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A novel dual-function bithiophene-Meldrum's acid based chemosensor
for highly sensitive, colorimetric and fluorimetric detection of cyanide

and hypochlorite and its applications
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Qin, Lan Yang
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Sciences), Jinan 250353, People’s Republic of China

Abstract

A dual-function bithiophene-Meldrum's acid base@mbsenso2TM was developed,
which displayed ultrafast, colorimetric and fluaresce turn-on responses for Tahd
CIO™ with specific selectivity and high sensitivity. @lsenso2TM for CN™ detection in
DMSO/H,0O (1/3, VIV) solution was based on the nucleoplatidition of CN to sensor,
which resulted in remarkable spectral and discdenablor changes. Meanwhil@TM
showed specific selectivity for CiIGn 100% aqueous solution based on the sensing
mechanism of oxidative cleavage of C=C bond. Thed®n limits were obtained to be
0.96 uM for CN and 48 nM for CIO. The sensing mechanism2fM toward CN and
ClO™ was investigated by job’plot, FTIRH NMR, HRMS and optical spectra. The
sensor2TM loaded colorimetric test strips/supported silicaamwgements demonstrated
to be a portable, eco-friendly and ultrafast devioe real-time and on-site visual
detection of CN and CIlO in water by the naked eye. More importantly, sergiiv
with excellent photophysical properties and lowtticity was successfully applied to
detect CN and CIO in live cells and environmental water samplesyel as capable of
monitoring CN in the natural food samples, illustrating its picad utility in biological
and environmental systems.

Keywords: Chemosensor; Hypochlorite; cyanide; Bithiophenedvi@gin's acid;
Bioimaging; Test strip.
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1. Introduction

Cyanide (CN) as a powerful poison is highly toxic to human ltitea
even at an extreme low concentration [1-2]. Howgeganide-containing
compounds are widely used in the chemical and tnidliprocesses, such as
synthetic plastic and resin industry, the productod pharmaceuticals and
pesticides, consumption of certain foods, metajlurglectroplating and
gold/silver mining [3-6]. The extensive exposurepoisonic cyanide anion
to the environment and water source can cause ugargerious health
problems such as damage to the central nervousnsyestd visual nervous
system, disturbance of metabolism, inhibition cfpieation and even death
ascribed to its blocking the electron transportircland inhibiting cellular
respiration [7,8]. Accordingly, the World Health dganization (WHO)
regulates the specified limit of cyanide in drirkiwater to be 1.9 uM [9].
Therefore, an efficient method to rapidly and psebi detect trace CNn
environmental and biological systems is of greghificance to human
health and environment protection.

Hypochlorite (CIO) is one of the most important reactive oxygen
species (ROS) in living organisms, which particylgrarticipates in various
physiological and pathological processes and cact rgith many biological
molecules in living organisms including DNA, RNAjalesterol, fatty acids,

and a variety of proteins [10-15]. Besides, du#ggatrong oxidation ability,



CIO is also widely used as an indispensable disinfiecteousehold bleach
and antimicrobial agent in our daily life [16-1&ndogenous ClOis mainly
produced by myeloperoxidase-catalysed reactiondenwiO, and CI, and
it is generally considered as an important antiab@l agent in the immune
system to defense the invasive bacterial pathofj&)sHowever, excessive
CIO™ will increase oxidative stress, and resulting issie damage and
various diseases such as lung injury, nephrosisjrodegeneration,
atherosclerosis, cancer, Alzheimer’s and cardiavascdiseases [20,21].
Consequently, it is highly desirable to developekable analytical method
for real-time monitoring of ClOin environmental and biological systems.
Optical sensor technique with outstanding fluorasee and color
changes has been confirmed to be the most converieth popular
analytical method for efficient identification ofikous cations, anions and
biomolecules [22-37]. Compared with the electrogsial potentiometry and
lon chromatography, reaction-based fluorescentoseas a promising tool
for the recognition of various analytes has gamhdéremendous attentions
because of its unique selectivity, excellent semsit visualization, facile
operation, no damage, reliability, real-time imagirfast response and
usability to biological system [38-42]. Recentlynamerous reaction-based
fluorescent sensors have been exploited to dege€@h and CIO [43-52],

which shows better selectivity and can effectivaalpid interference of other



tested species. However, some of them could ortlgctdene single CNor
CIO™ anion, which significantly limited their applicati. In contrast, the
multi-function fluorescent sensor which could detewltiple targets based
on different mechanisms displayed many unique adg@s of simple
operation and multiplicity. Therefore, developingigle and water-soluble
fluorescent sensors with good capability of debectnore than one target in
enviro/biological systems has gained increasingnétin. Unfortunately,
only two fluorescent sensors have been reportedifounltaneous detection
of CN and CIO [53-55]. As a result, it is particularly urgent develop
dual-function fluorescent sensors to quickly, aately and simultaneously
detect CN and CIO in biological and environmental samples with ebersl
sensitivity and selectivity, which is of signifidamimportance for scientific
investigations, pollution monitoring and medicaginosis.

Herein, we synthesized a simple dual-function bythiene-Meldrum's
acid based colorimetric and fluorescent turn orsGe2TM (Scheme ] for
the specific and sensitive simultaneously deteaio8N and CIO through
different sensing mechanisms. SengdiM in aqueous media exhibited
excellent specificity for CNand CIO with visible naked-eye changes, and
could quantitatively and sensitively detect Cihd CIO with low detection
limits of 0.96 uM and 48 nM, respectively. Moregvexcellent recognition

properties o2TM with good water dispersibility, ultrarapid respen€N



< 30 s, CIO < 12 s), specific selectivity, great sensitivipd admirable cell
permeability were exhibited, which made the se@3dvl act as a promising
tool to monitor CN and CIO in the live cells, environmental water and the
natural food analysis. Furthermore, the ser2iv loaded colorimetric test
strips/supported silica measurements further detraitedl to be a portable,
eco-friendly and ultrafast device for real-time anmdsite visual detection of
CN and CIO in water. To the best of our knowledge, our depetbsensor
2TM is the fourth example to be successfully used dwnultaneous

detection of CNand CIO with ultrafast response and great sensitivity.

Scheme 1

2. Experimental Section
2.1 Instruments and reagents

The spectra of UV-Vis absorption, fluorescence, IETNMR and
HRMS were recorded using Shimadzu UV-2600 spectigpheter, Hitachi
F-4600 spectrophotometer, Bruker ALPHA FT-IR spamieter, Bruker
Advance Il 400 MHz instruments and Agilent 6510 Aate-Mass Q-TOF
LC/MS system, respectively. The pH values were ootetl by PHS-25 pH
meter. MTT assayand fluorescence imagesere obtained using the

microplate reader (MultiskanTM FC Microplate Photiar, Thermo



Scientific, USA) and Leica TCS SP8 confocal lasssing®ing microscope
(CLSM) with a 63x magnification target oil lensspectively. All chemical
reagents and solvents were purchased from comrhescjpliers of
analytical reagent grade and were used directlizowit further purification
unless otherwise stated. Deionized water was ubeslidhout the test
process. Compound®T and 2T-CHO were prepared by the previously

reported procedures [56,57].

2.2 Synthesis of sens?drM

A mixture of compoun@®T-CHO (388 mg, 2.0 mmol) and Meldrum's
acid (288 mg, 2.0 mmol) in dry 15 mL EtOH was ad@edrops of acetic
acid glacial as catalyst. The reaction mixture atased for overnight under
reflux. The resulting mixed solution was placedha refrigerator overnight,
and the precipitated solid was suction filtered lveaswith ethanol and dried
in vacuum to give pure compourdM as an orange red solid (325 mg,
yield 83.5%)."H NMR (400 MHz, DMSO-g, ppm):d = 8.64 (s, 1H), 8.25
(d, J = 4.0 Hz, 1H), 7.80 (d] = 4.0 Hz, 1H), 7.72 (d] = 4.0 Hz, 1H), 7.66
(d, J = 4.0 Hz, 1H), 7.24 (t) = 4.0 Hz, 1H), 1.72 (s, 6HF{g. S1; °C
NMR (100 MHz, DMSO-¢, ppm): § = 162.60, 161.15, 151.86, 148.40,
148.09, 135.21, 134.16, 129.50, 129.19, 127.68,5827125.06, 105.30,

104.41, 26.85Rig. S2; FTIR (KBr, cni?): v = 3077 (C-H), 1717 (O-C=0),



1558 (C=C) Fig. S3; HRMS (ESI): m/z calcd for gH1,0,S, [M + NaJ":

343.0075, found: 343.006Ei§. S4.
2.3 General spectroscopic procedures

Stock solution of thTM (1.0 mM) was prepared in DMSO. A series
of stock solutions of various anions (10 mM) andSR@cluding Br, F, CI,
COy®, HCO;, PQ*, S, HSQ, SCN, AcO, NO;, NO,, ClO,,
ClOg, CIO,, I, H,0O,, ROOe and @ were dissolved in deionized water and
used freshly. ROOe was obtained from 2,2'-azolmb(syramidine)
dihydrochloride. The test solution of 1M 2TM was prepared through
pipetted ouRTM stock solution (0.01 mL, 1.0 mM) into a volumetfliask
with 100 mL deionized water and diluted to an appaie concentration.
All fluorescence and UV-Vis spectra &TM were measured at room
temperature. The fluorescence spectra were obtainddr the condition of

an excitation wavelength of 350 nm and slit width§ nm/5 nm.

2.4 Live cell imaging

HeLa cells seeded in 96-well plates were incubatddMEM medium
with 10% fetal bovine serum (FBS) for 24 h (8, 5% CQ). For
fluorescence imaging, these well-grown cells wesated with sens@&TM
(15 uM) for 60 min and then washed with PBS buffer faree times.

Subsequently, the@TM-treated cells were cultured with 201 CIO/CN~



for 30 min, respectively, and then being washedeatimes with PBS buffer.
The fluorescence images of the HelLa cells were anedswith an CLSM

under blue channel (430—-470 nm) upon an excitai@50 nm.

3. Result and Discussion
3.1 Spectroscopic response2diM towards CN

The UV-Vis absorption and fluorescence spectrapaoese of2TM
towards CN was firstly investigated in DMSOA® (1/3, V/V) solution. As
displayed inFig. 1a after adding the CN(2.0 equiv.) to th@TM (10 uM),
the strong absorption band at 452 nm disappearddaanew absorption
band appeared at 315 nm, along with an immediatsnalic solution color
change from yellow to colorless by the naked eyélile, the other anions
and ROS (Br, F, CI', CO", HCO;, PQ®, SO, HSQy, SCN, AcO,
NOs;, NO,, CIO,, CIO;, CIO, I, O, ROOs and HO,) induced no
detectable color and spectral changes. As displayEd). 1b, when treated
with CN', the fluorescence intensity at 450 nm 2%M was drastically
enhanced upon an excitation at 350 nm, in accompartiwith a prominent
fluorescence color change into bright blue undeb 36n irradiation,
however, other tested anions and ROS exhibitedistnguished change.
These changes indicate tHBIM was only responsive to CNn aqueous

media with high selectivity.



Fig. 1

Both excellent selectivity and anti-interferencealaility are two key
parameters for evaluating the suitability of a deped sensor for biological
and environmental applications. Thus, the spedétectivity of 2TM in
DMSO/H,0O (1:3, V/V) solution for CN was examined by introducing the
related co-exist anions including BIF, CI', CO", HCO;, PO, SO,
HSG;, SCN, AcO, NOs, NO,, CIO; and I. As shown inFig. S5 in the
presence of 10.0 equiv. CNand 10.0 equiv. other interfering co-existed
anions, the changes of fluorescence intensity @trdb were similar to that
induced by only CN indicating that sens®TM towards CN in aqueous

media showed excellent selectivity and anti-intemee capability.

To further investigate the interaction betwe2hM and CN, the
optical titrations of CN (0-2 equiv.) were carried out in DMSQ®I (1:3,
V/V) solution. With successive addition of CNo 2TM solution, the
absorption peak at 452 nm decreased progressivéiiytihe simultaneous
occurrence of a new peak at 315 nm, indicating thatintramolecular
charge transfer (ICT) transition within the senM molecule from the
electron-rich bithiophene unit to the electron-diefnt Meldrum's acid unit

is blocked [58,59]. Meanwhile, an isosbestic pappeared at 360 nm,



implying a new species was generated during theVid\fitration process
(Fig. 28). On the other hand, with the addition of incragsCN, the sensor
2TM displayed a turn-on fluorescence emission, theréscence intensity
at 450 nm increased gradually and reached satoratien 1.0 equiv. CN
was addedKig. 2b). These great spectral changes can be explaindaaby
the nucleophilic attack of CNo 2TM destroyed the-conjugated system. A
good linear relationship between fluorescence sitgrat 450 nm and CN
concentration at a range of 0-10 uM with a conafatoefficient B =
0.99857 was obtainedig. S6, indicating the 1:1 nucleophilic addition
reaction between2TM and CN. In addition, the 1:1 stoichiometry
interaction betweeBTM and CN was also confirmed by Job’s plot analysis
[60] (Fig. S7?. The detection limit (DL) of sensa2TM for CN™ was
estimated to be 0.96 uM based aik3[61,62], which is much lower than
the maximum level of WHO (1.9 puM) in drinking watanplying2TM was
an effective tool to quantitatively and sensitivelgtect trace CNin real

water samples.

Fig. 2
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Rapid response of a developed sensor towards a@abp@alyte is an
importantfactorto evaluate its real-time detection performanceractical
applications, hence, the time-dependent experirneTM towards CN
was executed in DMSOMD (1:3, V/V) solution. As illustrated ifrig. 33
the change of the fluorescence intensity at 450shaompleted within 30 s
with addition of CN and keeps on a steady value as prolonged redutien
indicating that thTM could be useful for rapid and real-time detectidn
CN™ in aqueous media. In addition, the pH effect cal-tiene detection is
another key parameter in real samples, thereftwe,pH effects on the
fluorescence response tTM (10 uM) in the absence and presence of CN
(2.0 equiv.) were also measured in DMSEH(1:3, V/V) solution. As
illustrated in Fig. 3b, in the absence of CNno obvious change in
fluorescence intensity at 450 nm 2TM was observed over the pH range
5-11. However, in the presence of Thhe fluorescence intensity at 450 nm
of 2TM showed a significant fluorescence enhancement wede
maintained over a wide pH range 5-10, but the #soence intensity
decreased below pH 5 owing to the protonation ahae anions. Therefore,
the2TM showed highly sensitive fluorescent sensor for ®Nhe wide pH
range 5-10 and could be used to conveniently aiedtefely detect CNin

both environmental and physiological conditions.

11



Fig. 3

3.2 Spectroscopic response2diM towards CIO

The UV-vis absorption and fluorescence responsefTtM in the
presence of various anions and ROS including CEy, F, CI', CO;,
HCO;, PQ®, SQ*, HSQ, SCN, AcO, NO;, NO,, CIO,, CIOs,
ClO,, I, O, HO, and ROOe- were investigated 1t+100% aqueous
solution. As depicted iifrig. 4a after addition of 2.0 equiv. CIQo 2TM
(10 uM) solution, the strong absorption band at 452 nsagpeared and a
new absorption band emerged at 362 nm, along witnaenatic solution
color change from yellow to colorless, whereas igmiicant spectral and
solution color changes were noticed in the presefaher tested anions.
As displayed irfFig. 4b, the fluorescence intensity at 452 nn20M in ~
100% agueous solution was greatly enhanced accoetpaith a distinct
fluorescence color change from dark blue to bribé by naked eyes in the
presence of 2.0 equiv. CIQDwhile no color and spectral changes were
detected in the presence of other tested analyiteese investigations
indicate tha2TM can selectively sense Clih ~100% aqueous solution.
Subsequently, the specific selectivity 2TM for CIO was evaluated by
adding 10.0 equiv. of different analytes in1100% aqueous solutiorkig.

S8. The treatment of other analytes each causedgndisant fluorescence

12



changes in the sensBfM. We further added different analytes2foM, and
then added 10.0 equiv. Cl@o verify the anti-interference ability &TM.
The results demonstrated that ser8bM showed high specific selectivity

and excellent anti-interference for Cl@etection.

Fig. 4

The spectroscopic experiment was executed to utathersthe
interaction betwee@TM andCIlO in ~100% aqueous solution. As shown
in Fig. 53 upon incremental addition of CIQ0-20uM), the absorption
band at 452 nm was gradually decreased up to disapand a new
absorption peak at 362 nm was steadily increaselbaa isosbestic point at
392 nm was easily observed, indicating a new spaeas formed during the
titration process. Meanwhile, the changes in thwrscence spectra of
2TM (10 puM) upon addition of CIO (0-2 equiv.) in~100% aqueous
solution was exhibited irrig. 5b. The fluorescence intensity at 452 nm
increased gradually by the incremental additiorC&®™ with a saturation
observed at 10 uM CIOA good linear relationship between fluorescence
intensity at 452 nm and CIOconcentration (610 puM) with a good

correlation coefficient R= 0.99808 was derivedFig. S9, suggesting that

13



the quantification of CIO in ~100% aqueous solution bTM was
feasible. A fitting of this titration data indicaté.:1 ratio interaction between
the2TM and CIO, and this 1:1 stoichiometry was further verifigd Job’s
plot (Fig. S10Q. The detection limit o2TM towards CIO was calculated to
be 48.3 nM based onoci, which was superior to some reported
ClO -sensitive fluorescent sensors [63-65]. These tesstablished that
2TM could achieve sensitive and quantitative deteatio@lO in ~100%

aqueous media.

Fig. 5

Response time is of great importance for a sensovalidate its
performance. Consequently, the time-dependent ti@rian fluorescence
intensity at 450 nm fo2TM in response to CIOin ~100% agueous
solution is evaluated={g. 6a). Upon the addition of 2.0 equiv~-CIO7, the
fluorescence intensity at 452 nm2¥M dramatically enhanced and reached
a plateau within 12 s, indicating that the reactimween2TM and CIO
was nearly completed within 12 s. Such a quick oasp endowed the
developed sensd@@TM a promising potential for real-time monitoring of

CIO™ in real samples. Next, the fluorescence respohsEI® to CIO in

14



different pH values was conducted ir100% aqueous media. As observed
in Fig. 6b, the fluorescence intensity at 452 nm of fiZEBM was pH
insensitive over a wide pH range 1-14. WhenuROCIO™ was added, the
fluorescence intensity at 452 nm increased and &epbst unchanged in a
pH range 2—7. Therefor8TM could be used for the real-time and sensitive

detection of CIOin environmental and biological samples.

Fig. 6

3.3 Sensing mechanisms

To verify the sensing mechanism2¥M towards CN, *H NMR, FTIR,
and HRMS spectra were measured before and aftenga@iN to 2TM. As
depicted inFig. 7a with addition of 1.0 equiv. CNthe vinyl proton H at
8.64 ppm disappeared and a new protgratb.26 ppm appeared, indicating
the addition process of CNo vinyl group of2TM. Meanwhile, owing to
breaking the conjugation via the CRucleophilic addition, all the aromatic
protons in2TM were obviously upfield shifted. In the FTIR specfFig.
S11), upon the addition of CN the ester (O-C=0) group at 1717 ¢rof
2TM was shifted to 1620 ¢y meanwhile, the appearance of a new
stretching vibration peak at 2143 ¢ntorresponds to the nitrile €Bl)

group, suggesting the CNaddition to vinyl group i2TM. In the HRMS

15



spectrum, a new peak appeared at m/z = 351.0236attdsuted to the
3TBN-CN adduct PTM + CN + 4HJ* (351.0208), which revealed that the
nucleophilic reaction betweésTM and CN was proceeded in a molar ratio
of 1:1 (Fig. S12. Together with the optical instruments, the pilales
nucleophilic addition reaction betwe@TM and CN was well proposed
and shown inScheme 2 The nucleophilic attack of CNtoward 2TM
interrupted the welk-conjugated system and effectively inhibited thg IC
process, thus caused a significant fluorescencesturesponse [66,67].
Next, the possible reaction betwe@iM and CIO was carefully
analyzed byH NMR, FTIR and HRMS spectra. After the reactionmvieen
2TM and CIQ, there was a new proton peak appeared at aboitp@.®,
which was attributed to the aldehyde proton)(bf the oxidative cleavage
product2T-CHO (Fig. 7b), well matched with théH NMR analysis of free
compoun®T-CHO. In the FTIR spectraHg. S13, after treatment of CIQ
the ester (O-C=0) group at 1717 ¢nof 2TM disappeared, and a new
stretching vibration peak at 1655 @nwas observed corresponding to the
aldehyde (HC=0) group. Moreover, in the HRMS spedtig. S19, the
peak at m/z = 194.9926 was assigned to the oxelaliwavage product of
2T-CHO [2T-CHO + HJ" (194.9860). In addition, the significant optical
spectral changes @&TM after treatment of excess Cl@ere well matched

with that of free compoun®T-CHO (Fig. S15. The aforementioned

16



evidences demonstrated that the reaction betvdn and CIO in ~
100% aqueous solution was the Ci@omoted oxidative cleavage of
olefinic C=C bond to release the free fluoroph2ieCHO [68-70], led to

prominent color and spectral chang8si{eme 2)

Fig. 7

Scheme 2

3.4 Practicalapplications

To explore the practical utility &2TM for qualitative analysis of CN
in real life, the food samples including the spedutpotato, cassava,
immature sorghum and bitter seed were chosen éoexperiments. The the
sprouted potato, cassava, immature sorghum ared bged were separately
smashed and soaked in 100 mL water for 3 days thdilextract became
turbid. The mixture was then filtered and washedhtimes with NaOH
(100 mL, 100 mmol/L) to give a cyanide-containirajusion and remained
the solution pH < 8. As displayed kg. 8 when the four different cyanide
solutions were added taTM (10 uM), it's well worth noting that the
fluorescence intensity increased significantly grelcolor changed to bright

blue could be distinguished by the naked eyes uB@emnm UV light. These

17



investigated results showed that the recogniticocess is simple, handy,
and fast response, thus, tAR€M can be effectively utilized for real-time

detection of CNin the natural food samples.

Fig. 8

To further exploit the practical application @TM for quantitative
analysis of CN and CIO in real water, we selected the distilled wateferri
water, tap water, the Yellow River water, lake waikJi'nan Garden Expo
as water samples for the experiment. The detectmuracy and relative
standard deviation (RSD) was calculated by addimgnua concentrations of
standard CNand CIO (1, 5 and 1QuM) to these samples. As displayed in
Tables 1and 2, the values of recovery were determined from 98%Q13%
of 2TM to CN, and from 98.6% to 102.1% @fTM to CIO, together with
the obtained RSD values down to < 3.5%. The goodvery and excellent
analytical precision showed that senstfM is feasible, accurate and

reliable in the determination of Clnd CIO in environmental samples.

Table 1

Table 2

18



Based on the excellent characteristics of the se2Ebl, we applied
2TM to Hela intracellular imaging to detect exogen@h and CIO. The
MTT assay showed th&TD has little cytotoxicity and was capable of
bio-imaging applicationHig. S16. After the HelLa cells were incubated
with 2TM (15 uM) for 60 min, almost no fluorescence was exhibikeder
the blue channelHg. 9a,b. When the Hela cells were incubated with 20
uM CN7/CIO™ for 30 min, respectively, an obvious blue fluoessme signal
occurred under blue channé&id. 9c,d. All the results illustrated that sensor
2TM has good cell-membrane permeability and was capablimaging

intracellular CN and ClO in live cells.

Fig. 9

3.5 Detection on test strips

The development of colorimetric test strips fortfasd convenient
detection of CN and CIO could be important and useful for environmental
samples. To verify the possibility a2TM as a fast and convenient
economical portable tool for colorimetric and imdtaetection of CNand
CIO™ in environmental water, the easy-to-use inexpensgst strips were

fabricated by soaking filter papers/TLC plates2hM solution (1 mM,

19



DMSO) and air-drying. As shown ifkig. 10 the yellow-colored TLC
plates were dipped in CIKCIO solutions (1 mM, water) showed
immediately naked-eye discernible color changeolortess under daylight
as well as an obvious fluorescence color change fieen to blue. Further,
the 2TM-coated filter papers were immersed in @NO™ solutions of
different concentrations and dried in air. Accoglito the increasing
concentration of CNCIO™, the color was changed gradually from yellow to
gray were clearly viewed under daylight, along wthle fluorescence color
changes from green to blue under 365 nm illumimaffeig. 10b). These
observations implied that the test strips servedaagpractical tool to
colorimetrically and conveniently monitor Cldnd CIO in water.

In addition, the silica loade@TM was prepared and used for the
selective detection of CINCIO™. The silica gels (100 mesh, 1 g) were loaded
with 2TM solution (1.0 mM) and dried under vacuum to obthim yellow
color. The dried silica was then added to (NO™ (1.0 mM, water), the
color immediately changed to colorless and bluesuisdnlight and UV light,
respectively Fig. 109, which insisted on the real application ZFM for
rapid and qualitative identification of CNand CIO. These results
demonstrated that sens®fM could selectively and visually recognize TN

and CIO in water as a portable device by the naked eyes.

20



Interestingly, due to the above good fluorescensisg performance,
sensor2TM could serve as a rewritable small-molecular srfladrescent
display material. The CNCIO™ solution (10 uM, water) was loaded into a
pen without any modification and was used to waitletter of “CN, CIO
and QLU”, number of “2019” and Chinese charactesacli as “Qilu
University of Technology”) on th@ TM-based filter papers, respectively,
and the results were visualized under 365 nm UNtligs displayed irFig.

10 (d), all the letter, number, and the Chinese characterbehandwritten
filter paper gave bright blue fluorescence, furtb@nfirming2TM could be
used as a convenient and inexpensive test toadiosing CNand CIO in

water.

Fig. 10

4. Conclusions

In summary, a novel dual-function bithiophene-Maldls acid based
colorimetric and fluorescent sens®dfM was synthesized and characterized.
On account of the outstanding advantages of exitebelectivity, great
sensitivity, ultrafast response time and wide wagkpH range, sens@TM

was successfully applied to detecting Gid CIO in aqueous media with

21



naked-eye colorimetric and fluorescent turn-on eesps, and its practical
utility as an on-site testing reagent has beenfigdriin live cells and
environmental water samples. Moreover, the se@¥tM was also capable
of monitoring CN in the natural food samples. In addition, colotmoeetest
strips demonstrated a promising application 2FM as a portable,
eco-friendly and ultrafast device for real-time amdsite visual detection of

CN" and CIO in water with great sensitivity.
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Figure and Table captions

Scheme 1The synthetic route of sens?dfM.

Fig. 1 Absorption(a) and emissior(b) spectra of sens®TM (10 uM) in
DMSO/H,O (1/3, v/v) solution in the presence of Thhd other analytes
(2.0 equiv.);Insets Visual solution color changes iBTM treated with
various analytes.

Fig. 2 Absorption (a) and emission(b) spectraof 2TM (10 pM) in
DMSO/H,0O (1/3, v/v) treated with different concentratiomsCN™ (0-2.0
equiv.).

Fig. 3 (a) Time-dependenta) and pH effect{b) on the fluorescence intensity
of 2TM (10 uM) in DMSO/H,0O (1:3, v/v) in the absence or presence of 2.0
equiv CN.

Fig. 4 Absorption(a) and emissior(b) spectra of sens®TM (10 uM) in
100% aqueous solution in the presence of "Ghdd other analytes (2.0
equiv.); Insets Visual solution color changes RITM treated with various
analytes.

Fig. 5(a) Absorption(a) and emissioiib) spectraof 2TM (10 uM) in 100%
aqueous solution treated with various concentraifc@lO (0-2.0 equiv.).
Fig. 6 Time-dependenta) and pH effec{b) on the fluorescence intensity of
2TM (10 uM) in 100% aqueous solution in the absence or pesef 2.0

equiv CIO.
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Fig. 7."H NMR spectra oRTM in the absence and presence of 1.0 egajv.
CN7/CIO” and2T-CHO (b) in DMSO-dk.

Scheme 2.The proposed sensing mechanism2®@M and CN/CIO™ with
observed colorimetric changes.

Fig. 8. Fluorescence spectral response20M (10 uM) in the sprouted
potato, cassava, immature sorghum and bitter $esets the photograph of
the sprouted potato, cassava, immature sorghunbiied seed, and after
addition of cyanide-containing, the color chang2 ®M under 365 nm UV
light.

Fig. 9. Fluorescence images of HelLa cells incubated @1t (15 puM) for
60 min (a, b), Fluorescence images @TM-loaded cells were further
cultured with 2QuM of CN™ (c) and CIO (d) for 30 min, respectively.

Fig. 10(a) Photographs of TLC-based test strips2dM, 2TM+CN", and
2TM+CIO™ by naked eyeqp) Photographs o2TD treated with increasing
CN7/CIO™ concentration on filter paper§&) Color changes 02TM in the
solid state upon treatment of @GNIO™ aion;(d) The photographic images of
the fluorescent letter/text written @TM-loaded filter paper using CNleft)
and CIO (right) solution under UV light.

Table 1 Determination of CNin the environmental water samples.

Table 2 Determination of CIOin the environmental water samples.

37



Scheme 1
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Fig. 1(b)
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Fig. 2(b)
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Fig. 3(b)
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Fluorescence Intensity/a.u.
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Fig. 7(b)
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Fig. 8

Fig. 9
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Fig. 10(a)

Fig. 10(b)
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Fig. 10(c)

Fig. 10(d)
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Table 1

Added Detected(” x+SD)
Sample Recovery(%) RSD (n=5,%
(uM) (uM)
1 1.01+0.028 101% 2.7
Distilled Wate 5 5.03+0.021 100.6% 0.42
10 10.03+0.026 100.3% 0.26
1 1.02+0.026 102% 2.5
River Water 5 4.,99+0.032 99.8% 0.64
10 9.99+0.011 99.9% 0.11
1 0.98+0.028 98% 2.8
Tap Water 5 5.03+0.032 100.6% 0.64
10 10.08+0.035 100.8% 0.35
1 1.03+0.035 103% 3.3
Yellow River water 5 5.04+0.049 100.8% 0.98
10 10.07+0.026 100.7% 0.26
. 1 0.99+0.019 99.0% 1.9
Lake Water of Ji'nan
5 4.97+0.028 99.4% 0.56
Garden Expo
10 10.04+0.021 100.4% 0.21
Table 2
Added Detected(" x+SD)
Sample Recovery(%) RSD (n=5,%
(uM) (uM>
1 1.03+0.025 101.8% 2.1
Distilled Wate 5 5.07+0.019 101.4% 0.38
10 10.03+0.023 100.3% 0.23
1 0.98+0.024 98.6% 2.3
River Water 5 4.97+0.027 99.4% 0.54
10 10.02+0.011 100.2% 0.11
1 1.05+0.023 102% 2.3
Tap Water 5 5.09+0.028 101.8% 0.56
10 10.07+0.035 100.7% 0.35
1 1.03+0.035 102.1% 2.3
Yellow River water 5 4.99+0.049 99.8% 0.98
10 10.03+0.022 100.3% 0.22
. 1 1.01+0.023 101% 2.3
Lake Water of Ji'nan
5 4.98+0.031 99.6% 0.62
Garden Expo
10 10.02+0.028 100.2% 0.28
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Highlights

» A novel colorimetric and fluorescent sengirM was introduced for
simultaneous detection of Cldnd CIO.

»2TM exhibits excellent selectivity, great sensitivignd ultrafast
responses to Chand CIO.

» The low detection limits for CNand CIO were obtained as 0.96M
and 48 nM.

»2TM sensitively detect CNand CIO in live cells, water and food
samples.

»2TM is applied as an efficient sensor for highly cofatric detection

of CN" and CIO on test strips and silica.
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