
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Organic &
 Biomolecular 
Chemistry

www.rsc.org/obc

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Organic &  
Biomolecular Chemistry RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2015  Org.  Biomol. Chem., 2015, 00, 1‐6 | 1 

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 
Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Near-infrared emission of dibenzoxanthenium and its 
application in the design of nitric oxide probes 
Wu Liu,a,◊  Chen Fan,b,◊ Ru Sun,a,* Yu-Jie Xu,b Jian-Feng Gea,c,*  

Two dibenzoxanthenium derivatives bearing a 3,4-diaminophenyl group, compounds 1a and 1b, have 

been prepared and evaluated as near-infrared probes for the detection of nitric oxide. Compound 1a 

gave a 3-fold emission enhancement towards nitric oxide at 681 nm, whereas compound 1b exhibited 

OFF–ON emission behavior towards nitric oxide, resulting in a 35-fold increase in the fluorescent 

intensity with an emission maximum of 750 nm. Probe 1b showed independent emission in the 

presence of common cations, amino acids, reactive oxygen and nitrogen species; furthermore, it can 

work at acidic and neutral conditions. 

 

Introduction  

Despite a growing number of potential applications for near-infrared 

(NIR) chromophores, progress towards the development of new 

fluorophores has been limited. Although several new design theories 

have been developed in this field,1 the main method currently used 

for the preparation of long wavelength excitation and emission 

candidates is the expansion of the conjugated systems of classic 

chromophores. For example, polymethylene cyanine dyes were 

developed by extending the conjugated double bonds,2 and new 

BODIPY dyes were prepared by extending the fused heterocycle 

systems or by connecting double bond-containing structures.3-5  

 Rhodamine is one of the best fluorophores and has been used 

extensively in numerous applications.6, 7 Notwithstanding there have 

been very few reports pertaining the use of naphthorhodamine and 

the extension of its fused skeleton, this design strategy has been 

used to achieve an optically responsive lactone ring opening-closing 

equilibrium. It is noteworthy, however, that the compounds reported 

in this case were limited to dibenzo[c,h]xanthenium scaffolds bearing 

carboxyphenyl groups at their 7-position.8 The development of a new 

strategy for the preparation of benzoxanthenium compounds 

bearing diaminophenyl groups would therefore provide access to 

novel series of functional dyes with diaminophenyl-

benzoxanthenium photoinduced electron transfer (PET) abilities. It 

was envisaged that a 3,4-diaminophenyl group could be used as a 

suitable moiety for the development of benzoxanthenium 

compounds bearing diaminophenyl groups, because this group has 

been used previously as a reactive unit and applied to the detection 

of nitric oxide in probes based on some fluorophores;9-11 and only 

one NIR nitric oxide probe based on polymethylene cyanine was 

worked at pH 6-11 in neutral alkaline conditions.12 Given that anilines 

can be protonated under acidic conditions, there is strong need for 

the development of pH-independent13 NIR probes14 for the detection 

of nitric oxide that could be used to complement existing probes. 

Results and discussion 

Design and synthesis of probes 1a–b 

The vast majority of the reported nitric oxide probes were prepared 

from the corresponding nitrobenzyl compounds, with the final 

products being obtained by reduction,11, 15 however, the method was 

 
Scheme 1. Preparation and the proposed detection mechanism of probes 1a–b. 
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not effective in this case since the dibenzoxanthenium will be 

reduced to colorless solutions. The synthetic route used for the 

construction of the dibenzoxanthenium compounds evaluated in this 

study is shown in Scheme 1. Briefly, N-(4-formyl-2-nitrophenyl) 

acetamide (2) was treated with stannous chloride under acidic 

conditions to give N-(2-amino-4-formylphenyl)acetamide (3), which 

was found to be unstable. Compound 3 was therefore immediately 

reacted with 6-aminonaphthalen-1-ol derivatives (4) in 

trifluoromethanesulfonic acid to give the target molecules 1a and 1b 

via a semi-in situ synthetic process. 

Optical responses of probes 1a–b towards nitric oxide 

The optical response of probe 1a to nitric oxide was tested using 1-

hydroxy-2-oxo-3-(3-aminopropyl)-3-methyl-1-triazene (NOC13) as a 

nitric oxide donor.14 The optical properties of probe 1a (10 μM) 

evaluated in the presence of different concentrations of NOC13 (0.0–

2.0 equiv) in a 20 mM HEPES buffer-DMSO (1/1, v/v) solution. The 

absorption maxima of probe 1a (Fig. 1(a)) was slightly red-shift from 

600 to 612 nm when it was measured in the presence of 2.0 

equivalents of NOC13. The emission signal of probe 1a (Fig. 1(b)) was 

determined to be in the range of 620–850 nm following its excitation 

at 600 nm (Fig. S1(a)), and there was a 3-fold increase in the emission 

maxima at ca. 681 nm. The maximum response time was reached 

within 25 min when probe 1a was treated with 2.0 equivalents of 

NOC13 (Fig. 1(d)) and its fluorescence quantum yield increased from 

0.027 to 0.16 (Table 1). Although the reaction of 3,4-diaminophenyl 

towards nitric oxide (Fig. S11) resulted in an emission response, the 

fluorescent intensity enhancement (3-fold) at 681 nm observed for 

probe 1a with and without the nitric oxide donor mean that this 

probe would be unsuitable for use in the detection of nitric oxide; 

therefore, based on the poor properties of probe 1a, we proceeded 

to synthesize and evaluate probe 1b bearing diethylamino groups at 

the 3- and 11-positions of its dibenzoxanthenium core in an attempt 

to provide improved optical properties. 

 The absorption maximum of probe 1b (10 μM, Fig. 2(a)) was 683 

nm when it was treated with 2.2 equivalents of NOC13. Furthermore, 

the weak emission maximum of probe 1b at 750 nm was dramatically 

increased by 35-fold across its entire range of 650–870 nm following 

the addition of 2.2 equivalent of NOC13 (Fig. 2(b)), and its 

fluorescence quantum yield increased from 0.015 to 0.13 (Table 1). 

The test reaction between probe 1b and the nitric oxide donor 

reached completion within 20 min (Fig. 2(d)), and linear relationship 

was observed between the fluorescence intensity of probe 1b and 

the concentration of NOC13 at concentrations in the range of 0.0–1.8 

equivalents (Fig. 2(c)). The absorption and emission maxima of probe 

1b were red shift by about 70 nm relative to those of probe 1a, and 

probe 1b also exhibited an OFF–ON type of detection behavior. 

Based on the excitation properties of1b (Fig. S1(b)), an emission 

response titration experiment was conducted, which gave an 

emission in the range of 670–870 nm following excitation at 663 nm 

(Fig. S2). Furthermore, the emission maximum at 750 nm showed a 

good linear relationship with the amount of NOC13. Taken together, 

these results indicated that probe 1b was suitable for use as a nitric 

oxide probe that could be excited in red or NIR regions. Compared 

with other nitric oxide probes reported in the literature, probe 1b is 

 
Fig. 1 Optical responses of probe 1a (10 μM) towards different amount of NOC13 

(0–2.0 equiv.) in HEPES buffer (20 mM, pH = 7.4)–DMSO (1/1, v/v) solutions; (a) 

absorption spectra; (b) emission spectra (λex = 600 nm); (c) the linear response of 

fluorescence  intensities  (λem  =  681  nm)  towards NOC13  concentrations  (0–1.6 

equiv.);  (d) time‐dependent response of probe 1a  to NOC13  (2.0 equiv.) within 

30 min. 

 
Fig. 2 Optical responses of probe 1b (10 μM) towards different amount of NOC13 

(0–2.2 equiv.) in HEPES buffer (20 mM, pH = 7.4)–DMSO (1/1, v/v) solutions; (a) 

absorption spectra; (b) emission spectra (λex = 633 nm); (c) the linear response of 

fluorescence  intensities  (λem  =  750  nm)  towards NOC13  concentrations  (0–1.8 

equiv.);  (d) time‐dependent response of probe 1b  to NOC13  (2.0 equiv.) within 

30 min. 

one of the nitric oxide probes that the excitation and emission 

wavelengths are in long wavelength region.14 
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Table 1 Photophysical properties of probes 1a and 1b in 20 mM pH 7.4 
HEPES buffer-DMSO (1/1, v/v) solution. 

 λAbs, max 
(nm) 

λEm, max 
(nm) 

Stokes Shift 
(nm) 

 
(M−1·cm−1)

Φ a 

1a 600 681 81 3.3×104 0.027
1a+NO b 612 681 69 1.2×104 0.16

1b 666 745 79 5.9×104 0.015
1b+NO b 683 750 67 4.6×104 0.13

a Cyanine dye HPDITCP (Φ = 0.16 in ethanol, ref. 16) was used as the 
reference for fluorescence quantum yields. b With NOC13 (2.0 equiv.). 

 
Fig. 3 The  frontier molecular orbitals  (FMOs)  involved  in  the vertical excitation 

and emission of probe 1b (left) and 1b + NO (right). CT stands for conformation 

transformation,  and  IC  (PET)  stands  for  internal  conversion  (photoinduced 

electron  transfer).  Excitation and  radiative processes are marked as  solid  lines 

and the non‐radiative processes are marked by dotted lines. 

 
Fig.  4  Fluorescent  responses  of  probe  1b  (10  μM)  to  different  analytes;  (a) 

emission  spectra;  (b)  fluorescent  intensities,  insert  is  the  pH  dependent 

emissions of probe 1b before and after addition of  the nitric oxide donor. NO 

donor  (25  μM);  common  cations: K+  (100 mM), Na+  (100 mM), Ca2+  (0.5 mM), 

Cd2+  (0.3 mM), Cu2+  (0.3 mM), Mg2+  (0.5 mM), Co2+  (0.3 mM), Hg2+  (0.3 mM), 

Mn2+ (0.3 mM), Fe2+ (0.3 mM); bioactive amino acids (0.1 mM): Cys, Phe, Gly, Glu, 

Arg, Lys, Pro, Try, His; reactive oxygen and nitrogen species (50 μM): HO•, H2O2, 

ClO−,  O2•−,  and  ONOO−;  oxidized  forms  of  NO  (50  μM):  NO2
−  and  NO3

−;  and 

ascorbic acid (AA, 50 μM). 

Theoretical calculations 

(TD)DFT calculations were performed to develop a better 

understanding of the differences in the optical properties of probes 

1a and 1b. As shown in Fig. 3, the phenyl ring of probe 1b was 

almost perpendicular to the plane of its dibenzoxanthenium moiety 

when it was in its lowest excited state, with the dihedral angle 

changing from its ground state value of 58° to 89°. This change made 

the electronic redistribution, and the HOMO orbital energy of 

diaminophenyl was higher than that of benzoxanthenium, so the PET 

process occurred, which resulted in fluorescent quenching, and 1b 

consequently exhibited a very weak fluorescence signal (Fig. 2(b)). 

The addition of the NOC13 to the system results in the formation of a 

five-membered ring, which would restrict the rotation of the benzene 

ring and the HOMO and LUMOs of 1b + NO located almost entirely 

on the fluorophores, which would lead to an enhancement in 

fluorescence attributed to no PET but an intramolecular charge 

transfer (ICT) process on the contrary. Meanwhile, the fluorescent 

band had a bathochromic shift due to the increase of molecular 

conjugated degree.  

 Although there was a slight difference in dihedral angles 

observed in the ground and excited states of probe 1a (i.e., 55° in the 

ground state to 51° in the excited state), no PET was observed (Fig. 

S3(a)); and probe 1a gave emission (Fig. 1(b)). Detailed results of the 

excitation and emission spectra are shown in Tables S1-2. 

The selectivity of probes 

The selectivity of probes 1a and 1b was also evaluated in terms of the 

ability to react preferentially with nitric oxide over numerous other 

potential interferents under biological conditions. No discernible 

differences were observed in the emission spectra of probes 1a and 

1b (Fig. 4, S4) when they were recorded at pH 7.4 in the presence of 

several different species.  

 The pH-dependent emission properties of probe 1b were also 

evaluated both in the presence and absence of the (Fig. 4(b, insert), it 

is clear that probe 1b can be applied successfully for the detection of 

nitric oxide at pH values in the range of 4.0–7.5, which covers most 

intracellular pH conditions. 

Fluorescence imaging of living cells with probe 1b 

Confocal microscopy images were also used to evaluate the ability of 

probe 1b to detect nitric oxide in HeLa cells (Fig. 5). HeLa cells were 

initially cultured with probe 1b at a final concentration of 10 μM for 

20 min, and the level of fluorescence intensity within the cells was 

found to be rather weak (Fig. 5(b)); in contrast, it was then cultured 

with the at a final concentration of 100 μM by a further 20 min,14 a 

significant increase in their fluorescence intensity (Fig. 5(c)) was 

showed. This result therefore suggests that probe 1b could be used 

for the in cellulo imaging of nitric oxide. 

Conclusions 

In summary, new dibenzoxanthenium derivatives bearing a 

diaminophenyl group at their 7-position have been designed and 

prepared for in cellulo imaging applications. Two dibenzo[c,h] 

xanthenium derivatives (probes 1a and 1b) with a 3,4-diamino-

phenyl group at their 7-position were prepared and evaluated as 

probes for the detection of nitric oxide. Probe 1a with primary amino 

groups attached to the 3- and 11-positions of the fluorophore 

showed a red–NIR emission (λem = 681 nm), whereas probe 1b 

bearing tertiary amino groups at the same positions of the 
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Fig. 5 Fluorescence confocal imaging of probe 1b in HeLa cells; (a) bright field; (b) 

fluorescence  imaging  after  cultured  with  probe  1b  (10  μM)  for  20  min;  (c) 

fluorescence imaging after cultured with NOC13 (100 μM) for another 20 min. 

fluorophore exhibited an OFF-ON type NIR emission (λem = 750 nm) in 

the absence and presence of the NO donor, which was attributed to a 

PET effect, and could be excited by red (λex = 633 nm) or NIR (λex = 

663 nm) light. Probe 1b also exhibited good sensitivity and selectivity, 

and was successfully applied to the in cellulo imaging of nitric oxide 

in HeLa cells. The results of this research therefore represent a good 

example of the preparation of dibenzoxanthenium fluorophores 

bearing aminophenyl groups for the chemo sensors application in 

more acidic biological systems. 

Experimental section 

Materials and apparatus 

All reagents and solvents (synthetic or analytical grade) were 

purchased from TCI Development Co., Ltd. (Tokyo, Japan), Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China) and Energy Chemical 

Co., Ltd. (Shanghai, China). Flash chromatography was performed 

with silica gel (300-400 mesh). NO donor (NOC 13) was synthesized as 

described.17 The cyanine dye HPDITCP as standard to determine 

quantum yield was synthesized as reported.18 The HEPES buffer was 

prepared with 4-(2-hydroxyerhyl)piperazine-1-erhanesulfonic acid 

(20 mM), and adjusted with concentrated NaOH (1.0 M) or HCl (1.0 M) 

to various pH values measured by digital pH-meter.  

 1H-NMR and 13C-NMR spectra were recorded on Varian or Agilent 

spectrometers, solvent peaks were used as internal standards, which 

were underlined in supporting spectra. High-resolution mass spectra 

were recorded on a Finnigan MAT95 mass spectrometer (ESI+). 

Infrared (IR) spectra were recorded on a Nicolet 5200 IR spectrometer 

using solid samples dispersed in KBr pellets. Melting points were 

determined on an X-4 microscope electron thermal apparatus (Taike, 

China).  

 UV-vis spectra were obtained with a Shimadzu UV-1800 

spectrophotometer. Fluorescence emission spectra were performed 

with fused quartz cuvette (10 mm × 10 mm) on Shimadzu RF-5301PC 

spectroscope with R-928 photomultiplier at room temperature; the 

excitation and emission slits width are all set at 3 nm. The pH values 

were measured with a Lei-Ci (pH-3C) digital pH meter (Shanghai, 

China) using a combined glass-calomel electrode.  

 Cells were cultured in Roswell Park Memorial Instrument (RPMI-

1640). Fluorescence confocal images were recorded with a Leica TCS 

SP5 II confocal laser scanning microscope, the images were handled 

with its attached software. 

Synthesis of 3,11-diamino-7-(3,4-diaminophenyl)dibenzo[c,h] 
xanthen-14-ium trifluoromethanesulfonate (1a)  

 4-Acetamido-3-nitrobenzaldehyde (1.0 mmol, 208.2 mg) was 

dissolved in 30 mL dichloromethane (DCM) saturated with 10 mL 

concentrated HCl. The solution was stirred at 0 oC for 20 min, then 

SnCl2•2H2O (20.0 mmol, 4.52 g) was added slowly, and the reaction 

was continued at room temperature until TLC monitoring showed 

complete consumption of starting material, the solution was 

neutralized by saturated sodium bicarbonate, filtered, washed by 

acetone, and the filtrate was extracted by a mixture of 

DCM/methanol (10:1, v/v), organic layer was combined and dried 

over Na2SO4, evaporated to afford compound 3 as a crude product 

(70.0 mg), which was used directly without further purifying since it is 

unstable. Compound 3 (70.0 mg) and 6-amino-1-naphthol (0.79 

mmol, 125.0 mg) were combined in trifluoromethanesulfonic acid 

(2.0 mL). The reaction mixture was stirred at 100 oC for 2 h and at 140 
oC for another 2 h, then the reaction was cooled to room temperature 

and poured into 40 mL brine. The product was extracted into 

CH2Cl2/MeOH (5:1). The organic layer was combined and washed with 

brine, dried by Na2SO4, concentrated, and subjected to flash column 

chromatography (silica gel, 9:1 CH2Cl2:MeOH) to give 1a as a black 

powder (41.0 mg), yield 19 % (based on compound 4), mp 

177−180 °C. IR ν (KBr, cm−1): 3444, 2924, 1628, 1612, 1462, 1385, 1257, 

1130, 1115, 1038. 1H NMR (400 MHz, DMSO-d6) δ 8.85 (d, J = 9.0 Hz, 

2H, 2×Ar-H), 7.67 (d, J = 9.2 Hz, 2H, 2×Ar-H), 7.62 (d, J = 9.4 Hz, 2H, 

2×Ar-H), 7.27 (d, J = 9.4 Hz, 2H, 2×Ar-H), 7.09 (br, 4H, 2×NH2), 6.99 (s, 

2H, 2×Ar-H), 6.84 (br, 2H, 2×Ar-H), 6.72 (d, J = 7.9 Hz, 1H, Ar-H), 5.58 

(br, 2H, NH2 ), 5.02 (br, 2H, NH2). 13C NMR (151 MHz, DMSO-d6) δ 161.5, 

155.0, 155.0, 140.3, 139.6, 135.2, 127.4, 126.9, 124.8, 122.6, 120.5, 

119.3, 117.6, 116.6, 113.9, 113.0, 107.8. HRMS-ESI+: m/z = 417.1721 

(calcd for [M–CF3SO3
−]+, 417.1715).  

Synthesis of 7-(3,4-diaminophenyl)-3,11-bis(diethylamino)di-
benzo[c,h]xanthen-14-ium trifluoromethane-sulfonate (1b)  

 Compound 1b was synthesized by condensing 3 (70.0 mg) and 6-

N, N-diethylamino-1-naphthol (0.78 mmol, 169.0 mg) using a similar 

procedure to that described for 1a. Compound 1b (60.0 mg) was 

obtained as a black powder, yield 23 % (based on compound 4), mp 

219−222 °C. IR ν (KBr, cm−1): 3448, 3375, 2974, 1608, 1512, 1454, 1358, 

1257, 1153, 1030. 1H NMR (400 MHz, DMSO-d6) δ 8.73 (dd, J = 9.6, 3.7 

Hz, 2H, 2×Ar-H), 7.69 (d, J = 8.9 Hz, 2H, 2×Ar-H), 7.55 (dd, J = 9.4, 1.3 

Hz, 2H, 2×Ar-H), 7.34 (d, J = 9.4 Hz, 2H, 2×Ar-H), 7.12 (s, 2H, 2×Ar-H), 

6.84 (d, J = 7.9 Hz, 1H, Ar-H), 6.83 (s, 1H, Ar-H) 6.71 (d, J = 7.8 Hz, 1H, 

2×Ar-H), 5.58 (br, 1H, NH), 5.02 (br, 1H, NH), 3.59 (q, J = 6.7 Hz, 8H), 

1.23 (t, J = 6.8 Hz, 2H, 4×CH3). 13C NMR (75 MHz, DMSO-d6) δ 159.7, 

154.0, 151.0, 139.4, 139.2, 134.7, 126.9, 126.3, 124.2, 122.4, 119.9, 

117.1, 116.3, 115.8, 113.5, 111.7, 106.1, 44.5, 12.6. HRMS-ESI+: m/z = 

529.2959 (calcd for [M–CF3SO3
−]+, 529.2967). 

Absorption and fluorescence titration 

 Stock solutions (100 μM) of probes 1a–1b were prepared in 

volumetric flask (100 mL) with DMSO. Stock solutions (1 mM) of NO 

donor were prepared in volumetric flask (100 mL) with 0.01M NaOH 

solution. Each test solution (10 μM) was prepared in a volumetric 

flask (10 mL) with 1 mL stock solution of probes, 4 mL DMSO, and 

corresponding volume of stock solution of NO donor, diluted with 

HEPES buffer solution (pH = 7.4) to give a total volume of 10.0 mL 
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with various concentration of NO donor. Fluorescence and 

absorption spectra were measured after 30 mins. 

Selectivity experiment 

 Stock solutions of various ions were prepared in volumetric flasks 

(10 mL) with concentrations of NaCl (1 M), KCl (1 M), MgSO4 (5 mM), 

CaCl2 (5 mM), CoCl2•6H2O (3 mM), CuCl2•2H2O (3 mM), NiCl2 (3 mM) , 

CdCl2•2.5H2O (3 mM), HgCl2 (3 mM) in doubly distilled water. Stock 

solutions of all kinds of amino acids were all prepared in volumetric 

flasks (100 mL) with concentrations of 1 mM in doubly distilled water. 

Solid KO2 was used to provide superoxide (O2•−). Hydroxylradical (OH•) 

was prepared by the Fenton reaction of H2O2 and Fe2+. Singlet 

oxygen (1O2) was obtained from ClO− and H2O2. Peroxynitrite (ONOO−) 

was generated from sodium nitrite and hydrogen peroxide in a 

quenched-flow reactor. Solid NaClO, NaNO2, and NaNO3 were 

dissolved in water to provide ClO−, NO2
− and NO3

−, respectively. To 

test the selectivity of probes for NO, K+ (100 mM), Na+ (100 mM), Ca2+ 

(0.5 mM), Cd2+ (0.3 mM), Cu2+ (0.3 mM), Mg2+ (0.5 mM), Co2+ (0.3 mM), 

Hg2+ (0.3 mM), Mn2+ (0.3 mM), Fe2+ (0.3 mM), Cys (0.1 mM), Phe (0.1 

mM), Gly (0.1 mM), Glu (0.1 mM), Arg (0.1 mM), Lys (0.1 mM), Pro (0.1 

mM), Thr (0.1 mM), His (0.1 mM), 5 equiv. of NO2
− (50 μM), NO3

− (50 

μM), ONOO− (50 μM), OH• (50 μM), H2O2 (50 μM), 1O2 (50 μM), ClO− (50 

μM), O2•− (50 μM), ascorbic acid (AA) (50 μM) and 2.5 equiv. NO donor 

(25 μM) were added to the solution of probes (10 μM) in pH 7.4 

HEPES buffer with 50% DMSO, respectively. Each test solution was 

prepared in a volumetric flask (10 mL) with 1 mL stock solution of 

probes, 4 mL DMSO, and 1 mL stock solution of corresponding ions, 

amino acids solutions, reactive oxygen and nitrogen species, diluted 

with 20 mM 7.4 HEPES buffer solution to give a total volume of 10 mL. 

Probe 1a was excited at 600 nm, probe 1b were excited at 633 nm 

and 663 nm. 

pH-dependent responses evaluation for 1b 

 The test of pH-dependent response of probe 1b without NO 

donor: the test solution (10 μM) was prepared in a volumetric flask 

(10 mL) with 1 mL stock solution of probe 1b, 4 mL DMSO, diluted 

with 20 mM HEPES buffer of various pH values (4.0, 4.5, 5.0, 5.5, 6.0, 

6.5, 7.0, 7.5, 8.0) to give a total volume of 10.0 mL. Fluorescence 

spectra were then obtained. 

 The test of pH-dependent response with NO donor: solution (10 

μM) of 1b in a volumetric flask (250 mL) was prepared with 25 mL 

Stock solution, 100 mL DMSO, and 7.5 mL Stock solution of NO donor, 

diluted with 20 mM HEPES buffer (pH = 7.4) to give a total volume of 

250.0 mL. Each test solution (10 μM) was prepared by adding 10 mL 

solution above, adjusted with concentrated NaOH (1.0 M) or HCl (1.0 

M) to various pH values (4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0) 

measured by digital pH-meter. Fluorescence spectra were then 

obtained. 

Determination of quantum yield 

 All the relative fluorescence quantum yields were determined 

and calculated with the following equation:  

Φx/Φst = [Ast/Ax][nx
2/nst

2][Dx/Dst] 

Where st: standard; x: sample; Φ: quantum yield; A: absorbance at the 

excitation wavelength, D: area under the fluorescence spectra on an 

energy scale; n: the refractive index of the solution, and the refractive 

index of mixed solution of DMSO and water can be calculated from 

the reported data.3 The cyanine dye HPDITCP (Φ = 0.16 in ethanol) 

was used as standard.19  

Calculation details 

 The geometries of probes 1a–1b and 1a/b + NO at the ground 

state (S0 state) were optimized by density functional theory (DFT) at 

the B3LYP/6-31G(d) level,20 and the geometries at the lowest singlet 

excited state (S1 state) were optimized by TDDFT methods with the 

same basis set using the Gaussian  program package. In some cases, 

higher excited states were optimized. There are no imaginary 

frequencies in frequency analysis of all the calculated structures; 

therefore, each calculated structures are in the local energy minimum. 

The energy gap between the S0 state and the lowest excited state 

was calculated with the (TD)DFT/BP86/TZVP method based on the 

optimized S0 state geometry (for absorption) and the lowest singlet 

excited state geometry (for fluorescence), respectively. Water was 

used as the solvent for the (TD)DFT calculations (CPCM model). 

Cell culture 

 HeLa Cells were cultured with 10% calf serum, penicillin (100 

U•mL−1), streptomycin (100 μg•mL−1) and L-glutamine (250 μM) at 

37°C in a 5:95 CO2-air incubator. Cells with 2 × 105 density were 

loaded onto a glass-bottomed coverslip with a diameter of 35 mm 

and cultured for 48 h before use. 

Fluorescent imaging of HeLa cells 

 Probes 1b (10 μM, cells medium (1 mL) containing 10 % DMSO) 

were used in the fluorescent imaging of NO in HeLa cells. HeLa cells 

was firstly cultured with probe 1b for 20 min, after that, the cells were 

washed with PBS (pH = 7.4) for three times, then NO donor was 

added with a final concentration of 100 μM. The cells were incubated 

for another 20 min. The red channel emission with probe 1b was 

measured at 650–795 nm with excitation at 633 nm. 
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