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Abstract:

In view of the few reports of the near-infrared ssive probe for fluorine ions,
we herein designed and synthesized a new easy-tmigimetric and near-infrared
emissive fluorescent probEXNR-F) with a large Stokes shift (>127 nm). Based on
specific F triggered desilylation reaction induced enhand&d &trategy involving
the donor phenolate anion and the acceptor malboilenihe probe exhibited dual
colorimetric and fluorescent turn-on responses, Eodided excellent selectivity for
fluoride ions. The fluorescent responae 665 nmdisplayed very good linear
relationship in the wide concentration range artlided a low detection limit of 0.09
ppm. The detection mechanism was confirmed'HyNMR, ESI-MS, and TLC
calculation. Moreover, probé&-NR-F has been successfully employed to detéat F

tap water, toothpaste samples, and fluorescentingay F in HeLa cells.
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1. Introduction

The smallest and most negative anionic, fluorime(fe), has been received great
attention as an important chemical component iramiggns and medical systems [1,
2]. Fluoride can be usually contacted through foadt, toothpaste, tea and
medicines[3]. The intake of trace amount fluorida mot only prevent dental caries
but help bone growth [4-6]. However, the World HleaOrganization (WHO)
recommends fluoride levels should be less thanppr in drinking water [7], and
excessive ingestion of fluoride is likely to cawd®@onic poisoning, including dental
fluorosis, bone fluorosis, metabolic dysfunctiondaumrolithiasis [8, 9].Therefore,
given these widespread applications ofnFdaily life and its special function in a
biological system, it has drawn greater attentiordéveloping highly efficient and
reliable methods for the detection and monitorih§ an drinking water as well as in
the biological system.

The traditional methods including ion-selective céledes [10], ion
chromatography [11] and colorimetry [12] have baead for detecting fluorine ions.
However, most of them couldn't be applied to detEctn a biological system.
Compared to these traditional methods, the fluemisprobe technique could achieve
easy, rapid and imaging in living cells and in viy©3-34]. Especially, the
near-infrared (NIR, 650-900nm) emissive fluorescgnbbe shows an excellent
imaging performance in this aspect because ofith&ng-wavelength photons often
perform a lower environmentally-induced light sesdtig, less interference from

endogenous chromophores, and less photodamaged[3f4recent years, several



NIR fluorescent probes have been developed faletection. However, most of them
have small Stokes shifts(<35 nm) [41, 42], whichyrhiit their further application
in biosamples and decrease the detection sengiti’/iprobe to some degree because
of the interference from excitation source with thelf-absorption” effect [43]. Thus,
it remains attractive to develop NIR fluorophoresni common raw materials with
large Stokes shifts.

On the other hand, at present, most of the repditesescence probes have
widely applied the two main strategies to detect(Table S1 and Fig. S1): a)
hydrogen bonding interaction between &nd OH group/NH group; b) Lewis
acid\base interaction [44-55]. However, sincésRhe most electronegative anion and
has strong hydration, the hydrogen bonding strateguld make the detecting
process be largely hampered in protic solvent amddconly be detected in a pure
solvent or high content organic solvent that ishifat to cells [56]. For probes based
on Lewis acid/base interaction, they could morniliworide in drinking water, and this
strategy mainly includes fluorine-boron complexati¢57-60] and desilylation
reaction [61, 62]. Nevertheless, the fluorine-bocomplexation is unstable and high
cell toxicity [63] while the fluoride-triggered dégdation reaction relative to
fluorine-boron complexation has had wide applicaiio cell imaging and provides a
specific irreversible recognition site due to theosg affinity between fluorine ion
and silicon, thereby performing an excellent selégt[64-67]. However, some of the
probes based on desilylation reaction are stiljesutio the restriction for their short

wavelength (UV-Vis light range) emission peak besauhey would suffer the



interference from endogenous chromophores andvel&rge photodamage to the
biological system compared to NIR fluorescent psola8-70].

Therefore, in order to solve the problem producegdtlie short-wavelength
emission peak and achieve NIR fluorescent imaginipe cell, we proposed a novel
NIR emissive fluorescence probES(NR-F, Scheme 1B) by incorporating with a
hydroxyl-functionalized dicyanoisophorone derivatisnd a tert-butyldimethylsilyl
(TBDMS) group as the trigger moiety. To test théuence of the malononitrile
group inl S-NR-F on the recognition of Fa control probéS-F (Scheme 1Alack of
malononitrilegroup was also synthesized and tested in paraltél Mé-NR-F for
their sensing ability to ‘FFortunately, as shown Bcheme 1, this strategy not only
achieved the satisfactory NIR fluorescence arow&lréim with a remarkable Stokes
shift =127 nm) in the existence of,Andl S-NR-F was used to monitor n living
cells successfully. Moreover, the probe displaydovadetection limit of 0.09 ppm
and could be used for colorimetric detection oinFactual water samples and kinds
of toothpaste with an excellent selectivity evethie presence of various cations and

anions.
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Scheme 1 The proposed sensing mechanism of pi@E(A) andl S-NR-F (B) for F
recognition

2. Experimental
2.1. Material and methods

All chemicals (solvents, reagents and metal saligye analytical grade,
purchased from Aladdin (Shanghai, China) and uséutbwt further purification. The
probe IS F and IS\NR-F were dissolved in analytical grade DMSO for a ktoc
solution (1 mM). The solution of anions (FCI, PQY, SQ*, SQ?, Ac, CO7,
HCOs, NO,, NOs, &, Br, I', ClO) and cations (AT, Hg'", Mn**, K*, zr?*, B&",
Mg**, Cr, c&*, PE*, Ag', FE', Ni**, C/") were prepared by dissolving their
sodium salt and nitrates in deionized water, rebypedy.

The UV-vis spectra were recorded through a Hita¢t8900 spectrophotometer
(made in Tokyo, Japan). Fluorescent spectra werasuaned in a Hitachi F-7000
spectrophotometer (made in Tokyo, Japan) in a fjeantz cell. ThéH NMR spectra
were acquired on a Bruker 400 MHz spectrophotom(@bexde in Bruker, Germany)

in deuterated dimethyl sulfoxide (DMSQ}dwith tetramethylsilane as an internal



standard. The HR-MS was obtained on Alliance e2B@RUITY QDa (made in
Waters, America) and LCMS-IT-TOF instrument (madé&himadzu, Japan). The pH
was performed on a model pHs-3C digital pH/mV méteade in Shanghai, China).
The cell fluorescent images were performed by a ODB2inverted fluorescent
microscope (made in Nikon, Japan).

2.2. Synthesis and characterization

The detailed synthetic procedure of prdiseF and I S-NR-F were outlined in
Scheme 2.

Synthesis of SOH: To a mixture solution o& (Isophorone) (1.38 g, 10 mmol)
and p-hydroxybenzaldehyde (1.22 g, 10 mmol) in kidedtOH (20 mL) was added
EtONa (2.57 g, 15 mmol). The mixture was refluxed 3 h, then 5 mL water was
added to quench the reactidine solvent was removed Bgcuumrotary evaporation.
Finally, the crude product was purified by silical gpetroleum ether/ethyl acetate =
6:1, v/v) to givel SSOH as an orange solid (1.08 g, 44.6 % yield)NMR (400 MHz,
DMSO-a;, Fig. S2)5 (ppm) 9.81 (s, 1H), 7.50-7.48 (d, J = 8.0 Hz, 2H),2-7.08 (d,
J =16.0 Hz, 1H), 6.97-6.93 (d, J = 16.0 Hz, 1H$266.80 (d, J = 8.0 Hz, 2H), 6.01 (s,
1H), 2.53 (s, 2H), 2.24 (s, 2H), 1.06 (s, 6HC NMR (400 MHz, DMSO-¢| Fig. S3):
0 199.28, 159.02, 156.11, 135.71, 129.51, 127.66,62 125.51, 116.19, 51.40,
38.61, 33.44, 28.48. HR-MS (Fig. S4): m/z (%): @#ted for GeH150,, 242.1307,
found 265.1190 [M+Nal.

Synthesis of ISF: To a solution of ISOH (121 mg, 0.5 mmol) in

dichloromethane (12 mL) and4t (138ulL, 1 mmol), tert-butyldimethylsilyl chloride



(150.7 mg, 1 mmol) dissolved with 4 mL dichloronmatike was added dropwise at O
°C. The mixture was stirred at room temperaturelfbhours. Then, the solvent was
removed under reduced pressure. The resultinguesids purified by silica gel flash
chromatography (eluted with petroleum ether/diattoethane = 3:1, v/v) to afford
the desired product as a yellow solid (106 mg, 39.§ield). 'H NMR (400 MHz,
DMSO-a;, Fig. S5)5 (ppm): 7.57-7.55 (d, J = 8.0 Hz, 2H), 7.16-7.12X& 16.0 Hz,
1H), 7.04-7.00 (d, J = 16.0 Hz, 1H), 6.90-6.88Jd; 8.0 Hz, 2H), 6.04 (s, 1H), 2.52
(s, 2H), 2.25 (s, 2H), 1.06 (s, 6H), 0.98 (s, 981R3 (s, 6H)*C NMR (400 MHz,
CDCls, Fig. S6):6 200.23, 156.84, 155.20, 134.77, 129.35, 128.63,512 126.32,
120.25, 51.42, 39.10, 33.34, 28.51, 25.64, -4.3®-ME (Fig. S7): m/z (%):
Calculated for GH350,Si, 356.2172, found 379.2056 [M+Na]

Synthesis of compounat an (Isophorone) (3.455 g, 25 mmol) and malononitrile
(2.980 g, 30 mmol) were dissolved in absolute Et®B8 mL), followed by addition
of piperidine (0.25 mL, 2.5 mmol) and glacial acedcid (0.15 g, 2.5 mmol). Then,
after the mixture was refluxed for 6 h undey &mosphere, it was quenched with
water, extracted with dichloromethane, dried ovdnyarous sodium sulfate, filtered
and concentrated in vacuo. Finally, the crude tesias purified by silica column
chromatography (eluted with petroleum ether/diatoethane = 1:3, v/v) to giveas
a light yellow solid (3.63 g, 78 % yield). Meltimpint: 70.2-72.6 °C*H NMR (400
MHz, DMSO-d;, Fig. S8)5 (ppm) 6.56 (s, 1H), 2.54 (s, 2H), 2.23 (s, 2HD52(s,
3H), 0.96 (s, 6H)*C NMR (400 MHz, DMSO-g¢, Fig. S9):6 171.91, 162.98, 119.88,

113.93, 113.14, 76.50, 45.27, 42.42, 32.44, 22335. HR-MS (Fig. S10): m/z (%):



Calculated for @H14N,, 186.1157, found 185.1086 [M-H]

Synthesis of SNR-OH: 20 mL acetonitrile was added to dissolve compadoind
(259 mg, 1.4 mmol) and p-hydroxybenzaldehyde (1) ind mmol), followed by
five drops of piperidine. The mixture was refluxied 5h under N atmosphere and
subsequently, the solvent was evaporated and rairtbveugh reduced pressure. The
resulting residue was dissolved in 20 mL dichlortmaee, washed with water (3x20
mL), and dried by anhydrous p&0,. After the removal of the solvent, the crude
product was purified by column chromatography oricai gel (petroleum
ether/dichloromethane=1:1, v/v) to afford the das$iproduct as an orange solid (335
mg, 85.2% vyield). Melting point: 200.4-201.5 °& NMR (400 MHz, DMSO-g,
Fig. S11)5 (ppm) 9.99 (s, 1H), 7.57-7.55 (d, J = 8.0 Hz, ZH}2-7.23 (d, J = 4.0 Hz,
2H), 6.81-6.79 (m, 3H), 2.60 (s, 2H), 2.53 (s, 2HP2 (s, 6H)*C NMR (400 MHz,
DMSO-¢;, Fig. S12):6 170.72, 159.81, 157.15, 138.74, 130.33, 127.5%.712
121.84, 116.35, 114.58, 113.77, 75.28, 42.79, 388712, 27.91. ESI-HRMS (Fig.
S13): m/z (%): Calculated for;@H:1gN>O, 290.1419, found 313.1307 [M+Na]

Synthesis ofl SNR-F: To a solution oflSSNR-OH (145 mg, 0.5 mmol) in
dichloromethane (10 mL) and4t (138ulL, 1 mmol), tert-butyldimethylsilyl chloride
(150.7 mg, 1 mmol) dissolved with 5 mL dichloronmetike was added dropwise at O
°C. The mixture was stirred at room temperaturelfbhours. Then, the solvent was
removed under reduced pressure. The resultinguesids purified by silica gel flash
chromatography (eluted with petroleum ether/diattioethane = 2:1, v/v) to afford

the desired product as a yellow solid (158 mg, 78.%ield). 'H NMR (400 MHz,



DMSO-ds, Fig. S14)5 (ppm): 7.63-7.61 (d, J = 8.0 Hz, 2H), 7.26 (s, 264$9-6.87 (d,
J = 8.0 Hz, 2H), 6.84 (s, 1H), 2.60 (s, 2H), 2.533H), 1.01 (s, 6H), 0.95 (s, 9H),
0.20 (s, 6H)**C NMR (400 MHz, DMSO-g Fig. S15):5 170.74, 157.13, 156.73,
137.94, 130.10, 128.13, 122.45, 120.81, 114.43,62136.02, 42.78, 38.66, 32.01,
27.89, 25.96, 18.43, -4.07. ESI-HRMS (Fig. S16):zn{6): Calculated for

CasHzN0Si, 404.2284, found 427. 2175 [M+Na]
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b IS-NR-OH IS-NR-F

Scheme 2 The synthetic route dfS-F andl S-NR-F

2.3. UV-vis and fluorescent measurement

The IS-F and I S-NR-F were dissolved in DMSO as a stock solution (1.0)mM
while fluorine ion and other analytes were prepargddissolving their sodium salt
and nitrates in deionized water, respectively. #llorescent and UV-vis spectral
measurements were investigated in DMSO/PBS=1:1 20vwnM, pH=7.4) solution at
37 °C. The excitation and emission wavelength wdrtscent measurement for each
fluorophore (for I1S-Fiex = 440 NnmMAem = 568 nm and for IS-NR-Fex = 550 nmAem
= 665 nm) were measured respectively while théimstiths were 10.0 nm and 10.0

nm separately. Under the voltage of 450V or 550 V.



2.4. F detection in agueous sample and kinds of toothpaste

One of the aqueous samples was collected diregtiy fthe tap water in our
laboratory, and the other one that was filteredrgymbrane before used was collected
from Xiangjiang River in Hengyang city. Then the pllue of the obtained solution
was adjusted to 7.4 with NaPiO,-NaoHPO,. Besides the Fletection in aqueous
water, the amount of h commercially available toothpaste was also detecTo
achieve the analysis of i toothpaste, 1.0 g toothpaste was accuratelgliveei and
dissolved in 10 mL PBS buffer solution (20 mM, pH4)7and stirred at 70 °C. After 3
h, the fluorine-containing solution was obtainedfittering and 40 mL PBS buffer
solution was added to the solution for further use.
2.5. Cdl imaging and MTT assays

The toxicology of probe toward Hela cells was deieed by common
methylthiazolyldiphenyl-tetrazolium bromide (MTT)ssays. A certain density of
HelLa cells was inoculated into 96-well plates anttured at 37 °C for 24 hours.
Different concentrations of the probe were theneadtb the cells for staining and
incubation continued for a further 24 hours. Fipallhe HelLa cells were treated with
1 mg/mL of MTT (20uL/well) in an incubator for 2 hours. After complati, the
liquid in the well was carefully aspirated with ggtte, and the obtained crystal was
dissolved in 150uL DMSO, and the absorbance was recorded. Subségutre
fluorescent imaging of HelLa cells was obtained. Hed.a cells were incubated with
IS-NR-F for 1 hour at 37 °C after washed with PBS buftertivo times. And thenF

was added into the cells for another 1 hour wheeeeixcessivéS-NR-F has been
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removed with sterile PBS buffer first. The fluoresce images were collected with a
TEZ2000 inverted fluorescent microscope (made iroNjKlapan).
3. Resultsand discussion
3.1. Synthesis and characterization

The synthetic proceduref the probelS-F and ISNR-F were outlined in
Scheme 2. Firstly, the isophorone based fluoropht&OH was readily synthesized
from isophorone via one-step reaction, the dicysomhorone based fluorophore
(ISNR-OH) was synthesized according to the previous praeefd0]. Then, the
control probd S-F and probd S-NR-F was easily prepared by the reactiod $OH
or IS NR-OH with tert-butyldimethylsilyl chloride in the prasee of EN at room
temperatureThe structures of the targe$-F and I S-NR-F and intermediates were
characterized and confirmed By NMR, *C NMR, and HR-MS, as shown in
Figures S2-S16.
3.2. Optical properties measurement

The absorption and emission spectraflabrophores and probed SF and
IS-NR-F) were measured by the UV-vand fluorescence spectra in PBS buffer
solution (20 mM, pH=7.4, 50 % DMSO) at 37 A% shown in Fig.1the fluorophore
|S-OH andl S-NR-OH displayed a maximum absorption peak at 360 nm4&ddnm
respectivelywhich were caused by the ICT process of the-B-structure.When
excited, IS OH (Aex = 440 nm) solution showed an optimal emissionGd& Bm (D
=0.092, using Fluorescein in 0.1 M NaOH as standandl S-NR-OH (Aex = 535 nm)

showed an optimal emission at 665 na € 0.083). This was because the

11



modification of isophorone with the strong electsithdrawing malononitrile group
could facilitate the ICT process, and also elongfager-conjugation of the isophorone
derivatives, which finally caused the emission coloirned from yellow-green to red.
Meanwhile, the UV-Vis and fluorescence spectrawasp of control probeS-F and
|S-NR-F toward F were measured under the same conditiorabsorbance spectra,
the probel S-F andI S-NR-F displayed a maximum absorption peak at 345 nm and
416 nm respectivehfter the addition of H8 ppm), the maximum absorption bands
of two probe solutions red-shifted to 360 nm an@ A& respectivelyAccordingly,
the addition of Fcould produce aignificant color change, which can be used for
naked-eye detectiomn the fluorescent spectrapth probed S-F (® = 0.0086) and
ISNR-F (@ = 0.0057) showed weak emission due to the intreduc
tert-butyldimethylsilyl moiety occludes the ICT pesswhen F(8 ppm) was added,
the emission intensity of prod&-F andI S-NR-F solutions at 568 nm and 665 nm
were dramatically increased respectively, and wso aheasured the excitation
spectrum of the reaction solutions, the maximumtation wavelengths of thiks-F +

F andISNR-F+ F were revealed at 446 nm and 538 nm respectivdig few
absorption, excitation and emission peaks wereeggirilar to that of SOH and
IS-NR-OH, which revealed that finduceddesilylation reaction products ought to be
their corresponding fluorophores, the Stokes s#fiftS-OH and IS-NR-OH were
found to be 122 nm and 127 nm respectively, whiehewcalculated as the difference
between the maximum excitation wavelengths and samswavelengths. These

initial results indicate thatS-F and |S-NR-F can be served as colorimetric and

12



fluorescent“turn-on” probe for rapid detection of.®Moreover, we found S-NR-F
showed obvious NIR emission enhancemaatund 665 nm for Fand possesses a
super large Stokes shift (127 nm), which is hidghdyeficial for biological application,
as its low background interferendess photodamage, and deep penetration. In
comparison, the bioimaging applications of prdiseF may be limited due to its
shorter emission wave. Therefore, in tbkkowing paper, we focused on the sensing

properties of probeS-NR-F for F.

700 , 600
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Fig. 1 (A) Absorption spectra and fluorescence specteangls of probeS-F (20 pM)
upon addition of F(8 ppm) in PBS buffer solution (20 mM, pH=7.4, G0DMSO) at
37 °C. (B) Absorption spectra and fluorescence tsp@hanges of prod&-NR-F (20
KM) upon addition of F(8 ppm) in PBS buffer solution (20 mM, pH=7.4, %
DMSO) at 37 °C. Insert: natural light color and ssnbn color (under a 365 nm light).
In order to further study the optical propertiestwd probes, the photophysical
properties ol S-F, IS-O, IS NR-F, andIS-NR-O were performed density functional
theory (DFT) calculations. The four molecular stawes as well as the orbital
electron cloud distribution, HOMO and LUMO energene offered at the level of

RB3LYP/6-311G (d) by the Gaussian 09 program. Aslated inFig. 2, all electron
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clouds on HOMO and LUMO mainly focus on the whaleonjugated chains,
including C=0 moiety and malononitrile group, ahére is almost no electron cloud
distribution on the side chain. The electrons oa #nomatic ring attached to the
negative ions of oxygen (0in the LUMO orbital ofl SO andIS-NR-O were more
dispersed than those b&-F andl S-NR-F respectively. This could be interpreted as
the significant ICT effect from the electron-domgtiphenoxyxygen anion moiety to
the carbonyl or dicyanoisophorone moiety. Nones®leve found the width of the
electron cloud distribution ofS-NR-F and IS-NR-O were wider than that dfS-F
and 1S-O, which proved the malononitrile group elongates theonjugation of the
isophorone. Moreover, therobel S'NR-F has a smaller LUMO-HOMO energy gap
(2.986 eV) than that dfS-F (3.691 eV), the result was in accord with the rétisif
maximum absorption peak from 345 nm to 416 nm. Mdule, the negative ions
IS-NR-O also has a smaller LUMO-HOMO energy gap (2.313 e that ofl S-F
(2.595 eV), which in accord with the redshift of xilaum absorption peak from 360

nm to 430 nm and emission peak from 568 nm to 665 n

. ‘a s .
02 - Bony
? .?.;' L . “,‘ M 9. ’.

LUMO (-2.903 eV) LUMO (0.247 eV)
LUMO (-2.168 eV) LUMO (1.193 eV)
Eg= 2.986 eV I Eg=2.313 eV
I Eg= 3.691 eV I Eg=2.595 eV
HOMO (-5.889 eV) HOMO (-2.066 eV)

.
.
.
P 04.
.

HOMO (—5.859 eV) HOMO (-1.402 eV) I Y
'a:,;,i
y 4
"u
"3 a 9, .“. 3, ”. i 2,

i ‘ =
ik 73\'\ 1K
IS-O IS-NR-F |S-NR-0
Fig. 2 The structural optimization ¢&5-F, SO, IS NR-F andl S-NR-O
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3.3. Sensing condition optimization

To explored the potential applicationsI&NR-F, the sensing conditions should
be optimized, such as pH, temperature, solutiotesysnd time. Firstly, the intensity
changes at 665 nm in different pH conditions ofEnS-NR-F and toward Fwere
investigated. As shown iRig. S17, the results indicated that the fluorescent intgns
of singlel S-NR-F and toward Fshowed pH-dependence. The emission intensity of
| S-NR-F solutions at 665 nm increased slowly in the ranigé.@-8.0 and increased
drastically in the range of 8.0-11.0. WhenaBded, the emission intensity at 665 nm
increased drastically in the range of 6.0-8.0 aathed the peak value at pH=8.0 and
then remained a plateau at 9-These results indicated th&&-NR-F would be
suitable for detecting "Fin biological environments. Secondly, in view diet
reaction-based S-NR-F, we explored the influence of response time duriing
identification of F. As can be seen iRig. 3, the fluorescence barely changed in the
absence of Fwhile the fluorescent enhancement with varyingrdes after a series
of F(0.38, 1.9, 3.8, 5.7, 11.4 ppm) was added in DM®3/Buffer (1:1, v/v) (20 mM,
pH=7.4) solution. When 11.4 ppm of Was added, the fluorescent intensity reached
to a plateau within 25 min, which could be achiewvdgth a pseudo-first-order rate
constant (k") for Fcalculated to be 0.136 mitr(Fig. S18). To achieve the Fletection
in cells and take the pH range and temperature iolodgically relevant into
consideration, accordingly, the next experimentdittons were optimized to be

carried out in a mixed solvent of 37 °C and pH gadii 7.4 for 25 minutes.
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Fig. 3 The fluorescent intensity at 665 nmI&NR-F (20 uM) toward different F
concentration (0.38, 1.9, 3.8, 5.7, 11.4 ppm) waginuously monitored at time
intervals in DMSO/PBS buffer (1:1, v/v) (20 mM, pHA4) solution.
3.4. The sensing properties of probe | S NR-F for F~
The absorption spectra 68-NR-F in the absence and presence of different F

concentration was shown Kig. 4. Thel S-NR-F displayed a strong absorption peak
at 416 nm in the absence of fluoride firstly. letingly, two new absorption peaks
arose around 430 nm and 550 nm respectively wihatiidition of F which were
ascribed to the generation 68-NR-OH and its deprotonation forml $NR-O)
separately [71]. And the absorbance at 550 nm wmsmreed gradually with the
increasing concentrations of fluoride. What's maaegolor change from yellow to
brown was observed obviously in the presence,akich meant thatS-NR-F could

implement the “naked-eye” colorimetric recognitioinF.
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Fig. 4 UV-vis spectra changes b$-NR-F (20 uM) with the addition of different
concentrations of fluoride (0, 0.38, 0.76, 1.1521.1.90, 4.56, 6.08, 6.84, 7.60 ppm)

in PBS buffer solution (20 mM, pH=7.4, 50 % DMS®@xet: left:I S-NR-F, right:

ISNR-F+F
The fluorescent responses of prdi$eNR-F to F were recorded ifrig. 5 (A).

Initially, probe | S-NR-F (20 pM) itself displayed a slightly NIR fluorescence at 665
nm. It can be explained by the protection of thélWith the tert-butyldimethylsilyl
moiety, which hindered the intramolecular chargmdfer (ICT) process. However,
the NIR emissive fluorescence was augmented grigdweth the titration of
increasing Fconcentration. The NIR fluorescence at 665 nm atasbuted to the
resultingl SSNR-O after the reaction betweéB8-NR-F and F. As shown irFig. 5 (B),
a wide detection range fror.38-6.84 ppmwith a good linearity relationship was

achieved between the fluorescencel 8fNR-F and F, and the limit of detection
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(LOD) was calculated to be 0.09 ppm based on thatean LOD=36/k (6 was the
standard deviation of the blank solution and k weas absolute value of the slope
between fluorescence intensity and correspontliragine ion concentration) [72]
The LOD was much lower than the recommended fleoedel (1.5 ppm) in drinking
water specified by WHO, which could give the credit tattlthe specific reaction
induced by F improved the sensitivity. Moreover, the color ches of probe
IS-NR-F toward F under natural light and handheld UV lamp (365 nwas also
performed, respectivelyn natural light, the solution color gradually tethto brown
in the presence of 0.38-7.6 ppm @&d be more deepened with the increasing F
concentration Kig. 5 (C)). Similarly, the emission fluorescent color t$-NR-F
gradually turned to red with the increasingéncentration under hand-held UV lamp
(365 nm) Fig. 5 (D)), which meant that the color depth and fluoresaetansity
would be enhanced gradually along with the incréasacentration of FTherefore,
the probelS-NR-F could achieve the naked eye and fluorescent coédric

observation in the range of 0.38-7.6 ppninFsolution.
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Fig. 5 (A) The changes of fluorescent emission intensity §atrém) versus fluoride
concentration (0-11.4 ppm), inset (Hand-held UV paah 365 nm): left: probe
IS-NR-F, right: 1 SSNR-F+F"; (B) The intensity linear relationship diagram of

| S-NR-F (20 uM) toward different fluoride concentration10-4 ppm) (at 665 nm);
(C) and(D) The color changes and emission color changéS-dIR-F toward

various concentration of F0-7.6 ppm) were separately observed under nakesl e

and hand held UV lamp (365 nm).

3.5. Selective experiment and colorimetric recognition

The selectivity ofl SNR-F was inquired by the fluorescent response of probe
toward various relevant ions in organisms. Whensystem was in the presence of
different 25 equiv. ions, including TPQ¥, SQ%, SO, Ac, COs*, HCOs , NOy,
NOs, &, Br, I', ClO, H,0,, AI**, HE'*, Mn**, K*, zr?*, B&*, Mg**, Cr**, c&*, P,
Ag*, F€*, Ni**, CU#", the responsive intensity é8-NR-F toward them was quite
weakly at 665 nm while a great fluorescence enhaeroé was acquired upon the

addition of 25 equiv. HFig. 6 (A)). The great contrast declared tH&NR-F
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exhibited an excellent selectivity to, kvhich could be ascribed to the strong affinity
of F toward silicon. Apart from the excellent seledyyl S'NR-F could be employed
to the colorimetric recognition of i the presence of different ions. As showifrig.

6 (C) and(D), the specific cleavage reaction made the solutiom lbwown or produce
a strong red fluorescence in the existence ofhiie there was no color change in the
addition of other analytes. Hence,cbuld be easily recognized from other analytes
whatever they were cations or anions or observeddked eyes or hand-held UV
lamp at 365 nm. In order to further estimate thestant ability ofl SNR-F to other
analytes during Fletection, competitive experiments were carriedtiordugh adding
F into the solution including different analytesdtitly (Fig. 6 (B)). It could be seen
that the other analytes nearly performed sligtérfierence on Fdetection. Therefore,
probel SNR-F could be employed to recognizespecifically and colorimetry even

in the existence of lots of common ions.
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Fig. 6 (A) Fluorescence responses of proSBeNR-F (20 uM) to various analytes
(25 equiv.) in a mixture of DMSO and PBS bufferndmn (pH=7.4, 20 mM),
(1:1,v/v); (B) The competition experiment b&NR-F toward Fin the presence of

various analytes, including: 1°CP:PQ¥, 3:5Q7, 4:5Q7, 5:Ac, 6:CQ%, 7:HCQ
8:NO,, 9:NOy, 10:§, 11:Bf, 12:I, 13:CIO, 14:H,0,, 15:AF*, 16:Hd", 17:Mrf",
18:K*, 19:Zrf*, 20:B&", 21:Mdf*, 22:Cr*, 23:C&*, 24:PB*, 25:Ad', 26:F&*, 27:NF",
28:CU*, 29:F; (C) and(D) were thecolorimetric recognition of Fin different cations
and anions, respectively. All data were obtainéedrdahe reaction was conducted for
25 min at 37 °Clex=535 NnmMAe=665nm.
3.6. Detection mechanism studies
In order to verify our thoughts, the detection nmatdbm was investigated.

According to the previous introduction, éould selectively cleave the Si-O bond. To
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ascertain whether the turn-on NIR fluorescence aesp was attributed to the F
induced Si-O bondscleavage, therefore’H NMR, ESI-MS and thin-layer
chromatography (TLC) were carried out. THé NMR spectrum was takeafter
purifying product from the reacting systefd NMR spectrum oflSNR-F, the
purified reaction product, and the synthesiZ&NR-OH were shown inFig. 7.
When F was added, comparing tfiel NMR spectra of S-NR-F (Fig. 7a), fifteen
protons ofISNR-F corresponding to the protons of tert-butyldimesilyl group
around 0.20 and 0.95 ppm disappeatéd.(7c), and a new proton peak emerged at
9.98 ppm, corresponding to the -OHspecially, the purified productFig. 7c)
displayed almost the samie NMR spectrum with the synthesizé8-NR-OH (Fig.
7b). It indicated that the -OH emerged from theréluced Si-O bonds cleavage. And
the detailed HR-MS analysisFig. S19) and TLC analysis Hig. S20) further

illustrated that the product of this reaction WaSNR-OH.

IJLt
IS-NR-OH | l |

IS-NR-F | U J‘ J

--------------------

c P
IS-NR-F+F- J
| H

b

a

6 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2
ppm

Fig. 7 Partial'™H NMR spectra in DMSO+ (a) onlyl S-NR-F, (b) the synthesized
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IS-NR-OH, (c) thepurified product aftetS-NR-F reacted with F

3.7. F detection in agueous sample and kinds of toothpaste

Given the widespread application of fluoride in olaily life, samples from tap
water and the filtered Xiangjiang River in Hengyangre collected. The detective
effects of probd SNR-F to F were exhibited infable 1. The collected and treated
water samples did not detect the presence @i Ehe case of that there was no
additional F added. When samples were spiked with 0.38, 0.762 ppm F
respectively, all of the recoveries were in thegeof 100-105 % after measured five
times with the standard addition method. Besidéseroions in tap and river water
didn't cause any obvious interference in the deiation of F due to the strong
affinity of F toward silicon. In the view of these results, @m¢B-NR-F could be
used to detect ‘Fn the actual aqueous sample successfully and tsallsc Next,
probel S-NR-F was used to detect the content ofrfFsome toothpaste samples. The
tests of fluoridecontents in toothpaste samples were listedTable 2 and the
corresponding fluorescent spectra of these tests sleown inFig. S21.

Table 1 F detection in actual water samples

Sample Added Kppm) Detected (ppm)  Recovery (%) RSD (%)
Tap water 0 0 - -
0.38 0.39 102.63 2.28
0.76 0.78 102.63 2.17
1.52 1.55 101.97 2.30
Xiangjiang river 0 0 - -

23



0.38 0.39 102.63 2.33

0.76 0.79 103.94 2.07

1.52 1.56 102.63 2.14

Table 2 The detection of Hn commercially available toothpaste

Sample Brand Fcontent {ested mg/g F content (marked) mg/g
1 Jiajieshi 0.11 0.11
2 Colgate 0.13 0.14
3 Oral-B 0.10 0.10
4 Bamboo salt 0.10 0.10
5 Zhonghua 0.12 0.14

3.8. Cellsimaging and MTT assays

Taking the advantages of NIR emission and larg&estshift into consideration,
a standard cell viability protocols for investigagi the biocompatibility of probe
| S-NR-F toward Hela cells were carried out first by MTTsagg As shown irFig.
S22, when the probe concentrations up tou®0, at least 90% of cells remained in
good condition over 12 h. These results indicabted ItS-NR-F had low cytotoxicity
when the concentration was less thanubO, therefore,IS-NR-F was safe fothe
following bioimaging applicationd-or the next imaging experiment, 50 percent of
HeLa cells were obtained after incubating an intoubtor 12 hours, followed by the

addition ofl SNR-F (20 uM contains 5 % DMSO) and incubated for 1 hour afG7
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And then the Hela cells were washed with steril&PBffer solution for eliminating
the interference of exce$S-NR-F. Finally, the fluorescent imaging was recorded
after HelLa cells were treated withfbr another 1 hour at 37 °C. As showrfig. 8,
there was a feeble fluorescence in the dark fidiemcells were merely treated with
probel S-NR-F (Fig. 8 E, F, G), illustrating thatt S-NR-F wasaccessible to combine
the F in cellsandnot responsive to the inside cell species. Howearrapparent
fluorescent enhancement was observed in the presdrie, andl S-NR-F performed
an obvious red fluorescence that could decreaséablkground interference caused
by the cell itself(Fig. 8 I, J, K). In addition, a reverse process of incubate #ie c
with fluoride first then add the probe were carrad to further confirmed the probe
is able to detect the fluoride in cells. As showifrig. S23, only in the presence of,F
no fluorescence signal can be observed in the fiaté#, when the cells were
preincubated with Fand then incubated withS-NR-F for 30 min, an obvious
enhanced red fluorescence can be clearly obse@muibining the characteristic of
low cytotoxicity and successfully imaging assaygetber, it demonstrated that the

probel S-NR-F could be used for discerningif cells.
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Fig. 8 Fluorescence images of untreated HelLa cells (Afld)teLa cells incubated
with 20 uM of thel S-NR-F in the absence (E-H) and presence (I-L) of 3.8 ppm
fluoride ion. Corresponding bright field images @&, 1), fluorescence field (B, F, J),
merge images (C, G, K) and pseudo color (D, H,flHi@La cells were shown,
respectively.

4. Conclusion

In summary, we have successfully designed and egithd a
dicyanoisophorone derivative-based colorimetric aedr-infrared fluorescent probe
ISNR-F and an isophorone based control prbB& for the detection of fluorine ion
by employing F selective cleavage of silicon-oxygen bonds. Fately, in the
presence of Fthe probel SSNR-F exhibited a NIR fluorescence turn-on signalatg
665 nm with aremarkable Stokes shift (127 nm), which is moretafle for

bioimaging application. The probe exhibited a wiaktection range and very low
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detection limit for fluorine ion, as well as selgety recognized fluorine ion in actual
water samples including various ions present. Itgombly, |S-NR-F has been
successfully applied to detect fluorine ion in attwater samples and toothpaste
extracted samples. Moreover, the probe toxicoldgeperiments and near-infrared
fluorescence imaging indicated thdS-NR-F was cell-permeable with low
cytotoxicity and capable of real-time monitoringitfrliving cells. Taken together, our
work provided a promising strategy for colorimetrand large Stokes shift
near-infrared fluorescent probe for the anions nooimg in both real samples and
living systems.
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Highlights

1) A new dicyanoisophorone derived near-infrared emissive fluorescent probe
(IS-NR-F) was synthesized with a large Stokes shift (127 nm).

2) The probe performed an excellent selectivity for F by naked eyes.

3) The probe exhibited a wide detection range with agood linear relationship for F.

4) The probe was applied to detect F in toothpaste samples and imaging in living

cells.
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