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ABSTRACT: As the most abundant and significant anions inysitesn, chloride ions
(CI) participate in many important physiological preses. Thus, designing and
synthesizing of a simple, sensitive, selective lmd) wavelength turn-on sensor for the
detection and imaging of TCin vitro and in vivo is very necessary. Herein, have
developed a simple porphyrin turn-on sensor 5,1H),20-Tetrakis (4-hydroxyphenyl)
porphyrin (THPP) with near infrared emission wawel (657 nm) for sensing chloride
ions with remarkable sensitivity and selectivityhel detection of chloride ions was
according to metal displacement assay (MDA) undeysilogical condition with a

detection limit of 7.5 uM, and was applied to im&zjein vitro and in vivo successfully.
KEYWORDS: NIR turn-on sensor; chloride ions; in vitro; irvei
1. Introduction

Chloride ions (C) play an indispensable role in biological fielddaparticipate
various physiological processes, and distributalimost all kinds of cells to participate
many physiological processes including regulatibeedl volume, control of membrane
potential and keeping stability of vesicular pHua[1-4]. The homeostasis alteration of
chloride levels in body fluid associates with cydtbrosis, myotonia and startle disease
[5-8]. Thus, the detection and cellular imagingGif are of great interest to chemist as

well as biologist.
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Owing to the simplicity, low-cost, high sensitivitgs well as in vivo and in vitro
imaging, fluorescent sensors become popular toctetarious ions [9-18]. The
traditional anion fluorescent sensors rely on hgdro bonding and electrostatic
interactions to bind anions, which lack selectitiydistinguish different anions [19-21].
Recently, the approach based on metal-ligand coatidn interaction was developed
rapidly. It is superior to weak non-covalent borgdvecause the metal ion can selectively
bind towards various anions according to theiredéht charge and shape [22-25].

Up to now, there are extremely limited numbers efisors available for sensing
chloride ions. Among these sensors, most of thesrsemple quinolinium or acridinium
based compounds, which are always fluorescenceoftirwith limited selectivity for
chloride ions [26-30]. These fluorescence turnseffisors are limited for imaging @h
vitro and in vivo because they are in silent stattgeen encountering the abundant
chloride ions in organism. The design of fluoreseeturn-on sensors for chloride ions is
still highly challenging. Application of the metdisplacement assay to the sensor of
chloride ions are hardly reported. As far as wevknonly one work is that Sheri Madhu
et al. reported a boron-dipyrrin-mercuryl] complex as a fluorescence turn-on sensor
for chloride [31].

Here we designed and synthesized an acceptor 5, 18), 20-Tetrakis
(4-hydroxyphenyl) porphyrin (THPP), which coordiestwith many metal cations.
Among them, we selected relatively lower toxic*Ag coordinate with THPP to form
THPP-Ad, which has strong binding performance with. @hus, a NIR fluorescence
turn-on detection was obtained for.GDwing to the good spectroscopic properties, the

sensor was applied to bioimaging in vitro and wovsuccessfully.
2. Materialsand methods
2.1. Reagents and instrumentation

4-Hydroxybenzaldehydewas purchased from Energy Chemical Technology
(Shanghai, China) Co., Ltd. MTT Cell Proliferati@amd Cytotoxicity Assay Kit was
purchased from Sangon Biotech (Shanghai, China) IGd. Pyrrole, propionic acid and
ethyl acetate were refluxed at atmospheric pressurirther use. Petroleum ether and
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nitrobenzene were used without additional purifarat Ultrapure water was produced
from the ALH-6000-U (Aquapro International CompatdSA) purification system. All
other chemicals were obtained from qualified reagemppliers with analytical reagent
grade.

Fluorescence spectra were recorded on a RF-530Mipcescence spectrometer
(Shimadzu, Japan) with a xenon lamp and 1.0 cntzjeelis at the slits of 5/5 nm. High
resolution mass spectra were measured using a APEXe FT-ICR spectrometer with
ESI or APCI positive ion mode (Bruker Daltonics, @nta). NMR spectra were
measured using a 400 MHz instrument (JEOL, JapBmd. chemical shiftsé) were
referenced to residua-DMSO (H NMR, 2.62 ppm:*C NMR, 40.76 ppm). The pH
values were measured using a PHSJ-3Fdigital pH(le¢eci, China). MTT Assay were
performed using the Spark multimode microplate eeagd@ECAN, Switzerland). Cell
imaging were performed with LSM 510 META Axiover®@ M BP microscope (Zeiss,

Germany). Animals were imaged using an IVIS Spect(Garestream Health, Canada).
2.2. Synthesis of THPP

Nitrobenzene (6 mL) was mixed with 8 mL of propioaicid in a 50 mL three-neck
flask and refluxed for 30 min. 4-Hydroxybenzaldebyd.22 g, 10 mmol) was dissolved
in 30 mL of propionic acid, and dropped in the abosaction mixture. At the same time,
67 mg (10 mmol) of pyrrole dissolved in 6 mL ofrolbenzene was slowly dropped into
the reaction system too. The mixture was refluxadlf5 h, then cooled, followed by
adding 10 mL of petroleum ether (40-60)° At last, the mixture was left in the
refrigerator (-20€) overnight. The precipitate was obtained, filterecdd washed by
petroleum ether. The purification was further adrout using the Soxhlet extractor with
ethyl acetate as a solvent. Yield 1.102 g (65%#§ piwre product is in dark blue color. IR
(film): vmax= 3390.3, 2925.5, 1604.5, 1486.8, 1346.1, 12862342, 1106.9, 846.6,
703.9 cm®; *H NMR (400 MHz,d6-DMSO): § 9.91 (s, 4H), 8.83 (s, 8H), 7.95 (d, 8H),
7.16 (d, 8H);*C NMR (100 MHz,d6-DMSO0): § 175.7 (s), 157.9 (s), 136.1 (s), 132.5 (s),
130.3 (s), 123.8 (s), 120.6 (s), 116.2 (s), 1145 HRMS (ESI, m/z) Calcd for
Ca4H30N4O4[M + H]: 679.2340; Found: 679.2336.
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2.3. Fluorescent spectra measurement

The stock solution of THPP (1.0 mM) was preparedimethyl sulfoxide (DMSO).
The solutions containing the following ions (10.8jnwere prepared in ultrapure water:
Fe*, AI¥Y zr?*, c#, c&', Mg®, B&', Na', K', Ag', Ni*, cd*, HF", P COs?,
CHsCOQ, ClOy, SQ%, SO7, §, NOs, NO,, F, CI, Br, I, Pi, PPi, GSH, L-CyS. Test
solutions were prepared by placing 2@l0of THPP (1.0 mM), 98@L of DMSO and an
appropriate aliquot of each analytic stock solutioto a 2.0 mL centrifugal tube, and
diluting the solution to 2.0 mL with HEPES (50.0 mpH = 7.4). Then the fluorescence
and UV absorption spectra were recorded (RT). Tirdéscence spectra were recorded

with the excitation and emission wavelengths at&&D nm.
2.4. Real sampleanalysis

Human serum samples were thawed at room temperahgeadded to the 5 mL
centrifuge tube, to which added acetonitrile, thuspension vortexed for 2 min and
centrifuged under 12000 r for 5 min. The superrnatas collected and then dried with
removing solvent by nitrogen-blow.

Test solutions were prepared by placing 20L.0of THPP (1.0 mM), 98QuL of
DMSO and 20uL of Ag® (20.0 mM) into a 2.0 mL centrifugal tube and dilgt the
solution to 2.0 mL with 1000-fold diluted pretreateuman serum. The resulting solution
was shaken well at room temperature (RT) for 30, rnmd then the fluorescence spectra

were recorded.
2.5. Invitroandinvivo imaging
2.5.1. Cytotoxicity assay of THPP

Cytotoxic effect of THPP was measured with colotimee methyl thiazolyl
tetrazolium (MTT) assay. Hela cells (1 x*idlls / well) were seeded in a 96-well plate
in 200puL of culture medium, then incubated for 24 h in gnesence of THPP at various
concentrations (0, 5, 10, 15, gM). After that, MTT solution (0.5 mg/mL) was addex
each well and the residual MTT solution was remosaédr 4 h and 10QL of DMSO
was added to each well to dissolve the formazastals, At last, the absorbance at 570
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nm was measured with a microplate reader. The M3Shys were performed in six sets

for each concentration.
2.5.2. Cédl culture and confocal fluorescenceimaging

HeLa cells were grown in RPMI 1640 supplementedwi®% fetal bovine serum
(FBS) at 37°C and with 5% GOatmosphere. Cells were plated on 14 mm glass
coverslips in a 24-well plate and allowed to adhfere12 h. Confocal luminescence
imaging of cells was performed with a Zeiss Axidva®0 M BP microscope. Excitation
was carried out with a HeNe laser at 543 nm (1 mAMY emission was collected with
LP 560 nm filter.

Hela cells were incubated with THPP (@®1) for 0.5 h at 37°C, then the cells were
incubated with a PBS solution of Ag200 uM) for additional 0.5 h at 37°C. After that
additional C1 (200 uM) were added to the above system for another (b 3v7°C, the
imaging was recorded.

Before the imaging, the stained cells were washegkttimes with PBS buffer.
2.5.3. InVivo Imaging

Kunming mice (KM, female) were obtained from Garidaoiversity of Chinese
Medicine. All animal experiments were performeddabby the guidelines issued by The
Ethical Committee of Gansu University of ChinesedMae. Kunming mice were
anesthetized by intraperitoneal injection of chldngdrate (0.1 mL, 10% in saline) and
abdominal fur was removed by 8% 4$a The mice were imaged using an IVIS Spectrum
(Carestream Health, Canada) in fluorescence modipged with 535 and 700 nm filters
for excitation and emission respectively. Photobsagere taken using a fixed exposure
time.

The animal imaging experiment including four stefs) Kunming mice was
untreated as control and took a photograph. (2)nog mice was given a skin-pop
injection of THPP (100uL, 100 uM) and incubated for 0.5 h, then took another
photograph. (3) Kunming mice was subsequent sknipjection of Ad (100uL, 5 mM)
at the same position and got a photograph afteh0(8) At last, Kunming mice was

further subsequent additional injection of @DOuL, 5 mM) and took a photograph after
5
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0.5 h. All solutions included a mixture of HEPESfbu (50 mM, pH = 7.4) and DMSO
(1:2, viv).

3. Resultsand discussion

THPP was easily synthesized via a facile one-sta@ption with high yield (65%),
shown in Figure 1. The final product was charazeetiby IR,"H NMR, *C NMR and
HRMS, as shown in Supporting Information (Figurds-SS4).

3.1. CI" Analysis

The fluorescence intensities for THPP under difierpH values were recorded
(Figure 2). With the pH value from 5 to 10, thedilascence intensities of THPP are very
stable. Hence, the physiological pH = 7.4 buffes welected as experimental condition.

THPP can bind with metal ions easily since it hasrdinating segment porphin ring
but no response to any anion (supporting infornmakm. S5). Under low concentration
of metal ions (10 pM), Cilis the most sensitive ion to coordinate with THIFR)(S6).
Thus, THPP could detect trace Cwith preferable sensitivity (supporting information
Fig. S7-S9).

Nevertheless, with the addition of high concentratof various metal ions (500
uUM), the fluorescence of THPP can be quenched wetious other ions including Ag
PK*, Cf* and HG" (Figure 3). Owing to the high toxicity, Pb Cdf* and Hg" were
unsuitable to employed in any analysis proceduhgnking about the less toxicity and
stronger binding ability to Gl Ag” was selected for the CThetection in biological
samples. The association constant of THPP withwg determined to be 0:610° M*
(Supporting Information Figure S10). In order tdest the optimal test condition,
different concentrations of Ag50-500 uM) were added into THPP to quench the
fluorescence intensity respectively. From figure the fluorescence intensity was
unchanged when the concentration of Aglow 100 uM. While, the concentration of
Ag” were raised up to 200 pM, the fluorescence intgngas quenched obviously. The

fluorescence was quenched almost completely @ldbncentration of Agbeyond 300
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UM. Thus, the optimal concentration of Ag 300 uM. So we selected the THPP-Ag
(10 uM - 300 uM) to quantitative analysis of.Cl

The selectivity and coexisting ion interference exkpents of THPP-Agtowards
various anions, including GO, CH;COO, CIO,, SO, SG%, NOs, NO,, F, CI, Br, I,
Pi, PPi and & were carried out in ¥0/DMSO solution (1:1, v/v, 50.0 mM HEPES, pH =
7.4). As shown in Figure 5, other anions causedhamges in the fluorescence intensity
except Brand 3. However, bromine concentration about 17.9p68which are much
lower than the concentration of ‘QLO0 mM) in plasma or serum [26, 32]. So its
interference can be ignored. Although fre& B hard to find in body fluid, but
consideration of many amino acid containing mem@agtoups in vivo, so we have
investigate the selectivity and coexisting integfeze of THPP-A{ towards GSH and
L-Cys which are the most abundant amino acid coimtgimercapto groups (Fig.5). We
found, although free %Scan recover the fluorescence intensity of THPP:Amyt GSH
and L-Cys have a bit of response with THPP-Agd there is no interference to detection
of CI'. The selectivity of THPP-Agowards chloride ions is superior to the most biot
Cl' sensors, which is listed in the Table 1. Successudition of Clto the above system,
fluorescence intensity can be recovered graduBliyue 6A). The detection limit of ClI
was calculated to be 7.5 uM (Figure 6B) which ipesior to the most of Gkensors.

Table 1 gave the comparison between THPP-Agd the reported CHuorescence

Sensors.
Table 1. Comparison of sensor THPPAgth reported fluorescence Gensors
Emission Linear LOD? pH Selectivity  Reference
. range value
CI" Sensors Wavelength /UM
/UM

/nm
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657 20 7.5 7.4 ClI'>Br This work
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Emission On

8Limit of detection
— Not list in paper

3.2. Application
3.2.1. Real Sample Analysis

Table 2 The detection of Gh serum sample

Sampli Methoc [CI] detectel (C/mM)
THPF-Ag" 120.8 + 1.
Precipitation titration 113.3t 0.4

Human serum

First, the proposed method was applied to the aisalyf chloride ions in human
serum samples. The chloride ions in human serumewalsiated by this method and the
standard precipitation titration method. Essentiatlentical results were obtained by
these two methods (Table 2), indicating that theppsed method could be used for ClI

detection in serum samples.
3.2.2. Cdl Imaging

Owing to the stable pH value and good spectrosqmuiperties, THPP was applied
9
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to confocal fluorescence imaging in Hela cells. Maskay showed (Figure 7) that THPP
had no significant cytotoxicity (cell viability 80%) when Hela cells was treated with
THPP (<15 pM) for 24 h. Thus, 10 uM of THPP is stdd for cell imaging.

The cell imaging was performed and shown in Fidhirélela cells were incubated
with THPP (10 uM) at 37°C for 0.5 h and showedrsgroed fluorescence (Figure 8B).
After addition of Ag (200 uM) for another 0.5 h, the fluorescence wasnghed a lot
but can not be quenched completely (Figure 8C)s Thdue to the presence of chloride
ions in the cell. At last, C(200 puM) recovered the fluorescence some extegt(& 8D).
The cell imaging experiment demonstrated that sefbi®’P can permeate through the
cytomembrane and detect chloride ions under celarigironment.

3.2.3. InVivo Imaging

THPP are propitious to apply in vivo imaging thainceliminate the interference
from background auto-fluorescence and minimizedpiécal damage to living body. As
shown in the Figure 9. with skin-pop injection bétprobe THPP, regional fluorescence
enhanced (Figure 9B). Agjuenched the fluorescence (Figure 9C) and theneGbver

the fluorescence (Figure 9D). It was revealed TP could image Cin living mice.
4. Conclusions

In summary, we have developed a novel NIR fluonesedurn-on sensor THPP for
the sensitive detection of chloride ions under p#lggical condition by a simple MDA
method with preferable sensitivity and selectivift last, depend on the remarkable
spectroscopic properties, the sensor THPP wasegbfwiimage Clin vitro and in vivo

successfully.
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Captions

Fig. 1 Synthesis of THPP
Fig. 2 Fluorescence intensity of THPP (@) under the different pH values (5 - 10).

Data points represent the mean of three indeperd@etriments (+ SD).

Fig.3 Fluorescence response of THPP (10/4) in the presence of 50.0 equiv. of
different cations (F&, AI**, zr?*, CU*, c&*, Mg?*, B&, Na', K*, Ag', Ni*, Cd**, HZ*,
PK"). H,O/DMSO solution (1:1, v/v, 50.0 mM HEPES, pH = 7(4), = 560 nM}em=

657 nm). Data points represent the mean of th@ependent experiments (x SD).

Fig.4 Fluorescence response of THPP (1QM) in the presence of different
concentrations of Ay0, 50, 100, 200, 300, 400, 5081). H,O/DMSO solution (1:1, v/v,
50.0 mM HEPES, pH = 7.4)\{ = 560 nm,Aem = 657 nm). Data points represent the

mean of three independent experiments (+ SD).

Fig.5 Fluorescence response of THPP-Am the presence of different anions (&0
CHs;COO, CIOy, SQ%, SO7, §, NOs, NO,, F, CI, Br, I', PPi, Pi, GSH, L-CyS)
(black bars) and in the presence ofglis other competitive species coexisting (red)bars
H,O/DMSO solution (1:1, v/v, 50.0 mM HEPES, pH = 7(4x = 560 nmAem = 657 nm).
Data points represent the mean of three indeper@atriments (+ SD).

Fig. 6 (A) Fluorescence titration of THPP-Agpon addition of 0-50@M of CI". (B)
Linear response of the emission intensity chan§@®P-Ag" with the concentration of
CI'. HO/DMSO solution (1:1, v/v, 50.0 mM HEPES, pH = 74)x = 560 nmAem = 657

nm). Data points represent the mean of three intbge experiments (x SD).
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Fig.7 Effect of THPP on the viability of Hela celifter incubation of 24 h.

Fig. 8 Confocal fluorescence images of Hela céf$ Untreated control cells. (B) Cells
incubated with THPP (1040M) for 0.5 h. (C) Cells incubated with THPP (1Qud) for

0.5 h, then A§(200.0uM) for another 0.5 h. (D) Cells incubated with THER.0pM)

for 0.5 h, Ad (200.0uM) for 0.5 h, then CI(200.0uM) for another 0.5 h. Bright field (1),
fluorescence (2) and overlap field (3). Scale bas® um.

Fig. 9 In vivo imaging of (A) a mouse untreated (@ol); (B) a mouse injected with

THPP; (C) a mouse injected with THPP followed itgecwith Ag'; (D) a mouse injected
with THPP, then injected with Adollowed injected with Cl
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Highlights:

» NIR fluorescence turn-on detection of chloride ions under physiological condition
» The sensor has preferable selectivity and sensitivity compared with reported.

» The sensor can be used in bioimaging in vitro and in vivo.
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