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A novel fluorescent probe XDS based on 4-methylumbelliferone and 2-picolylamine platforms has been
designed and synthesized, which behaves fast relay recognition of Fe3* and PO3~ via a fluorescence
“on—off—on” response signal. Probe XDS exhibited very high sensitivity and unique selectivity for Fe3*
over other common metal ions, and the detection limit of was 3.2 x 1077 M. Moreover, the addition of
the PO7 ™~ ions could cause the recovery of fluorescence. This relay recognition feature of probe XDS has

potential applications in the determination of trace amount of Fe3* and PO}~ in environmental systems.
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Interestingly, fluorescence imaging experiments demonstrated that the probe XDS can also be used to
monitoring the intracellular Fe>* in RAMOS cells.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The design and development of chemosensors for the recogni-
tion of cations and anions have attracted noticeable attention due
to their important roles in the wide range of environmental, clin-
ical, and biological systems.'* With the comparisons to other
instrumental methods such as inductively coupled plasma atomic
emission or mass spectroscopy (TCP-AES, ICP-MS), atomic absorp-
tion spectroscopy (AAS), electro-chemical methods, etc,”!! fluo-
rescent detections have more practical value for sensing and
detecting trace amounts ions owing to its favorable superiorities
including non-destructive character, high selectivity and sensi-
tivity, fast response and economical method for the detection
without any tedious sample pretreatment.'” 4

Therefore, considerable studies have concentrated on con-
struction of highly efficient and convenient ion probe using
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spectrophotometric and spectrofluorometric methods.'>'®

It is well known that iron is one of the most essential trace el-
ements in human body. It is an indispensable ion for most organ-
isms by exhibiting a crucial role in various biological and chemical
processes at the cellular level such as oxygen uptake, oxygen
metabolism, enzyme catalysis.” ' However, its deficiency or
excess may lead to hypoferremia or hyperferremia, accordingly. In
addition, it has recently been discovered that iron is another key
limiting factor for the primary productivity of phytoplankton be-
sides elemental nitrogen, phosphorus and silicon.’®?! In contrast,
phosphates and its derivatives (eg, adenosine triphosphate (ATP))
play a crucial role in signal transduction and energy storage in
biological systems.”>?> Phosphate anions are ubiquitous in bio-
logical systems and it plays vital functional roles in cell signaling,
membrane integrity, bone mineralization, muscle function and
other important biological processes.’*2® Unfortunately, only a
small number of fluorescent anion sensors can effectively distin-
guish F~, AcO™, phosphates and their derivatives.”’ >!

Thus, it is highly desirable to develop a highly selective and
sensitive analytical method for the detection of Fe>* and PO3~ for
further study of their physiological and pathophysiological
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functions in living organisms.

Herein, we have prepared a simple and efficient fluorescent
probe XDS based on 4-methylumbelliferone and 2-picolylamine
platforms for relay recognition of Fe** and PO3~. We chose
coumarin as the fluorescent group because of its good fluorescence
properties and water solubility. Meanwhile, as a recognition group,
2-aminomethylpyridine can provide the N atoms as excellent
coordinating site. Thus, we chose Chloroacetyl chloride as a linker
to effectively combine the 4-methylumbelliferone and 2-
picolylamine to form a compound XDS with strong fluorescence
emission. In this study, we also further investigated in detail the
fluorescence performances of the probe XDS. The investigated re-
sults demonstrated that the probe XDS exhibits high selectivity,
sensitivity and rapid fluorescence response to Fe3* ion over other
metal cations in aqueous solution. Moreover, we also explore
antion-sensing properties of the in situ-formed [XDS-Fe3*] com-
plexes in the aqueous environment and test trips. As anticipated,
the complex exhibited excellent properties for PO3~ detection ac-
cording to the strong binding capacity of PO3~ to Fe*. At the same
time, the performance of XDS for the fluorescence imaging in living
cells was also evaluated.

2. Experimental
2.1. Materials and instruments

Unless otherwise noted, all reagents and solvents employed for
synthesis were purchased from Aladdin Chemical Reagent Ltd., and
used without further purification. All the metal chlorate salts (A3,
Sr¥*, Lit, Cs*, Ca®*, cd®*, cr3t, Co?*, Cu®*Fe®*, Fe3* K+, Hg?™,
Mg?*, Mn?* Ni** Na*, Pb?* and Zn?*.) and all anionic sodium salt
(PO3~F-, CI-, Br-, 1,505, SCN, ClOz, CO3~, NO3, NOz, H,PO3,
HPOZ -, AcO ™ and CN™.) were purchased from Sinopharm Chemical
Reagent Ltd.,

TH NMR and *C NMR spectra were measured using an AVANCE
I 400 MHz spectrometer (Bruker, Switzerland). Mass spectra were
obtained using a Thermo LXQ Liquid chromatography ion trap mass
spectrometer (USA). Fluorescence measurements were taken at a
Cary Eclipse fluorescence spectrophotometer (Variance. LTD,
Australia). Absorption spectra were recorded with a UV-2450
UV—Vis spectrophotometer (Shimadzu, Japan) at room tempera-
ture. Cell experiments were applied on an inverted fluorescence
microscope (Leica DMI4000B, Germany).

2.2. Synthesis of XDS

2.2.1. Compound R: 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)
acetyl chloride

Chloroacetyl chloride (0.35 mL) was dissolved in dry CHCl; at
0 °C, and then added dropwise to a cooled stirred mixture of 4-
MethylpuMbelliferone (0.70 g, 4 mmol) and triethylamine (EtzN)
(0.3 mL) in CH,Cl, under N, within 1 h, After being stirred over
night at room temperature, the reaction mixture was quenched
with distilled water and then was extracted three times with 20 mL
of CH,Cl,. The combined organic layer was dried over anhydrous
NaS04 and removed under reduced pressure to obtain a white
solid product. The crude product was purified by recrystallization
from ethanol (methanol) to give analytically pure compound R
(0.93 g) in 93% yield.

2.2.2. Compound XDS: 4-methyl-2-oxo-2H-chromen-7-yl 2-
((pyridine-2-ylmethyl) amino )acetate

R (1.006 g, 4 mmol) was dissolved in anhydrous CH3CN and the
solution was added dropwise to a stirred mixture of 2-
aminomethylpyridine (0.86 g, 8 mmol), NaHCO3 (0.69 g),

K2CO3(1.1 g) and KI (1.3 g) at room temperature under N, over a
period of 30 min and the resulting mixture was stirred for an
additional 12 h. Then the resulting mixture was cooled to room
temperature, filtered over gravity and the solvent was removed
under reduced pressure to afford solid product, which was purified
by recrystallization from ethanol to get analytically pure compound
XDS (4-methyl-2-oxo-2H-chromen-7-yl 2-((pyridin-2-ylmethyl)
amino)acetate) (1.1 g) in 86% yield (Scheme 1). The product is
verified by 'H NMR, 3C NMR, MS (Figs. S1—3). 'TH NMR (400 MHz,
DMSO0): 6 = 8.87 (t,] = 5.7 Hz, 1H), 8.51 (d, ] = 4.5 Hz, 1H), 7.74 (dd,
J =12.8, 5.1 Hz, 2H), 7.35—7.21 (m, 2H), 7.09—6.97 (m, 2H), 6.24 (s,
1H), 4.75 (s, 2H), 446 (d, ] = 5.9 Hz, 2H), 2.37 (d, ] = 29.8 Hz, 3H)
ppm; 3C NMR (101 MHz, DMSO): 6 = 40.62, 40.41, 40.20, 39.89,
39.75, 39.58, 39.37,18.61 ppm.
MS: [M + HJ calcd for C1gH1604N5: 325.33, found: 325.60.

2.3. Fluorescence spectroscopy

Unless otherwise noted, materials were of analytical grade from
commercial suppliers and were used without further purification.
Deionized water was used throughout all experiments.

Stock solutions (10 mM) of the various anions of F~, CI7, Br—, I,
S03~, SCN™, Cl0z, CO3~, NO3, HoPOgz, HPO3~, NO3, AcO “and CN~ in
deionized water, were prepared. Stock solutions (10 mM) of various
metal ions were prepared from NaCl, CsCl, PbCly, CoCly, ZnCly,
CUClz. NiClz, HgClz, CdClz, Cl‘Clg, FeClz,FeCl3, LiCl, MgClz, CaClz, A1C13'
SrCl, and MnCl,.

Stock solution of probe XDS (1 mM) was also prepared in
deionized water and diluted to prepare the analytical solution
(10 uM). For fluorescence measurements, both the excitation and
emission slit widths were 5 nm. The excitation wavelength was set
at 320 nm.

2.4. Cell culture and imaging studies

The RAMOS cells (Human B lymphocyte tumor cells) were
seeded on a 24-well plate and were incubated in medium (sup-
plementing with RPMI 1640, 10% FBS) at 37 °C for 24 h. Subse-
quently, the cells were incubated with 20 pM of probe XDS at 37° C
for 0.5 h and then washing with three times to remove the
remaining probe XDS. The cells were then incubated with
Fe3*(20 pM) at 37° C for an additional 0.5 h, then 20 uM of PO3~
were added and incubated for another 0.5 h. The treated cells were
rinsed three times with buffered saline. The cell imaging in
different stages were obtained by an inverted fluorescence
microscope.

2.5. Computational methodology

The density functional theory (DFT) calculations were perused
to get the theoretical aspects of the coordinating mode of the probe
XDS and Fe3*. The DFT optimizations of probe XDS and XDS-Fe3*
complex were carried out using the Gaussian 09 program,*? in
which the B3LYP function was used. The 6-311 + G* and LanL2DZ
basis sets were used for the probe XDS and the metal ions,
respectively.> Besides, the distribution of electronic clouds on both
HOMO and LUMO of probe XDS and XDS-Fe3* complex were also
studied.

3. Results and discussion

3.1. Fluorescence characterization and selectivity of XDS toward
Fe3+

The effect of metal ions on the fluorescence properties of XDS
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Scheme 1. Synthesis of probe XDS.

was investigated through the naked eye detection in aqueous so-
lution. As shown in Fig. 1, only the mixture of XDS and Fe** showed
a fluorescence quenching phenomenon, the emission color change
from blue to colorless can be clearly observed in the presence of
Fe** under UV irradiation (365 nm), while no significant emission
color change can be induce by the addition of other metal ions.

Additionally, the response of the probe XDS toward different
metal ions was evaluated for affinity toward metal ions through
naked eye in the further investigation, another interesting phe-
nomenon was found that the addition of Fe3* not only caused
obvious fluorescence change of the probe solution but also a slight
color change from colorless to yellow, while no change in color was
observed with the addition of other metal ions (Fig. S4).

In the subsequent fluorescence studies, the fluorescence prop-
erties of the mixture of XDS and Fe3* were therefore carried out in
aqueous solution by fluorescence spectrophotometer. As can be
seen from Fig. 2, the free XDS (10 uM) showed a degree of fluo-
rescence intensity with emission maxima around 380 nm, sur-
prisingly, a significant reduction in the fluorescence intensity was
observed by the addition of Fe**, while minor fluorescence changes
can be noticed in the presence of other metal ions. The results
indicated that XDS can response to Fe3* with high specifity by
obvious fluorescence quenching due to the formation of a new
complex between XDS and Fe3*.

3.2. The stability of XDS and the respond time on sensing Fe>+

In order to evaluate the stability of XDS and [XDS-Fe3*], first,
XDS was irradiated under 365 nm for more than 60 min using the
LED source while the fluorescence intensity was investigated by the
fluorescence spectrophotometer. Fig. S5 shown that no apparent
fluorescence intensity change was observed during this period,
which suggested XDS is very stable. Thereafter, once 20 equivalents
of Fe3" solution was added to the XDS solution, the fluorescence
intensity sharply decreased. The fluorescence signal is then main-
tained at a steady level for more than 60 min. These results indi-
cated evidently that both of XDS and [XDS-Fe>*] complex are very
stable under the test conditions.

The response time is an extremely important factor in
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Fig. 2. The fluorescence characterization of XDS and metal ions: the fluorescence
response of XDS (10 uM) by mixing with different metal ions (10 equiv.) in aqueous
solution.

characterizing the performance of the fluorescence probe, thus the
effect of the respond time on fluorescence intensity of this system
was also calculated by an experimental determination of the re-
action rate constant in aqueous solution. As shown in Fig. 3a, we
concluded that the complexation reaction of XDS and Fe>* belongs
to the zero-order reaction. It is generally known that the zero-order
reaction rate is independent of the reactant concentration. To
provide a complete combination with the probe, we used 10 eq. of
Fe** ions in previous experiments. We also calculated its complete
reaction time of about 100 s from its linear equation, less than
2 min. The further experimental results displayed that the fluo-
rescence intensity of XDS was quenched rapidly, reaching a stable
value within 2 min after the addition of Fe>* to XDS. This phe-
nomenon proved evidently that the interaction between XDS and

XDS Al¥* Cr3* Fe’* Ca?* Cd** Co?* Cu?' Fe? Mg?* Mn?* Sr** Zn?* Pb?* Hg?* Ni** Cs* K |Li*
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Fig. 1. The luminescence change of the mixture of XDS (20 pM) and various metal ions (10 equiv.) under the UV lamp (A = 365 nm).
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Fig. 3. (a) The determination of the reaction rate constant of the complexation reaction of XDS and Fe3*; (b) Fluorescence quenching profile of addition Fe>* (10 equiv.) to XDS

(10 uM) in aqueous solution from 1 to 60 min.

Fe>* can occur directly at room temperature with excellent sensi-
tivity. The rapid, stable complexation provided XDS a potential
utility for an on-site rapid detection method for monitoring Fe>* by
portable device in field.

3.3. Fluorescence titration

In order to further evaluate the response properties of probe
XDS to Fe**, fluorescence titration experiments with incremental
addition of a solution of Fe>* ions were performed. It can be seen
from Fig. 4, fluorescence intensity was gradually weakened with
the increasing the concentration of Fe>*. As Fig. S6 shown, a good
liner relationship (R = 0.989) was noted between (Fo-F) and [Fe3*]
at Fe3* concentration from 1 uM to 10 uM. The detection limit was
calculated to be 3.2 x 10~ M (L = 3 o/K, K = 1.49 x 107, ¢ = 1.58),
much lower than most of the reported in literature. The job's plot
revealed 1:1 stoichiometry for the binding between XDS and Fe>*
(Fig. 5). The association constant of XDS with Fe3* in aqueous so-
lution was accordingly calculated to be 1.895 x 10* M ~! (Fig. S7).
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Fig. 4. Fluorescence spectra of probe XDS in 100% aqueous solution upon the addition
of Fe** ions (Ex = 320 nm).
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Fig. 5. Job's plot of XDS and Fe3*, which indicated that the stoichiometry of the XDS-
Fe3* complex is 1:1.

On the other hand, it must be noted that the probe XDS
possessed a large advantage over most reported fluorescent probes.
The probe XDS can show the excellent determination for Fe3* in
pure water solution, and most of the previously reported fluores-
cent probes can only be applied in pure organic>®>” or the organic
solvent modified water solution.>*>3~#4 The comparisons about the
detection limit, linearity range and detection media between the
present method and those reported in literature were shown in
Table 1.

In addition, in order to check the stability and repeatability of
the quantitative determination of Fe>*, we repeated the test for 26
times in 4 days. Our results suggested the established method is
very stable for Fe** determination with RSD of 2.2% (Fig. S8).

3.4. Competition experiments with other metal ions

Selectivity or anti-interference ability is a very important factor
in the evaluation of fluorescent probes or sensors. It determines
whether the probe or sensor can be performed to an actual sample
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Table 1

Comparison of the detection limit, detection media and response time for Fe** between the present method and those reported in literature.
Probes Detection limit (uM) Detection media Response time References
Rhodamine derivatives 0.396 MeOH/H,0 (1/1) 200 min 34
Rhodamine derivatives 20 CH3CN/H,0 30 min 35
Rhodamine derivatives 5 MeOH - 37
Fluorescent dye 0.469 DMF/H,0 (2/3) - 38
Rhodamine derivatives 0.105 CH30H/H,0 (4/6) 1 min 39
Ratiometric fluorescent 2 DMSO/H,0 (1/99) - 40
Pyrene derivatives 2.5 CH30H/H,0 (6/4) - 42
Rhodamine derivatives 22 MeOH/H,0 (1/9) - a3
Polypyrrole nanowires 2 EtOH/H,0 - 44
Rhodamine derivatives 15 Aqueous 10 min 45
Silver nanoclusters 0.12 Aqueous 10 min 46
Rhodamine derivatives 0.3 Aqueous - 47
XDS 0.32 Aqueous 2 min This study

with a complex matrix. To further investigate the selectivity of XDS
to Fe3* against other metal ions, competition experiments were
therefore carried out, where the probe was first treated with 10 eq.
of various metal ions respectively, including Hg>*, AP, Sr>*,Cs™,
Ca?*, Cd**, Co?*, Cr**, Cu®t, Fe?*, Lit, KT, Mg?t, Mn?*, Ni?*, Pb?",
Na* and Zn?*, followed by adding 10 eq. of Fe>* ions. As shown in
Fig. 2, the fluorescence intensities of these mixtures were almost as
same as that of free XDS solution with the minor significant change.
However, a noticeable fluorescence quenching has occurred obvi-
ously with the addition of Fe>* into the above mixed solutions of
XDS and the competitive metal ions (Fig. 6a).

Meanwhile, in order to check the ability of using XDS as a
practical ion selective fluorescent chemosensor for Fe** in real
complicated samples, we also investigated the interference of
mixed 18-reference metal ions on the interaction between XDS and
Fe>*. In this experiment, XDS aqueous solution (10 tM) was treated
with 10 eq. of 18 reference metal ions, the concentration of each
metal ion was 100 pM. As expected, the fluorescence of XDS solu-
tion with the presence of the mixture of 18 metal ions showed
almost no obvious change (Fig. 6b, yellow line). In contrast, the
fluorescence reduced greatly when Fe3* solution was added into
the above mixture (Fig. 6b, red line), which revealed that Fe3*
displays an effective fluorescence quenching effect to XDS. From
these distinct observations, it is confirmed that XDS can be used as
a practical ion selective fluorescent probe for Fe3* detection in the
presence of most competing metal ions.

3.5. Effect of pH

In addition, in order to explore the effect of pH value on the
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fluorescence of XDS and [XDS-Fe3*], we also carried out those ex-
periments in a series of solutions with pH ranging from pH 2 to 12
maintained by the respective buffers.

The results are shown in Fig. 7, as can be seen that the emission
behavior of sensor XDS almost remained constant in the pH range
4.0—7.0. However, the fluorescence intensity of the sensor
decreased and slightly increased when the pH value of solution is
below 4.0 and above 8.0 due to protonation and deprotonation of
urea —NH function, respectively. Similarly, upon the addition of
Fe** (10 equiv.), the fluorescence intensity was slightly increased
by the pH value in pH > 8 solution (Fig. 7 red spot). This is possibly
attributed to the hydrolysis reaction of Fe>* when pH value is above
9. Thus, the investigated results demonstrated that sensor XDS is
suitable for the detection of Fe** in the pH range from 4.0 to 7.0.

3.6. Competition experiments with common anions

Considering practical application, we have not only discussed
the interference of common metal ions on the detection of XDS
towards Fe>*, but also investigated the fluorescence signal
response of probe XDS toward Fe** in the presence of various
coexistent anions such as F~, CI~, Br, I, SO3~, SCN™, ClOz, PO3~,
H,POz, HPOZ~, CO3~, NO3, NO?~, AcO ~ and CN. Interestingly, a
remarkable fluorescence recovery from colorless to blue can be
clearly noted with the addition of 10 equiv. of PO3~ to the [XDS-
Fe**] complex. At the same time, a minor fluorescence recovery of
the XDS-Fe3* complex system can be noticed with the addition of
H,POZ. However, its effect on the fluorescence recovery of the XDS-
Fe>* complex system is minimal compared to PO3(Fig. 8).

As Fig. 9a shown, an intense fluorescence emission at 378 nm

1000 - Blank
—— XDS+19M]|
—— XDS+Fe’’
XDS+18M]|
800 F
-
=
< 600
N—"
>
i
=
w
S 00}
=
=)
P
200 -
. . . :
350 400 450 500

Wavelength(nm)

Fig. 6. Fluorescence intensity for probe XDS (10 M) with Fe** in the presence of single competitive metal ions (a); Fluorescence intensity for probe XDS (10 uM) with Fe** in the

presence of mixed competitive metal ions (b); Ex = 320 nm.
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was observed when excited at 320 nm with the addition of POz~
and a weak fluorescence emission recovery of the XDS-Fe>* com-
plex system can be noticed with the addition of HoPOz. In contrast,
no significant response was observed when the [XDS-Fe>*] com-
plex was mixed with 10 equiv. of the other various anions of F~, Cl~,
Br, 17,503, SCN-, ClOz, CO3~, NO3, NO?~, HPOZ, AcO ~and CN~
respectively. The selective recognition of [XDS-Fe3*] complex to-
wards PO3~ was hardly affected by these commonly coexistent
anions (Fig. 9b). These experimental results indicated that the
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Fig. 10. Fluorescence spectra of [XDS-Fe>*] complex (10 uM) upon the progressive
addition of PO3~ in various concentration ranges.

[XDS-Fe3+] complex can function as a fluorescent probe for PO3~
via a fluorescence “turn-on” mechanism.

The fluorescence titrations of PO3~ were also conducted using a
10 pM solution of [XDS-Fe>*] complex (10 uM + 10 pM) in aqueous
solution upon progressive addition of POz~ in various concentra-
tion ranges to the solution. An obvious increase in the fluorescence
intensity at 378 nm was observed when excited at 320 nm (Fig. 10).
Further increase in the concentration of PO3~ (>10 pM) led to no
further fluorescence increase (Fig. 10, inset), which clearly
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b

Fig. 8. The luminescence change of the mixture of [XDS-Fe>*] (10 uM) and various anions (10 equiv.) under the UV lamp (A = 365 nm).

a [XDS-Fe>T]+P0>"

800 -

[XDS-Fe3*]+H,PO,”

Intensity (a.u.)

XDS-Fc3+]+Othcr various anions

480

Wavelength (nm)

b B Other anions
900 | =0,
[
=
< 600
N
>
2
=
0
=}
O
2
RS
300 |
0

XDS Blank F* SCN” NO3™ S0,% ' HPO, CN™ CIO,” B HPO,> ¢T” CO3* NOy™ AcO”
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(Ex = 320 nm).
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demonstrated a 1:1 stoichiometry between the [XDS-Fe3*] com-
plex and PO~ .Based on the fluorescence titration data (Fig. 10), we
calculated the detection limit is 8.0 x 1077 M.

It is also noteworthy that POz~ induced emission characteristics,
which are almost identical to XDS in the absence of any guest
species, suggest that the observed fluorescence response should be
derived from the regeneration of the acceptor XDS, possibly due to
a reduction of Fe3* to FePO, to regenerate the XDS. It is generally
known that the FePO4 (Ksp = 1.3 x 10722) is indissoluble in aqueous
solutions.*® In the further investigations, we also found that the

addition of PO3~ could induce the flocculent precipitation in the
high concentration experiments, the results are shown in Fig. S9.
The addition of PO?;’ could also cause the fluorescence recovery of
[XDS-Fe**] complex system, and the fluorescence of the system
could quench again with the addition of Fe** ions. These phe-
nomena further confirmed that the binding capacity of PO3~ to Fe>*
is stronger than that of the probe XDS. Thus, it is reasonable to
surmise that the bound Fe>* in [XDS-Fe**] complex can be sepa-
rated by PO3~. The orthophosphate (PO3~) anion can induce the
precipitation of ferric ion with the regeneration of the probe XDS.

As shown in Fig. 11, the addition of 10 equiv of PO}~ to the so-
lution containing XDS (10 pM) and Fe3* (10 equiv.) immediately
restored the emission to the original level of XDS. The alternate
additions of Fe3* and PO3~ to the probe XDS solution caused the
obvious changes in the fluorescence intensity. This “on-off-on”
switching process could be repeated several times with little
fluorescent efficiency loss.

Upon the addition of PO3~, the recovery of fluorescence was
observed with short response time. These results clearly revealed
that XDS-Fe>* can serve as a relay probe to detect phosphate (PO3")
anion with high selectivity and sensitivity in pure water.

3.7. Quantum mechanical calculations

The optimized structures of probe XDS and XDS-Fe3* complex
were shown in Fig. 12, The results showed that metal ions and
probe XDS are combined with a ratio of 1:1 and the Fe3* jon was
chelated through three coordination sites, which is pyridine ni-
trogen, amino nitrogen and oxygen atoms of coumarin and the
bond length are 1.96161 A, 1.75464 A, and 2.07515 A. The UV
spectrum of XDS-Fe** complex has also been made by time-
dependent density functional method (TD-DFT). The solvation
model is Polarizable Continuum Model (PCM) and water as the
solvent. As shown in Fig. 13, the theory maximum absorption
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Fig. 13. (a) The UV—Vis spectra of XDS-Fe>* complex at the B3LYP/LanL2DZ level of theory; (b) the UV—Vis spectra of XDS-Fe** complex in aqueous solution, the corresponding

molar extinction coefficient (¢ = Afbc) is 3.33 x 10% L mol~! cm~.
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Fig. 15. Photographs of the test strips with XDS (10~> mol/L) for the detection of Fe>*
in the aqueous solution with different concentrations.

Fig. 16. Photographs of the test strips with [XDS-Fe**] (10 uM) for the detection of
P03~ in aqueous solution. (A—C): XDS, XDS + Fe3*, [XDS-Fe**] + PO} .

wavelength (Amax) is 305 nm. There is a negligible error to the
experimental value (Apax = 308 nm). The UV—vis absorption

spectrum obtained by theoretical calculations is indeed strikingly
similar to the experimentally measured spectra, which is beyond
our expectation.

The frontier molecular orbital and energy level of the free XDS
and the XDS-Fe>* complex were shown in Fig. 14. For free XDS, the
localized charge density of HOMO of free XDS localized on the
pyridine group end and the LUMO is localized on the coumarin
group. There is an obvious intramolecular charge transfer and the
fluorescence being emitted from the coumarin group, consistent
with our experimental observations. But the molecular orbital
structure of XDS-Fe3+ complex is distinctly different from that of
XDS. The charge density of the HOMO of XDS-Fe* complex is
localized on coumarin group and the LUMO is mainly localized on
the metal ions and nearby groups. The introduction of Fe>* ions has
destroyed the original charge transfer mode. The change of elec-
tronic structure led to the change of optical properties. In addition,
the paramagnetic and unfilled d-orbital of the Fe>* jons are other
reasons for fluorescence quenching.*’

3.8. Determinations in test strips

To investigate the practical application of probe XDS, test strips
were prepared by immersing a silica gel plate into solutions of XDS
(10 uM), and then drying in air. The test strips containing probe XDS
were used to sense iron ions. For the iron ion solution, different test
strips were immersed for 10 s, and then a noticeable emission color
change was observed under UV lamp (365 nm). As the iron ion
concentration increased, the fluorescence quenched gradually
(Fig. 15). However, an apparent fluorescence recovery from color-
less to blue can be noticed immediately when these test strips were
immersed into 10 pM of PO3~(Fig. 16). These results demonstrated a
cor;venient application of XDS for the relay recognition of Fe3* and
POz

3.9. Fluorescence imaging in RAMOS cells

In order to examine the ability of XDS to track the level of
intracellular Fe3* and PO3~, RAMOS cells were used for this
experiment. Firstly, the cells were incubated with probe XDS
(20 uM) for 30 min at 37 °C and then washed 3 times to remove
excess probe XDS. The Fig. 17a and b showed bright-field and
fluorescence images of RAMOS cells after treatment with XDS. The
cells loaded with XDS showed obvious fluorescence. 20 pM of Fe>*
were supplemented to the cells and the cells were incubated at
37 °C for another 30 min. The fluorescence from the intracellular
almost complete disappearance of fluorescence was observed in
Fig. 17c. Obvious changes of fluorescence indicated that probe XDS
is cell membrane permeable and capable of imaging of Fe3* in the
living cells. The cells then were incubated with PO3 (20 uM) for
another 30 min. The cells showed fluorescence recovered after the
addition of PO3~(Fig. 17d). The results suggested that the XDS can
be used for the detection of the level of intracellular Fe>* and PO3 .

Fig. 17. Fluorescence images of probe XDS in RAMOS cells: bright-field images (a) and fluorescence images of RAMOS cells incubat with probe XDS (b), 20 uM of Fe** (c), 20 uM of

Fe>* and 20 uM of PO3~ (d), respectively.
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4. Conclusion

In conclusion, we have designed and synthesized a novel fluo-
rescent probe XDS based on 4-methylumbelliferone and 2-
picolylamine platforms. It displayed high selectivity and sensi-
tivity for Fe3* in 100% aqueous solution with a significant fluores-
cence quenching effect to form [XDS-Fe3*] complex. The addition
of PO3~ could cause the recovery of fluorescence. So the [XDS-Fe>*]
complex could relay recognize the POz . This “on-off-on” switching
process could be repeated at several times and the detection of Fe>*
and PO3~ was not disrupted by the presence of other competing
ions. The low detection limit (0.32 pM) makes it possible to detect
trace amounts of iron ions. Also, probe XDS was successfully
applied in fluorescence imaging of living cells.
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