formyl group to the bisulfate ion.

Now, 3HFF and the 3HFF + HSO3 system would be expected to
serve as a probe for the sensing of some metal ions because several
binding sites exist for coordination. With this in mind, a series of
metal ions including Na*, Ca%*, Cu?*, Mg?*, AI>*, Ba?*, Zn?*, Cd**,
Co?*, Mn?*, Ag*, Fe**, Pb?*, K* and Ni** were added to the 3HFF
and 3HFF + HSO3~ system, respectively. To our surprise, the addi-
tion of AI>* to 3HFF + HSO3 system leaded to a dramatic enhance-
ment of fluorescence intensity at about 453 nm and other metal
ions induced almost no fluorescence increase. However, only a
slight change was observed with the addition of AI>* to 3HFF solu-
tion (Fig. 6).

In order to explain the difference in emission spectrum caused
by AI**, 3-hydroxyflavone (3HF) was synthesized and the fluores-
cence spectrum response to Al’* was examined in DMSO-H,0
(2:8, v/v) solution. The results show that 3HF has a similar



S. Xu et al. /Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 149 (2015) 208-215 213

8000
7000 a "
6000
5000
4000
3000

Intensity

2000{ o
1000}s°

0 10 20 30 40 50

[APHVBHFF + HSO3]

Fluorescent Intensity
B
o
o
o
)

— T T T T T T —
400 425 450 475 500 525 550 575
Wavelength (nm)

Fig. 11. Fluorescence titration spectra of 3HFF + HSO3 (10 uM + 400 uM) upon the
addition of 0-50 equiv of AI>* in DMSO-H,0 (2:8, v/v) solution (/ex = 345 nm) Inset:
the relationship between the concentration of AI** and emission intensity at
453 nm.

response with 3HFF + HSO3 system towards Al** (Fig. 7). The fluo-
rescence intensity of 3HF appearing at about 453 nm can be attrib-
uted to the formation of the complex with AI** [29], which blocks
the ESIPT process and results in quenching of the T emission.

However, the aldehyde group which functions as an electron
acceptor in 3HFF may cause electron transfer from the AI** com-
plex and lead to the slight change in fluorescence intensity. The
interaction mechanism between 3HFF and AI** was also studied
by performing '"H NMR titration (Fig. 8). When HSO3 was added
to 3HFF, the aldehyde group was deconjugated from the flavonol
moiety and a significant enhancement in fluorescence emission
intensity at about 453 nm was observed after the further addition
of AI>* to 3HFF + HSO3 system. The absorption responses of 3HFF
with relay recognition of HSO3 and AI** were also carried out
(Fig. 9). All these data indicate that 3HFF can be served as a specific
probe to detect HSO3 and AI** with sequence specificity in the
same media.

Sensing properties of 3HFF + HSO3 system toward AP*

Spectroscopic investigations of 3HFF + HSO3 system and 3HF
with AI®* were carried out in DMSO-H,0 (2:8, v/v) solution.

The UV-vis titration of 3HFF + HSO3 system in the presence of
different concentration of AI>* was recorded (Fig. 10). Upon intro-
duction of AI** to the solution, the absorbance bands at about
345 nm gradually decrease and shift to 400 nm. Meanwhile, one
isosbestic point at 368 nm is observed which prove the existence
of only two absorbing species in equilibrium.

In order to study the fluorescence-sensing behavior of
3HFF + HSO35 system with AI**, a quantitative investigation was
carried out by fluorescence titration in DMSO-H,0 (2:8, v/v) solu-
tion (Fig. 11). Upon addition of AI**, the fluorescence intensity of
3HFF + HSO3 system at about 453 nm is increased 177-fold with

Scheme 2. Proposed binding model of 3HFF + HSO3 system with AI**.

a high fluorescence quantum yield (& =0.34407). The linear
response range cover a concentration range of Al** ions from 5 to
100 uM, R =0.991 (Fig. S6). According to IUPAC, the detection limit
of 3HFF + HSO3 system for Al is calculated as 0.521 pM and the
relative standard deviation is 8.11 for 3HFF+ HSO3 system
(10 uM + 400 puM). The possible binding mode of 3HFF + HSO3 sys-
tem and Al is also presented in Scheme 2.

Time course for the change in the fluorescence intensities of
3HFF + HSO3 system in the presence of 50 equiv and 15 equiv of
AIP* was also studied in the neutral aqueous conditions (Fig. 12).
Before the tests, 40 equiv of HSO3 was added to 3HFF and the mix-
ture was shook for 10 min. As we can see, the fluorescence inten-
sity reaches the maximum value within 8 min. It reveals that
3HFF + HSO3 system detect AI** rapidly and can be used to monitor
AI** in real time.

To further check the practical applicability of this sensor, the
competition experiments were also measured by addition of 50
equiv of AI** to 3HFF + HSO3 system in the presence of 250 equiv
of other cations. As shown in Fig. 13, the fluorescence enhance-
ment caused by AI** is not disturbed by Co?*, Ni*, Zn?*, Cd**,
Na*, K*, Mg?*, Ca?*, Ag*, Cr*" and Pb?* except Cu?*, Mn?" which

3HFF + HSO3™ + 50 equiv AP

3+

3HFF + HSO3™ + 15 equiv Al

I453

2500 —— T 7—
0 50 100 150 200 250 300 350 400 450 500
Timels

Fig. 12. Fluorometric traces for the reaction of 3HFF + HSO3 system with 50 equiv
and 15 equiv A** in DMSO-H,0 (2:8, v/v, pH = 7).

Fluorescence Intensity

xxfl"‘r‘:‘q:‘,bx xxrﬁ‘xx X aX o

Fig. 13. Competitive selectivity of 3HFF + HSO3 system (10 uM + 400 uM) (labeled
as L) toward APP* (500 pM) in the presence of various anions (0.25 mM).
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Fig. 15. Fluorescence titration spectra of 3HF (10 uM) upon the addition of 0-50
equiv of AI** in DMSO-H,0 (2:8, v/v) solution (Jex = 345 nm).

somewhat inhibit the interaction between the 3HFF + HSO3 system
and A",

Detection of HSO3 and AP* in water sample

As already indicated, it is necessary to monitor the level of HSO3
and A** in water samples as they may contaminate water sources.
3HFF was employed to determine HSO3 and AI** concentrations in
water samples from Xiang River and YueLu spring (Tables S1 and
S2). The results show that HSO3 and AI** can be detected with good
recovery in the water samples. It also means that the relay recog-
nition concept from HSO3 to AI** is feasible in water samples.

Absorption and fluorescence studies of 3HF toward AP*

The UV-vis titration of 3HF was recorded upon the addition of
different concentrations of AI** in DMSO-H,0 (2:8, v/v) solution
(Fig. 14). With the increase of AI**, the absorption peak at
346 nm gradually decreases while a new peak appears at

413 nm, which is consistent with the work of pioneer contributors
[29].
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Fig. 16. Fluorescence emission spectra of 3HF (10 uM) in the presence of various

metal ions (500 uM) in DMSO-H,0 (2:8, v/v) solution (Zex = 345 nm).
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Fig. 17. Competitive selectivity of 3HF (10 uM) (labeled as L;) toward AI** (400 uM)
in the presence of various anions (0.2 mM).

To study the fluorescence-sensing behavior of 3HF, a quantita-
tive fluorescent titration of 3HF with AI** was also carried out
(Fig. 15). Upon an enhancement in the concentration of Al**, the
emission intensity is gradually increased at about 453 nm, which
contributes to the formation of the complex between 3HF and AI**.

Moreover, the selectivity of 3HF for various metal ions was
investigated in DMSO-H,0 (2:8, v/v) solution. As shown in
Fig. 16, a clear fluorescence enhancement is observed with addi-
tion of AI**, but other metal ions such as Fe**, Zn?*, Cu®*, Co*’,
Ca%*, Mn?*, Mg?*, Ag", Na*, Cu®* and K" produce little fluorescence
intensity changes, indicating 3HF can be served as a selective fluo-
rescent chemosensor for AlI** without interference from other
metal ions.

To further test the feasibility of 3HF as a specific sensor for Al*,
competition experiments were carried out. As shown in Fig. 17,
except Fe>* and Cu?*, other metal ions exhibit no interference with
the detection of AI>*. Thus, 3HF can be used as a selective fluores-
cent sensor for AI** in the presence of other competing metal ions.

Conclusion

In summary, anion to cation relay recognition has been pre-
sented and further displayed in the highly selective sensing of
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HSO3 and AIP*. There is a clear fluorescence enhancement (14-fold)
at about 524 nm with addition of HSO3 to 3HFF. Then, a blue-
shifted emission band is observed from 524 nm to 453 nm with
addition of AI>* to 3HFF + HSO3 system. The corresponding detec-
tion limits are 1.97 pM and 0.521 pM, respectively. In the course of
our research, 3HF was also successfully used as a reference sub-
stance to prove the process of relay recognition. A novel relay
recognition probe has realized sensing of HSO3 and AIP* with
sequence specificity and more applications of this efficient strategy
might be found based on this concept.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.saa.2015.04.072.
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