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Abstract

A mitochondria-targeted ratiometric two-photon fluorescent probe (Mito-MPVQ) for biological 

zinc ions detection was developed based on quinolone platform. Mito-MPVQ showed large red 

shifts (68nm) and selective ratiometric signal upon Zn2+ binding. The ratio of emission intensity 

(I488 nm/I420 nm) increases dramatically from 0.45 to 3.79 (ca. 8-fold). NMR titration and 

theoretical calculation confirmed the binding of Mito-MPVQ and Zn2+. Mito-MPVQ also 

exhibited large two-photon absorption cross sections (150GM) at nearly 720 nm and insensitivity 

to pH within the biologically relevant pH range. Cell imaging indicated that Mito-MPVQ could 

efficiently located in mitochondria and monitor mitochondrial Zn2+ under two-photon excitation 

with low cytotoxicity.
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1. Introduction

Zinc ion has been known as the second most abundant transition metal ion in the human 

body, which plays critical role in neurotransmission, enzymatic regulation and cell apoptosis 

(Xie and Smart, 1991; Berg and Shi, 1996; Vallee and Falchuk, 1993; Bush, 2000; Li et al., 

2009). Recent studies revealed that the over-taken of Zn2+ in mitochondria will lead to the 
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accumulation of reactive oxygen species (especially H2O2) and the dysfunction of 

mitochondria (Sensi et al., 2000; Sensi et al., 2003; Sensi et al., 2009; Chyan et al., 2014). 

Fluorescent probe has been evaluated as the most powerful tool to monitor biologically 

relevant species for their high sensitivity and spatial resolution (Egawa et al., 2013; Chen et 

al., 2013; Radford et al., 2013; Huang et al., 2013; Bae et al., 2013; Jung et al., 2014; Zhang 

et al., 2014; Hettiarachchi et al., 2014; Zhou et al., 2014). During last years, lots of 

fluorescent probes for Zn2+ have been developed to detect the cytosolic Zn2+ to understand 

its role in living system (Zhang et al., 2014; Hettiarachchi et al., 2014; Zhou et al., 2014; 

Qian et al., 2009; Du et al., 2010; Meng et al., 2012; Guo et al., 2012; Lin et al., 2013; Divya 

et al., 2014; Hagimori et al., 2015; Lee et al., 2015). Unfortunately, most of the reported 

Zn2+ fluorescent probes failed to target the mitochondria.

Most of reported fluorescent probes are designed based on single-photon fluorescence 

technology, which requires excitation with short-wavelength light (ca. 350–550 nm) that 

limits their application in subcellular organelles and deep-tissue, owing to the shallow 

penetration depth (less than 80 μm) as well as to photo-bleaching, photo-damage, and 

cellular auto fluorescence (Sensi et al., 2003; Que et al., 2008; Tomat et al., 2010; McRae et 

al., 2009; Meng et al., 2006; Zhou et al., 2010). Recently, Two-photon fluorescence (TPF) 

probes, which can be excited by two-photon absorption in the NIR wavelength, provided an 

opportunity to overcome the problems originated from the single-photon fluorescence 

technology (Denk et al., 1990; Yao and Belfield, 2012; Sarkar et al., 2013; Kim et al., 2014; 

Kim and Cho, 2015; Meng et al., 2012; Park et al., 2012; Sarkar et al., 2014; Jing et al., 

2012; Zhang et al., 2014; Wang et al., 2014; Masanta et al., 2011; Zhang et al., 2013; Zhou 

et al., 2014; Yin et al., 2015). However, most of the reported two-photon fluorescent probes 

Zn2+ are “turn-on” ones, using enhancement of the fluorescence intensity at only one 

wavelength as the detection signal. This design may cause difficulty for quantitative 

determination and quantitative bio-imaging due to the background interference (Baek et al., 

2012; Rathore et al., 2014). By comparison, ratiometric probes are better choices that can 

overcome this particular limitation, because they allow quantitative detection of the analyte 

by measuring the ratio of emissions at two different wavelengths (Meng et al., 2012; Dunn 

et al., 1994; Dittmer et al., 2009; Xue et al., 2012; Qin et al., 2011). Therefore, 

mitochondria-targetable ratiometric fluorescent probes for Zn2+ are still highly needed.

Herein, we design a new two-photon ratiometric probe (Mito-MPVQ) for mitochondrial 

Zn2+ based on 6-substituted quinoline group, an efficient two photon fluorophore we 

reported before (Meng et al., 2012) (Scheme 1). Triphenylphosphonium(TPP) group, which 

was widely used as the mitochondria targeting group (Masanta et al., 2011; Xue et al., 2012; 

Komatsu et al., 2005; Murphy and Smith, 2007; Dickinson and Chang, 2008; Ross et al., 

2008; Dickinson et al., 2010; Dodani et al., 2011), was linked to the fluorescent group to 

deliver the probe selectively to mitochondria. In order to eliminate the influence of the TPP 

group to the detection of the Zn2+, a long aliphatic linker was used to separate TPP group 

from the fluorescent group. We speculate that the new probe will selectively located into 

mitochondria and give good ratiometric two-photon detection signal to mitochodrial Zn2+. 

Mito-MPVQ was synthesized from simple starting material (4-Iodoaniline) via 6-steps 

procedure with overall yield of 15.0% (Scheme S1).
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2. Experimental section

2.1 General procedures

All reagents and solvents were commercially purchased. All reactions were magnetically 

stirred and monitored by thin layer chromatography (TLC). Flash chromatography (FC) was 

performed using silica gel 60 (200–300 mesh). 1H NMR spectra were recorded on 

Bruker-400 MHz spectrometers and 13C NMR spectra were recorded on 100 MHz 

spectrometers. Fluorescence spectra were obtained using a HITACHIF-2500 spectrometer. 

UV-vis absorption spectra were recorded on a Tech-comp UV 1000 spectrophotometer. MS 

spectra were conducted by Bruker autoflex III MALDI TOF mass spectrometer. A stock 

solution of Mito-MPVQ (1 mM) was prepared in MeOH. The test solution of Mito-MPVQ 

(10 μM) in pH 7.4 PBS was prepared. The solutions of various testing species were prepared 

by dilution of the stock solution with PBS buffer solution. Various ions including Zn2+, 

Cd2+, Ni2+, Fe2+, Cu2+, Cu+, Ca2+, Co2+, Mg2+, Mn2+, K+, Na+ were prepared. The 

resulting solutions were shaken well and incubated for 30 min at room temperature before 

recording the spectra. The two-photon cross section was tested in methanol with 1mM Mito-

MPVQ.

2.2 Measurement of two-photon absorption cross-section (δ)

Two-photon excitation fluorescence (TPEF) spectra were measured using femtosecond laser 

pulse and Ti: sapphire system (680~1080 nm, 80 MHz, 140 fs, Chameleon II) as the light 

source. All measurements were carried out in air at room temperature. Two-photon 

absorption cross-sections were measured using two-photon-induced fluorescence 

measurement technique. The input power from the laser was varied using a variable neutral 

density filter. The fluorescence was collected perpendicular to the incident beam. A focal-

length plano-convex lens was used to direct the fluorescence into a monochromator whose 

output was coupled to a photomultiplier tube. A counting unit was used to convert the 

photons into counts (Doan et al, 2015). The TPA cross sections (δ) are determined by 

comparing their TPEF to that of fluorescein (fluorescein dissolved in water (pH ~11) was 

used as a standard ((φδ)780 nm = 38 GM).) in different solvents, according to the following 

equation:

Here, the subscripts ref stands for the reference molecule. δ is the TPA cross-section value, c 

is the concentration of solution, n is the refractive index of the solution, F is the TPEF 

integral intensities of the solution emitted at the exciting wavelength, and Φ is the 

fluorescence quantum yield. The δref value of reference was taken from the literature (Xu 

and Weeb, 1996).

2.3 Cytotoxicity assays

MTT (5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide) assay was performed as 

previously reported to test the cytotoxic effect of the probe in cells (Lin et al., 2007). CHO 
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cells were passed and plated to ca. 70% confluence in 96-well plates 24 h before treatment. 

Prior to Mito-MPVQ treatment, DMEM (Dulbecco’s Modified Eagle Medium) with 10% 

FCS (Fetal Calf Serum) was removed and replaced with fresh DMEM, and aliquots of Mito-

MPVQ stock solutions (1 mM MeOH) were added to obtain final concentrations of 10 and 

30 mM respectively. The treated cells were incubated for 24 h at 37 °C under 5% CO2. 

Subsequently, cells were treated with 5 mg/mL MTT (40 mL/well) and incubated for an 

additional 4 h (37 °C, 5% CO2). Then the cells were dissolved in DMSO (150 mL/well), and 

the absorbance at 570 nm was recorded. The cell viability (%) was calculated according to 

the following equation:

where OD570(sample) represents the optical density of the wells treated with various 

concentration of Mito-MPVQ and OD570(control) represents that of the wells treated with 

DMEM containing 10% FCS. The percent of cell survivlvalues is relative to untreated 

control cells.

2.4 Cell culture and two-photon fluorescence microscopy imaging

CHO cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with 10% FCS, penicillin (100 μg/mL), and streptomycin (100 μg/mL) at 37 °C in a 

humidified atmosphere with 5% CO2 and 95% air. The cells were incubated with 10 μM 

Mito-MPVQ at 37 °C under 5% CO2 for 30 min, washed once and bathed in DMEM 

containing no FCS prior to imaging and/or zinc(II) addition. Zinc(II) was introduced to the 

cultured cells as the pyrithione salt using a zinc(II)/pyrithione ratio of 1:1. Stock solutions of 

zinc(II)/pyrithione in MeOH were combined and diluted with DMEM prior to addition. 

Cells were imaged on a confocal microscope (Zeiss LSM 510 Meta NLO). Two-photon 

fluorescence microscopy images of labeled cells were obtained by exciting the probes with a 

mode-locked titanium-sapphire laser source set at wavelength 720 nm.

2.5 Synthesis of Mito-MPVQ

2.5.1 Compound 2—A mixture of 4-iodobenzenamine (22.0 g, 100.0 mmol) and HCl (6 

N, 100.0 ml) was heated to 100 °C, then crotonaldehyde (8.4 g, 120.0 mmol) was added 

slowly, the result mixture was refluxed until TLC shows no raw material exist (about 1 h). 

After cooling to room temperature, 200 ml H2O was added, the mixture was extracted with 

acetic ether (100 ml×2) to remove the un-reacted crotonaldehyde. The aqueous phase was 

neutralized with ammonia water and then extracted with acetic ether (50 ml×2). The organic 

phase were dried over Na2SO4 and evaporated to give crude residue. The residue was 

recrystallized in acetic ether / petroleum to give 20.2 g (71.3%) of 2.

1H NMR (400 MHz, CDCl3, ppm): δ 8.13 (s, 1H), 7.90 (d, J = 8.8 Hz, 2H), 7.73 (d, J = 8.9 

Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 2.72 (s, 3H). 13C NMR (100 MHz, CDCl3, ppm): δ 

159.70, 146.77, 138.08, 136.20, 134.93, 130.39, 128.23, 122.69, 90.87, 25.44.

2.5.2 Compound 3—A solution of compound 2 (10.0 g, 37.2 mmol) in 1,4-dioxane (100 

ml) was heated to 60 °C. SeO2 (4.9 g, 44.6 mmol) was added to this solution. Then the 

Ning et al. Page 4

Biosens Bioelectron. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reaction temperature was increased to 80 °C. After 4 h, the mixture was cooled to room 

temperature. Precipitates were filtered off and concerntrated to give the crude product. The 

crude material was purified by column chromatography (acetic ether/petroleum = 10: 1 as 

the eluent) to give 6.7 g (64.0%) of 3.

1H NMR (400 MHz, CDCl3, ppm): δ 10.20 (s, 1H), 8.32 (s, 1H), 8.20 (d, J = 8.5 Hz, 1H), 

8.05 (t, J = 9.1 Hz, 2H), 7.96 (d, J = 8.9 Hz, 1H). 13C NMR (100 MHz, CDCl3, ppm):δ 

193.36, 152.86, 146.82, 139.40, 136.72, 136.15, 131.84, 131.39, 118.14, 95.77. HRMS 

(MALDI-TOF) m/z: [M + H]+ C10H6INO calcd, 283.9567; found, 283.9565.

2.5.3 Compound 4—A mixture of compound 3 (5.7 g, 20.0 mmol), 4-ethynylphenol (2.8 

g, 24.0 mmol), Pd2(PPh3)2Cl2 (0.14 g, 0.2 mmol), CuI (0.2 g, 0.5 mmol) and Et3N (30 ml) 

was stirred at 30 °C for 12 h under the anhydrous and anaerobic conditions. After cooling to 

room temperature, the mixture was filtered to remove salts, and then 100ml H2O was added. 

The result mixture was extracted by dichloromethane (50ml×3). The organic phase were 

combined and dried over Na2SO4 and evaporated to give crude product, which was purified 

through column chromatography (dichloromethane as the eluent) to give 4.8 g (87.4%) of 4.

1H NMR (400 MHz, CDCl3, ppm): δ 10.12 (s, 1H), 10.07 (s, 1H), 8.58 (d, J = 8.5 Hz, 1H), 

8.29 (s, 1H), 8.21 (d, J = 8.7 Hz, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.8 Hz, 1H), 7.47 

(d, J = 8.0 Hz, 2H), 6.86 (d, J = 8.2 Hz, 2H). 13C NMR (100 MHz, DMSO, ppm): δ 193.50, 

158.55, 152.50, 146.31, 137.60, 133.34, 132.84, 130.63, 130.15, 129.58, 123.65, 117.86, 

115.86, 111.81, 92.86, 87.03.

2.5.4 Compound 5—A mixture of 4 (4.1 g, 15.0 mmol), KHCO3 (2.3 g, 2.3 mmol) and 

ACN (30 ml) was heated to 80 °C under the condition of nitrogen. After 1 h, 1,4-

Dibromobutane (6.5 g, 30.0 mmol) was added, the result mixture was refluxed until TLC 

shows no raw material exist (about 8 h). After being cooled to room temperature, the 

mixture was filtered and the filtrate was evaporated to give crude product. The crude product 

was purified by column chromatography (DCM: PE=2: 1 as the eluent) to give 4.2 g 

(68.5%) of 5.

1H NMR (400 MHz, DMSO, ppm): δ 10.13 (s, 1H), 8.61 (d, J = 8.5 Hz, 1H), 8.34 (s, 1H), 

8.23 (d, J = 8.8 Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 8.7 Hz, 1H), 7.57 (d, J = 8.4 

Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 4.04 (t, J = 6.5 Hz, 3H), 3.46 (t, J = 6.4 Hz, 3H), 1.82–

1.72 (m, 2H), 1.57 (dt, J = 13.1, 6.4 Hz, 2H). 13C NMR (100 MHz, CDCl3, ppm): δ 193.49, 

159.44, 152.64, 147.13, 136.89, 133.37, 133.18, 130.45, 130.41, 129.91, 124.81, 118.01, 

114.65, 92.68, 87.64, 66.98, 33.38, 29.41, 27.81.

2.5.5 Compound 6—A mixture of 5 (4.1 g, 10.0 mmol), KHCO3 (1.5 g, 15.0 mmol) and 

ACN (20 ml) was heated to 80 °C under the condition of nitrogen. After 1 h, PPh3 (5.2 g, 

20.0 mmol) was added, the result mixture was refluxed until TLC shows no raw material 

exist (about 12 h). After being cooled to room temperature, the mixture was filtered and the 

filtrate was evaporated to give crude product. The crude product was purified through 

column chromatography (ACN: DCM=2: 1 as the eluent) to give 4.0 g (59.6%) of 6.
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1H NMR (400 MHz, CDCl3, ppm): δ 10.22 (s, 1H), 8.27 (d, J = 8.5 Hz, 1H), 8.19 (d, J = 8.8 

Hz, 1H), 8.04 (d, J = 8.0 Hz, 2H), 7.87 (dd, J = 12.0, 8.0 Hz, 7H), 7.79 (t, J = 7.5 Hz, 3H), 

7.69 (d, J = 7.7 Hz, 6H), 7.50 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 8.1 Hz, 2H), 4.17 (t, J = 5.4 

Hz, 2H), 4.03 (t, J = 14.3 Hz, 2H), 2.34–2.20 (m, 2H), 1.89 (d, J = 7.7 Hz, 2H). 13C NMR 

(100 MHz, CDCl3, ppm): δ 193.51, 159.31, 152.59, 147.11, 136.94, 135.03, 135.00, 133.77, 

133.67, 133.38, 133.18, 130.54, 130.46, 130.41, 130.38, 129.92, 124.80, 118.73, 118.01, 

117.88, 114.71, 114.58, 92.70, 87.63, 66.59, 29.26, 29.10, 22.25, 21.74, 19.28.

2.5.6 Mito-MPVQ—A mixture of 6 (3.4 g, 5.0 mmol), Di-(2-picolyl)aMine (1.0 g, 5.0 

mmol), sodium triacetoxy (1.3 g, 6.0 mmol) and DCM (10 ml) was stirred at 30 °C for 12 h. 

After cooling to room temperature, the mixture was filtered, and then 20ml H2O was added. 

The result mixture was extracted by DCM (50ml×3). The organic phase were combined and 

dried over Na2SO4 and evaporated to give crude product. The crude product was purified 

through column chromatography (DCM:MeOH:NH3.H2O=10:2:0.5 as the eluent) to give 

3.9 g (92.0%) of Mito-MPVQ.

1H NMR (400 MHz, CDCl3, ppm): δ 8.50 (d, J = 4.6 Hz, 2H), 8.35 (d, J = 8.7 Hz, 1H), 8.15 

(s, 1H), 7.97 (d, J = 8.7 Hz, 1H), 7.91 (t, J = 7.1 Hz, 3H), 7.79 (dq, J = 10.8, 7.9 Hz, 16H), 

7.62 (d, J = 7.7 Hz, 2H), 7.54 (d, J = 7.9 Hz, 2H), 7.30–7.21 (m, 2H), 6.96 (d, J = 8.4 Hz, 

2H), 4.10 (t, J = 5.8 Hz, 2H), 3.97 (s, 2H), 3.83 (s, 4H), 3.68 (t, J = 14.8 Hz, 2H), 1.93 (dd, J 

= 12.4, 6.0 Hz, 2H), 1.72 (dd, J = 10.8, 4.2 Hz, 2H). 13C NMR (100 MHz, DMSO, ppm): δ 

173.81, 160.98, 158.86, 158.74, 148.86, 136.58, 136.24, 134.92, 133.63, 133.52, 133.02, 

130.71, 130.29, 130.16, 122.70, 122.21, 118.88, 118.03, 114.93, 90.41, 87.76, 77.77, 66.09, 

66.03, 59.47, 36.18, 25.50, 24.25, 18.35. m/z: [M - Br]+ C52H46BrN4OP calcd, 773.3404; 

found, 773.0130.

3. Results and discussion

3.1 UV/vis and fluorescence spectra responses

All spectroscopic measurements are carried out in the methanol-water solutions (1:1, v/v, 

50mM PBS buffer, pH=7.4). As shown in Fig. 1, the emission spectra of Mito-MPVQ 

exhibited a large red-shift of 68 nm (from 420 nm to 488 nm) with an iso-emissive point at 

434 nm. The ratio of emission intensity (I488 nm/I420 nm) increases dramatically from 0.45 to 

3.79 (ca. 8-fold). There is a linear relationship between the ratio of emission intensity 

(I488 nm/I420 nm) of Mito-MPVQ and the concentration of the Zn2+. A 8.6-folds enhancement 

(from 0.028 to 0.242) of the quantum yield was observed after 1 equiv. Zn2+ addition. The 

apparent dissociation constants (Kd) of Mito-MPVQ with Zn2+ are determined to be 0.85 

nM. These results suggested that Mito-MPVQ could be served as an efficient ratiometric 

fluorescent probe for Zn2+. As shown in Fig. S1, the UV-vis spectrum of Mito-MPVQ also 

exhibited red-shift with the addition of Zn2+ (0 to 1.2 equiv.), The red-shift of both 

fluorescence and UV-vis spectra was caused by the enhanced intramolecular charge transfer 

(ICT) process from donor (oxygen atom) to acceptor (quinoline), which was resulted from 

the coordination of the nitrogen atom of the quinoline platform with Zn2+. Job’s plot 

analysis (Fig. S2) confirmed the formation of the complex of Mito-MPVQ with a molar ratio 

of 1:1 (Mito-MPVQ/Zn2+).
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3.2 Two-photon absorption studies

The two-photon absorption cross section of Mito-MPVQ was further determined using the 

two-photon induced fluorescence measurement technique. As shown in Fig. 2, the maximum 

two-photon absorption cross section (δmax) value of Mito-MPVQ is 37 GM at 720 nm. Upon 

addition of 1.2 equiv. Zn2+, the δmax value increases greatly to 144 GM at 720 nm. The 

obvious enhancement of two-photon excitation fluorescence makes Mito-MPVQ a potential 

two-photon probe for monitoring Zn2+ flux in living systems.

3.3 Ions selectivity and pH stability

The selectivity of the probe was studied in buffered solution. As shown in Fig. 3 and Fig. 

S3, The common biological ions such as Na+, K+, and Ca2+ show negligible effects on the 

fluorescence of Mito-MPVQ even at high concentrations (1 mM). Moreover, other metal 

ions including Co2+, Cu2+, Fe2+, Mg2+, Mn2+, and Ni2+ do not interfere with the probe. 

Nonetheless, Cd2+ exhibit some enhancement of the fluorescence, which is normal 

phenomenon observed for many previously developed Zn2+ probes (Meng et al., 2012; 

Masanta et al., 2011; Rathore et al., 2014; Xue et al., 2012). Fortunately, the interference of 

Cd2+ is negligible in living cells. As a result, we believe that the present probe should have 

good selectivity for Zn2+ in the biological studies.

Furthermore, the pH-dependence of Mito-MPVQ is examined (Fig. S4). In the biological 

relevant pH range (e.g. 5 – 9), the ratios of fluorescence intensities at 488 nm and 420 nm 

(I488 nm/I420 nm) of Mito-MPVQ was found to be almost pH insensitive. Therefore, 

application of Mito-MPVQ in physiological Zn2+ detection is possible.

3.4 1H NMR titration analysis

The binding of Mito-MPVQ with Zn2+ is monitored by the partial 1H NMR spectra. As 

shown in Fig. S5 and Table S1, upon the addition of Zn2+ to solution (in DMSO-d6) of 

Mito-MPVQ, the methylene protons of Mito-MPVQ was shifted to downfield regions (Hn 

3.83 ppm to4.36 ppm, Hm 3.97 ppm to 4.58 ppm), meanwhile, the pyridine proton of Mito-

MPVQ was also shifted to downfield region (Hr 8.50 ppm to 8.95 ppm). The spectral 

changes suggested that the nitrogen atoms of the receptor group in Mito-MPVQ were binded 

with Zn2+. However, the proton (Hb 1.95 ppm) near TPP group remained unshifted. These 

results indicated that the TPP group which was separated by long aliphatic linker didn’t 

affect the binding proces.

3.5 Theoretical calculation

To further understand the change of the photophysical properties of Mito-MPVQ upon Zn2+ 

binding, density functional theory (DFT) calculations (with B3LYP/6-31g(d,p) method) 

(Becke et al., 1993; Lee et al., 1988) of the energy gaps between HOMO (the highest 

occupied molecular orbitals) and LUMO (the lowest unoccupied molecular orbitals) of 

Mito-MPVQ and Mito-MPVQ + Zn2+ have been carried out. As shown in Fig. S6, the 

energy gapes between HOMO and LUMO of Mito-MPVQ and Mito-MPVQ + Zn2+ were 

calculated to be 3.4 eV and 2.2 eV, respectively. The relatively lower energy gap of Mito-

MPVQ + Zn2+ compared with Mito-MPVQ lead to the red shift of the UV-vis and 

fluorescent spectrum. Meanwhile, the enhanced fluorescent signals in Mito-MPVQ + Zn2+ 
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is also expected, because the orbital matching between HOMO and LUMO in Mito-MPVQ 

+ Zn2+ is significantly higher than that in Mito-MPVQ.

3.5 Cell cytotoxicity and fluorescence colocalization microscopy imaging

Cytotoxicity is a potential side effect of many organic probes when used in living cells or 

tissues. To ascertain the cytotoxic effect of Mito-MPVQ, the MTT (5-dimethylthi-azol-2-

yl-2,5-diphenyltetrazolium bromide) (Lin et al., 2007) assay was performed according to the 

reported method. CHO cells were treated with 0, 10, and 30 μM Mito-MPVQ for 24 h. The 

results were illustrated in Fig. S7. The cell viability remained 90% under the treatment of 10 

μM Mito-MPVQ, which indicated that the new probe is low cytotoxic to cells and suitable 

for cell imaging.

To determine the sub-cellular location of Mito-MPVQ in the cells, co-localization study of 

Mito-MPVQ with MitoTracker® Red CM-H2XRos and LysoTracker® Green DND-26 was 

conducted in CHO cells. As shown in Fig. 4, the fluorescent images of Mito-MPVQ and 

MitoTracker® Red CM-H2XRos overlapped very well with each other. The Pearson’s 

colocalization coefficient (calculated using Autoquant X2 software) of Mito-MPVQ with 

MitoTracker® Red CM-H2XRos was 0.87. The changes in the intensity profile of linear 

regions of interest (ROIs) of Mito-MPVQ and MitoTracker® Red CM-H2XRos were almost 

synchronous. However, Mito-MPVQ shows poor overlap with LysoTracker® Green 

DND-26 was observed. The Pearson’s colocalization coefficient is calculated to be 0.46 and 

changes the ROIs between them were un-synchronous (Fig. S8). These results indicated that 

Mito-MPVQ was specifically driven to mitochondria in living cells.

With above data in hand, we next applied Mito-MPVQ as a two-photon fluorescent probe 

for detection of mitochondrial Zn2+ in living cells. According to the fluorescent properties of 

the probe, the optical windows at 400–450 and 490–540 nm are chosen for confocal imaging 

of Mito-MPVQ. As shown in Fig. 5, on addition of Zn2+, fluorescence of the optical 

windows at 400–450nm (blue channel) turned off while the fluorescence of the optical 

windows at 490–540nm (green channel) turned on. The ratiometric fluorescent images 

generated from the above windows suggested that Mito-MPVQ can reveal the variation of 

mitochondrial Zn2+ in living cells under two-photon excitation.

4. Conclusion

In summary, we have developed a mitochondria-targeted ratiometric two-photon fluorescent 

probe (Mito-MPVQ) for biological Zn2+ detection. Mito-MPVQ shows large red shifts from 

420 nm to 488 nm and excellent ratiometric detection signal to Zn2+. The interaction of 

Mito-MPVQ with Zn2+ was verified by NMR titration and theoretical calculation. Mito-

MPVQ exhibits large two-photon absorption cross sections at nearly 720 nm and steady 

fluorescence within the biologically relevant pH range. Morever, cell culture results 

demonstrated that Mito-MPVQ could be targeted into mitochondria for monitoring 

mitochondrial Zn2+ flux with low cytotoxicity under two-photon excitation.
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Highlights

Mito-MPVQ could be efficiently located in mitochondria.

Mito-MPVQ showed large red shifts and selective ratiometric detection signal for 

Zn2+.

Mito-MPVQ exhibited large two-photon absorption cross sections at 720 nm.

Mito-MPVQ can monitor mitochondrial Zn2+ flux under two-photon excitation with 

low cytotoxicity in living cells.
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Fig. 1. 
(a) Emission spectra of Mito-MPVQ (10 μM) with the excitation at 330 nm upon titration 

with Zn2+ (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 and 1.2 equiv.) in the methanol-

water solutions (1:1, v/v, 50mM PBS buffer, pH=7.4); (b) ratiometric calibration curve 

between 420 and 488 nm (I488 nm/I420 nm) as a function of Zn2+ concentration.
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Fig. 2. 
Two-photon absorption cross-section values of Mito-MPVQ with and without Zn2+.
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Fig. 3. 
(a) Emission spectra of Mito-MPVQ (10 μM) in the presence of various ions in the 

methanol-water solutions (1:1, v/v, 50mM PBS buffer, pH=7.4). (b) Fluorescence ratio 

(I488 nm/I420 nm) of Mito-MPVQ upon addition of various metal ions. Experimental 

conditions: 10 μM Mito-MPVQ, 1 mM Na+, K+ and Ca2+, 10 μM Mg2+, Cr3+, Ni2+, Co2+, 

Cu+, Cu2+, Fe2+, Mn2+, Cd2+, Zn2+, for λex = 330 nm.
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Fig. 4. 
(a–c) Confocal fluorescence images of CHO cells. The cells were incubated with Mito-

MPVQ (10 μM) and Mito Tracker Red (0.5μM) for 30 min. (a) Two-photon image of CHO 

cells, emission from the blue channel, λex = 720 nm, λem = 400–450 nm; (b) one-photon 

image of CHO cells, emission from the red channel, λex = 579 nm, λem = 590 nm; (c) 

merged image of (a), (b) and bright-field image. (d) Intensity profile of ROIs across CHO 

cells. Red lines represent the intensity of Mito Tracker Red and green lines represent the 

intensity of Mito-MPVQ. (e) Correlation plot of Mito Tracker Red and Mito-MPVQ (0.87). 

Magnification: 40; scale bar: 20 μm.
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Fig. 5. 
(a) Two-photon image of CHO cells incubated with 15 mM Mito-MPVQ after 30 min of 

incubation, washed with PBS buffer. λex = 720 nm (emission wavelength from 400 to 450 

nm). (b) Emission wavelength from 490 to 540 nm. (c) Bright-field image of CHO cells. (d) 

The overlay of (a), (b) and (c). (e) Two-photon image following a 30 min treatment with 

Zn2+ (10 μM). Emission wavelength from 400 to 450 nm. (f) Emission wavelength from 490 

to 540 nm. (g) Bright-field image of CHO cells. (h) The overlay of (e), (f) and (g). 

Magnification: 40; scale bar: 40 μm.
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Scheme 1. 
The design of Mito-MPVQ.
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