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Abstract: Three phenoxazinium compounds attached with o-nitrophenyl (3a),
m-nitrophenyl (3b) and p-nitrophenyl (3c) groups were prepared, and the pH
promoted emission spectra were used to evaluate the deprotonated-protonated
equilibrium between phenoxazinium and phenoxazine. They showed nearly ON-OFF
emission responses at 650-850 nm around pH 8.0-10.8, and the fluorescence
related pK,s of 3a-c were 8.7, 9.2, and 8.9, respectively. Two phenoxazinium
compounds attached with pyridinyl groups (7a-b) were further prepared, the pH
promoted emission spectra were influenced by both the deprotonated-protonated
equilibrium between phenoxazinium and phenoxazine, and the equilibrium between

pyridinyl group and pyridinumyl group. They exhibited more strong red and
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near-infrared emission at 600—850 nm, probe 7a gave pK,,1 = 3.71 and pK,,2 = 9.68,
and that of probe 7b was 2.75. Moreover, the fluorescent imaging experiment
indicated that probe 7a was a lysosome biomarker for V79 and Hela cells.
Keyword: phenoxazinium, equilibrium, Rosamine, near-infrared emission, lysosome
biomarker.
1. Introduction

Fluorescent dyes play a vital role in the family of functional dyes and they are
applied extensively in different fields of science and technology. pH is an important
parameter in a broad range of applications in environment, industry and biological
field. The study of pH fluorescent probes in life science,[1-3] clinical diagnosis[4] and
immunological detection[5] has become hot topics.[6-10] Many pH sensors
concerned in life science, food and beverage processing, soil examination, marine,
and pharmaceutical research. Compared with normal pH indicators, fluorescent pH
probes have attracted considerable attention because the fluorescent method can
give more precise analysis results.[11, 12] In addition, due to minimum
photo-damage to biological samples, deep tissue penetration, and minimum
interference from background auto-fluorescence by biomolecules in the living
systems, so fluorescent pH probes with near-infrared (NIR) emission is favorable and
important for in vivo bioimaging.[13, 14]

The usual method in design of fluorescent pH probes is based on the nitrogen
and oxygen related reaction, and the deprotonated and protonated processes of

amino group or phenolic anion produce optical responses by intramolecular charge



transfer (ICT)[15] or photoinduced electron transfer (PET) mechanisms.[16, 17]
Another method is the application of reaction based mechanisms, for example, the
ring-opening reaction of the rhodamine,[18] cyanine based protonation of the free
amine group,[19] etc. Based on the limited design methods, most reported pH
probes work in neutral or subacidic conditions,[20-24] therefore, new pH responsive
reaction is needed for wider pH detection.

Benzo[a]phenoxazine derivatives were reported as stable and biocompatibile
compounds,[25, 26] the related probes can be easily redesigned to obtain the
properties of NIR absorption and emission;[26] among them, benzo[a]phenoxazines
with N-aromatic groups were reported as pH probes in subacidic and strong acidic
conditions.[27] Phenoxazinium is another oxazine-type compound difference from
benzo[a]phenoxazine,[28] the disclosure of the pH activable optical properties will
benefit for both the inside view of phenoxazinium and pH probe application in
chemical and biological fields.

2. Experimental
2.1. 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). ‘H-NMR and
BC-NMR spectra were recorded on a Varian or Agilent spectrometer, 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*). Melting points were determined on an X-4 microscope electron thermal
apparatus (Taike, China).

UV-vis spectra were recorded on a Shimadzu UV-1800 spectrophotometer.
Fluorescence emission spectra were recorded with a fused quartz cuvette (10 mm x
10 mm) on a Shimadzu RF-5301PC spectrometer with an R-928 photomultiplier at
room temperature; the excitation and emission slit widths were all set at 5/5 or 3/5
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 media (RPMI-1640). Fluorescence confocal images were
recorded with Leica TCS SP5 Il confocal laser scanning microscope.

2.2. Synthesis and characterization
2.2.1. General method of preparation of 2a—c

A mixture of 3-methoxyl-N-nitrophenylaniline (la-c, 1.83 g, 7.5 mmol),
concentrated HCI (30 mL) and CH3CN (67.5 mL) was stirred in an ice bath. NaNO,
(724.4 mg, 10.5 mmol) was slowly added to the mixture in small portions within 1 h,
and the resulting mixture was stirred in ice bath for another 1 h. The solution was
basified to pH = 8-9 by the addition of K,CO3; powder, then it was extracted with
CH,Cl, (3 x 20.0 mL), the extract was dried over anhydrous magnesium sulfate and
evaporated. The residue was purified by column chromatography (2a: eluting with
3:1(v/v) petroleum ether / ethyl acetate, 2b: eluting with 5:1(v/v) CH,Cl,/ ethyl

acetate, 2c: eluting with 7:1(v/v) CH,Cl,/ ethyl acetate); the eluent was evaporated;



the residue was ultra-sonicated in small amount of Et,0, and filtrated to give the
compounds 2a—c.
2.2.2. 3-Methoxy-N-(2-nitrophenyl)-4-nitrosoaniline (2a)

Orange solid, 0.85 g, vyield 41.3 %, mp 156.0 — 156.6 °C, *H NMR (400 MHz,
CDCl3) § 9.43 (s, 1H, -NH), 8.24 (d, J = 8.5 Hz, 1H, Ar-H), 7.65 — 7.58 (m, 2H, 2xAr-H),
7.11 (t, ) = 7.7 Hz, 1H, Ar-H), 6.99 (s, 1H, Ar-H), 6.68 (d, J = 8.9 Hz, 1H, Ar-H), 6.51 (d, J
= 8.6 Hz, 1H, Ar-H), 4.24 (s, 3H, -CHs). *C NMR (101 MHz, CDCl;) 164.3, 157.0, 150.1,
138.1, 137.6, 135.9, 127.3, 122.2, 120.1, 112.1, 110.4, 103.2, 56.9. HRMS-ESI": found
m/z = 274.0811 (calcd for [M + H']*, 274.0828).

2.2.3. 3-Methoxy-N-(3-nitrophenyl)-4-nitrosoaniline (2b)

Yellow brown solid, 1.05 g, yield 51.3 %, mp 172.2 - 172.7 °C, 'H NMR (400 MHz,
DMSO-ds) 6 10.02 (s, 1H, -NH), 8.06 — 7.66 (m, 4H, 4xAr-H), 6.86 (s, 1H, Ar-H), 6.51 (d,
J = 11.1 Hz, 2H, 2xAr-H), 4.10 (s, 3H, -CHs). *C NMR (101 MHz, DMSO-ds) 165.0,
157.4, 154.2, 149.3, 141.5, 131.7, 127.7, 118.7, 115.8, 112.8, 107.7, 97.2, 56.8.
HRMS-ESI*: found m/z = 274.0822 (calcd for [M + H']*, 274.0828).

2.2.4. 3-Methoxy-N-(4-nitrophenyl)-4-nitrosoaniline (2c)

Orange solid, 0.90 g, yield 44.0 %, mp 173.9 — 174.5 °C, 'H NMR (400 MHz,
DMSO-ds) 6 10.22 (s, 1H, -NH), 8.24 (d, J = 9.1 Hz, 2H, 2xAr-H), 7.49 (d, J = 9.0 Hz, 2H,
2xAr-H), 7.03 (s, 1H, Ar-H), 6.65 (d, J = 9.1 Hz, 1H, Ar-H), 6.47 (d, J = 9.1 Hz, 1H, Ar-H),
4.15 (s, 3H, -CHs3). 3¢ NMR (101 MHz, DMSO-dg) 163.4, 156.2, 151.6, 146.1, 141.0,
125.2, 118.5, 111.2, 107.9, 98.5, 55.8. HRMS-ESI": found m/z = 274.0822 (calcd for

[M + H']", 274.0828).



2.2.5. General method of preparation of 3a—c

The mixture of 3-(diethylamino)phenol (363.3 mg, 2.2 mmol) and 90% i-PrOH
(44 mL) was stirred at 70 °C in a 250 mL two-neck bottle filled with nitrogen
atmosphere. A suspended solution with 3-methoxy-N-nitrophenyl-4-nitrosoaniline
(2a-c, 600.8 mg, 2.2 mmol) and concentrated hydrochloric acid (183 pL, 2.2 mmol) in
90% i-PrOH (44 mL) was injected with syringe to the reaction in four portions during
45 min. The temperature rose to reflux. When about 45 mL volume of the solvent
was distilled out, 45 mL of 90% i-PrOH was added to the reaction mixture; this
procedure was repeated three times during 3-4 h. The dark solution was
concentrated, the residue was purified by column silica gel chromatography eluting
with CHCl3/MeOH from 20:1 to 10:1 (v/v), and the eluent was evaporated, the
residue was ultra-sonicated in small amount of Et,0, the powder (3a—c) was obtained
after filtration and vacuum drying.

2.2.6. 3-(Diethylamino)-7-((2-nitrophenyl)amino)phenoxazin-5-ium chloride (3a)

Dark solid, 140.0 mg, yield 15.0 %, mp 128.5-130.5 °C. '"H NMR (400 MHz,
CDCl5:CD3;0D=8:1(v/v)) 6 8.07 (d, J = 7.4 Hz, 1H, Ar-H), 7.64 — 7.03 (m, 6H, 6xAr-H),
6.72 — 6.20 (m, 3H, 3xAr-H), 6.03 (s, 1H, NH), 3.49 (br, 4H, 2x-CH,), 1.25 (br, 6H,
2x-CHs). *C NMR (75 MHz, TFA-d) 160.9, 155.2, 153.7, 152.4, 142.4, 139.4, 138.7,
136.5,134.9, 133.3, 132.3,129.5, 128.9, 125.5, 125.2, 123.2, 104.2, 101.4, 51.2, 14.1.
HRMS-ESI*: found m/z = 389.1608 (calcd for [M - CI']", 389.1614).

2.2.7. 3-(Diethylamino)-7-((3-nitrophenyl)amino)phenoxazin-5-ium chloride (3b)

Dark solid, 186.6 mg, yield 20.0 %, mp 117.0 — 119.0 °C. 'H NMR (400 MHz,



DMSO-ds) 6 7.93 (d, J = 7.7 Hz, 1H, Ar-H), 7.65 — 7.61 (m, 2H, 2xAr-H), 7.40 (d, ) = 8.9
Hz, 1H, Ar-H), 7.32 (d, J = 7.2 Hz, 1H, Ar-H), 7.18 (d, J = 9.7 Hz, 1H, Ar-H), 6.90 (s, 1H,
Ar-H), 6.71 (d, J = 8.1 Hz, 1H, Ar-H), 6.43 (s, 1H, Ar-H), 6.12 (s, 1H, Ar-H), 3.44 (d, J =
6.7 Hz, 4H, 2x-CH,), 1.12 (t, J = 6.8 Hz, 6H, 2x-CHs). 3C NMR (75 MHz, DMSO-d¢) &
159.2, 151.7, 150.2, 148.8, 148.6, 148.0, 147.6, 145.7, 141.4, 131.8, 130.2, 130.0,
127.0, 125.0, 117.3, 114.3, 109.5, 95.3, 43.8, 11.9. HRMS-ESI": found m/z = 389.1608
(caled for [M = CI]", 389.1614).

2.2.8. 3-(Diethylamino)-7-((4-nitrophenyl)amino)phenoxazin-5-ium chloride (3c)

Dark solid, 156.9 mg, yield 16.8 %, mp 151.2 — 153.2 °C. 'H NMR (400 MHz,
CD50D) 6 8.32 (d, J = 7.8 Hz, 2H, 2xAr-H), 7.97 (d, J = 8.8 Hz, 1H, Ar-H), 7.88 (d, ) = 9.6
Hz, 1H, Ar-H), 7.66 (d, J = 9.5 Hz, 1H, Ar-H), 7.56 (d, J = 7.7 Hz, 2H, 2xAr-H), 7.48 (d, J
= 8.7 Hz, 1H, Ar-H), 7.40 (s, 1H, Ar-H), 7.13 (s, 1H, Ar-H), 3.92 (s, 4H, 2x-CH,), 1.43 (s,
6H, 2x-CH3). B3¢ NMR (101 MHz, TFA-d) 6 166.2, 165.7, 165.3, 164.9, 161.6, 157.0,
148.1, 147.9, 139.1, 135.3, 134.1, 132.8, 129.6, 126.0, 125.4, 123.9, 122.3, 119.4,
116.6, 113.9, 104.4, 102.6, 52.2, 15.1. HRMS-ESI": found m/z = 389.1608 (calcd for
[M - CIT, 389.1614).

2.2.9. Synthesis of N-(3-methoxyphenyl)-N-methylpyridin-3-amine (5b)

To a solution of 5a (2.00 g, 10.00 mmol) and t-BuOK (2.24 g, 20.00 mmol) in N,
N-dimethylformamide (DMF, 100.0 mL), iodomethane (1.2 mL, 20 mmol) was added.
The resulting solution was stirred for 12 hours at room temperature. Then water (100
mL) was added, the solution was extracted with ethyl acetate (3 x 30 mL), and the

organic layer was evaporated by evaporation. The residue was purified by column



chromatograph on silica gel eluting with dichloromethane, ethyl acetate and
triethylamine (20:1:0.1, v/v/v) to afford product as white solid (1.40 g, 65.0%). *H
NMR (400 MHz, CDCl5) 6 8.44 (d, J = 2.3 Hz, 1H, Ar-H), 8.25 (d, ) = 4.4 Hz, 1H, Ar-H),
7.36 (d, ) =8.9 Hz, 1H, Ar-H), 7.30 (t, ) = 8.2 Hz, 1H, Ar-H), 7.24 (dd, ) = 8.2, 4.6 Hz, 1H,
Ar-H), 6.74 (d, J = 8.4 Hz, 1H, Ar-H), 6.70-6.68 (m, 2H, 2xAr-H), 3.85 (s, 3H, -CHs), 3.41
(s, 3H, -CHs). °C NMR (151 MHz, CDCl;) & 160.8, 149.2, 145.0, 141.6, 141.5, 130.2,
125.8, 123.4, 114.0, 108.0, 107.6, 55.2, 40.0. HRMS (ESI*): m/z = 215.1179 (calcd for
[M +H'", 215.1184).

2.3.0. Synthesis of N-(3-methoxy-4-nitrosophenyl)pyridin-3-amine (6a)

To a solution of 5a (100.1 mg, 0.50 mmol) and acetonitrile (3.0 mL) in an ice
water bath, hydrochloric acid (3.0 mL) and water (450 pL) were added. After stirring
for a while, sodium nitrite (48.6 mg, 0.70 mmol) was added slowly within 20 min. The
resulting solution was stirred for further 1 hour at 0 °C. The solution was treated with
potassium carbonate to pH = 9, and then it was extracted with dichloromethane (3 x
30 mL). After evaporation, the residue was purified by column chromatograph on
silica gel eluting with acetonitrile, ethyl acetate and triethylamine (3:1:0.1, v/v/v), to
afford product as green solid, 90.2 mg, yield 78.7%, mp 151.0 — 152.0 °C. *H NMR
(400 MHz, DMSO-dg) 6 9.81 (s, 1H, NH), 8.57 (s, 1H, Ar-H), 8.38 (d, J = 4.6 Hz, 1H,
Ar-H), 7.82 (d, J = 8.2 Hz, 1H, Ar-H), 7.47 — 7.44 (m, 1H, Ar-H), 6.74 (s, 1H, Ar-H), 6.50
— 6.44 (m, 2H, 2xAr-H), 4.09 (s, 3H, -CHs). *C NMR (75 MHz, DMSO-ds) § 165.0, 157.2,
155.0, 145.5, 143.9, 136.5, 129.3, 124.7, 112.8, 107.1, 95.9, 56.5. HRMS (ESI*): m/z =

230.0910 (calcd for [M + H']*, 230.0930).



2.3.1. Synthesis of N-(3-methoxy-4-nitrosophenyl)-N-methylpyridin-3-amine (6b)

To a solution of 5b (256.0 mg, 1.20 mmol) and tetrahydrofuran (18.2 mL) in an
ice water bath, hydrochloric acid (7.2 mL) and water (1.1 mL) were added. After
stirring for a while, sodium nitrite (115.4 mg, 1.68 mmol) was added slowly in 20 min.
The result solution was stirred for further 1 hour at 0 °C. Then the solution was
treated with potassium carbonate to pH = 9, and then it was extracted with
dichloromethane (3 x 30 mL). After evaporation, the residue was purified by column
chromatograph on silica gel eluting with acetonitrile, ethyl acetate and triethylamine
(3:1:0.1, v/v/v), to afford product as green solid, 214.5 mg, yield 73.8%. 'H NMR (400
MHz, DMSO-ds) 6 8.61 (d, J = 2.5 Hz, 1H, Ar-H), 8.58 (dd, J = 4.7, 1.1 Hz, 1H, Ar-H),
7.87 — 7.84 (m, 1H, Ar-H), 7.57 — 7.54 (m, 1H, Ar-H), 6.50 (d, J = 2.2 Hz, 1H, Ar-H),
6.39 (d, J = 9.4 Hz, 1H, Ar-H), 6.06 (dd, J = 9.4, 2.3 Hz, 1H, Ar-H), 4.10 (s, 3H, -CH3),
3.51 (s, 3H, -CHs). >C NMR (75 MHz, DMSO-ds) 6 163.7, 156.5, 155.5, 147.6, 147.4,
141.6, 134.1, 124.2, 110.9, 105.31, 94.7, 55.6, 40.4. HRMS (ESI*): m/z = 244.1081
(calcd for [M + H']*, 244.1086).

2.3.2. Synthesis of 3-(diethylamino)-7-(pyridin-3-ylamino)phenoxazin-5-ium chloride
(7a).

A solution of 3-(diethylamino)phenol (0.99 g, 6.0 mmol) in 90% i-PrOH (120.0
mL) was stirred in a distillation apparatus at 70 °C under a nitrogen atmosphere, then
another mixture of 6a (1.38 g, 6.0 mmol) and hydrochloric acid (6.0 mmol) in i-PrOH
(120.0 mL) was added within 45 min. The reaction was heated to reflux; when almost

120.0 mL solvent was distilled out, another 90% i-PrOH (120.0 mL) was added to the



reaction mixture, this procedure was repeated three times during 3—4 h. The solvent
was removed by evaporation. The residue was purified by column chromatograph on
silica gel eluting with dichloromethane and methanol (15:1, v/v) to afford product as
dark red solid, 0.57 g, yield 25.0%, mp 193.2 — 195.2 °C. *H NMR (400 MHz, DMSO-d)
6 8.31 (br, 1H, Ar-H), 8.15 (br, 1H, Ar-H), 7.39 — 7.19 (m, 4H, 4xAr-H), 6.93 (br, 1H,
Ar-H), 6.74 (br, 1H, Ar-H), 6.48 (br, 1H, Ar-H), 6.15 (br, 1H, Ar-H), 3.46 (br, 4H, 2x-CH,),
1.13 (br, 6H, 2x-CHs). >*C NMR (101 MHz, TFA-d) & 161.4, 153.1, 151.6, 150.5, 143.1,
142.9,139.2,137.7, 136.6, 134.7, 134.4, 133.2, 130.6, 125.1, 103.8, 100.3, 50.8, 14.1,
13.2. HRMS (ESI*): m/z = 345.1710 (calcd for [M — CI']", 345.1715).

2.3.3. Synthesis of 3-(diethylamino)-7-(methyl(pyridin-3-yl)Jamino)phenoxazin-5-ium
chloride (7b).

Probe 7b was synthesized by 3-(diethylamino)phenol (0.99 g, 6.0 mmol) and 6b
(1.46 g, 6.0 mmol) using a similar procedure to probe 7a. Dark red solid, 0.68 g, yield
28.5% mp 187.5 — 189.5 °C. *H NMR (400 MHz, CD;0D) & 8.68 (br, 2H, 2xAr-H), 7.98
(br, 1H, Ar-H), 7.82 (br, 2H, 2xAr-H), 7.69 (br, 1H, Ar-H), 7.59 (br, 1H, Ar-H), 7.10 (br,
1H, Ar-H), 6.97 (br, 1H, Ar-H), 3.88 (br, 4H, 2x-CH,), 3.67 (br, 4H, 2x-CH,), 1.40 (br, 6H,
2x-CHs). *C NMR (151 MHz, DMSO-ds) & 157.6, 156.5, 149.9, 149.1, 148.3, 148.2,
141.7, 137.7, 135.2, 135.0, 133.5, 132.8, 125.4, 120.3, 117.2, 98.2, 96.9, 41.8, 13.5,
12.6. HRMS (ESI*): m/z = 359.1867 (calcd for [M — CI']", 359.1872).

2.4. Optical test of the solutions.

Stock solutions (100 uM) of probes were prepared in a volumetric flask (100 mL)

with dimethyl sulfoxide (DMSO). Each test solution was prepared in a volumetric

10



flask (10 mL) with 1 mL stock solution of probes, diluted with Na,HPO,-citric acid
buffers (8.0-9.2) which were prepared with 0.2 M Na,HPO,4 and 0.1 M citric acid and
sodium carbonate-sodium bicarbonate buffers (9.4-11.2), which were prepared with
0.1 M Na,CO3 and 0.1 M NaHCOs, to give a total volume of 10 mL with different pH
values and theoretical pH values of the buffers were used for the buffer solution
containing 10% (v/v) DMSO. The resulting solution was shaken for 1 min to form
homogeneous solution before the absorption and emission spectra were recorded.
All measures were carried out at room temperature, and the excitation and emission
slit widths were both 5 nm. Stock solutions of various ions were prepared in
volumetric flasks (10 mL) with concentrations of KCl (100 mM), NaCl (100 mM), CaCl,
(0.5 mM), MgS04 (0.5 mM), CuSO4 (0.3 mM), MnCl, (0.3 mM), HgCl, (0.3 mM), CoCl,
(0.3 mM), NiCl, (0.3 mM), CdCl, (0.3 mM) in redistilled water; stock solutions of all
kinds of amino acids were prepared in volumetric flasks (10 mL) with 0.1 mM
solutions of Cys, Gly, Pro, Trp, Glu, Lys, His, Arg and Phe in doubly distilled water. The
calculation of the pKj, values for the free dyes was performed using a nonlinear fitting
method according to the reported method.[29]

2.5. Determination of quantum yield.

All the relative fluorescence quantum yields were determined and calculated
with the following equation: ®,/Dg = [Ax/Ad[N/Ns1[Dx/Dst]. Where st: standard; x:
sample; ®: 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
calculated from reported data (DMSO/water (v/v = 1/9).[30] The Oxazine 1 dye (O =

11



0.14 in ethanol) was used as standard.[31]
2.6. Photofading of dyes.

Probe 7a was selected to be used for representative photofading of dyes due to
all probes were based on the same fluorophore. Test solution (10 uM) was prepared
in a volumetric flask (10 mL) with 1 mL stock solution of probe 7a and sample
Oxazine 1, diluted with buffers, to give a total volume of 10 mL with different pH
values (pH = 2.0, 7.0, 11.0) were used for the buffer solution containing 10% (v/v)
DMSO and dissolved in acetonitrile with a concentration of 10 uM respectively.
Solutions of the samples were irradiated with a 500 W Philips iodine—tungsten lamp
at room temperature. The distance between the samples and the lamp was 25 cm.
An 8 cm thick cold trap (60 g.L'1 NaNO,) was set up between the 20 mL transparent
glass bottle and the lamp to eliminate the heat and absorb short wavelength light.
The photostability was in the terms of remaining absorption (%) calculated from the
change of absorption intensity at the absorption maximum before and after
irradiation.

2.7. Cell culture and imaging.

V79 cells and Hela cells were cultured with 10% calf serum, penicillin (100
U-mL™), streptomycin (100 pg-mL™) and L-glutamine (2.5 x 10 M) at 37 °C in a 5:95
CO%air incubator and the cells with 2 x 10> density were incubated on
glass-bottomed coverslip of 35 mm for two days before imaging. To the cells in
coverslip with 1.0 mL PBS, LysoTracker Green DND-26 (final concentration 50 nM)
and probes 7a-b (final concentration 10 uM) were added, and cells were further

12



incubated for 15 min. After the stained cells were washed twice with
phosphate-buffered saline (PBS), fluorescence confocal images of the stained cells
were obtained. The confocal fluorescence imaging was performed by microscope
with 20x objective lens. Green channel was excited at 488 nm and emission was
collected at 505-550 nm; red channel was excited at 581 nm, and emission was
collected in 590-790 nm. The images and fluorescence intensity were handled with
LAS-AF lite software.

2.8. CCK-8 assay for the cell cytotoxicity.

Dispense 100 uL of Hela or V79 cells suspension (5000 cells/well) in a 96-well
plate. Pre-incubate the plate for 24 hours in a humidified incubator (at 37°C, 5% CO,).
Then 10 pL various concentrations of (2 uM, 5 uM, 10 uM, 12 uM, 15 uM, and 20 uM)
of probes 7a and 7b were added to the plate respectively and Incubated for 6 hours
in the incubator. The 10 pL of CCK-8 solution was added to each well of the plate, and
then the plate was incubated for 1 hour in the incubator. The cell viability was
calculated as a percentage using the following formula: survival rate (%) = (Asample-Ab)
/ (AcAp). (Ac: Negative control (including media and cells, no test substance), Ay:
blank (including test substance and media, no cells)).

3. Result and discussion
3.1. Preparation of phenoxazinium with nitrophenyl groups (3a-c)

The designed synthetic route of probes 3a-c is shown in scheme 1.
Phenoxazinium skeleton was selected to give the comparative evaluation with
benzo[a]phenoxazine, o-nitrophenyl (3a), m-nitrophenyl (3b) and p-nitrophenyl (3c)
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groups were used to explore the influence of different electron withdrawing groups.
Briefly, 3-methoxyl-N-nitrophenylaniline (la—c) was treated with sodium nitrite
under hydrochloric acid conditions to give 3-methoxy-N-nitrophenyl-4-nitrosoaniline
(2a—=c), which reacted with 3-(diethylamino)-phenol in the mixture of hydrochloric
acid and 90% isopropyl alcohol under nitrogen atmosphere to give the target
molecules (3a—c).[32] The deprotonated and protonated equilibriums of 3a—c will be
occurred between phenoxazinium and the corresponding phenoxazine. The PET will
not be allowed from the positive charged phenoxazinium to the electron
withdrawing nitrophenyl group; while the electron could transfer from the
deprotonated electroneutral phenoxazine to nitrophenyl group, and PET process is
allowed and their emission response could be detected.[33]
Scheme 1.

3.2. Absorption and emission properties of probes 3a—c

The absorption spectra of 3a—c (10 puM) in various disodium hydrogen
phosphate-citric acid (8.0-9.2) and sodium carbonate-sodium bicarbonate buffers
(9.4-10.8) containing 10% DMSO were tested. The absorption maximum of 3a at 560
nm (Fig. 1(a), pH = 10.8, € = 1.79 x 10" M* cm™) red-shifted to 630 nm (pH = 8.0, € =
3.27 x 10" M™* cm™) with the increasing acidity, accompanied by the color of the
solution change from light blue to sky blue. Probe 3b produced an absorption
maximum at 583 nm (Fig. S1(a), pH = 10.8, £ = 1.76 x 10* M™ cm™), and red-shifted to
638 nm (pH = 8.0, £ = 4.82 x 10* M cm™). The absorption of probe 3c exhibited a
relative small hypochromatic shift from 602 nm (Fig. S1(c), pH = 10.8, € = 2.09 x 10*
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Mt ecm™) to 640 nm (pH = 8.0, € = 5.83 x 10° M™* cm™). Regarding to the absorption
and excitation spectra (Fig. 1(c), and Fig. S2), the excitation wavelengths were
selected at 633 nm, 635 nm, and 638 nm for probes 3a—c in order to obtain
appropriate emission spectra in the next stage.

Fig. 1.

Fluorescent pH titration experiments indicated that probes 3a—c were nearly
OFF-ON type responses from pH = 10.8 to pH = 8.0. The weak emission maximum of
probe 3a in its deprotonated form was located at 646 nm (Fig. 1(b)), and the
emission of its protonated form was determined to be 676 nm with a full range of
emission at 650—-850 nm; the relative fluorescent intensity increased 15.7 times, the
calculated pK, value was 8.7. Probes 3b—c had the similar emission properties with
3a, the relative fluorescent intensity of 3b increased 12.2 times from 648 nm at pH =
10.8 to 685 nm at pH = 8.0 (Fig. S1(b)); the deprotonated form of 3c gave emission at
652 nm, and it red-shifted to 693 nm, the fluorescent intensity increased 16.3 times
(Fig. S1(d)). The pK, of 3c was close to the value of 3a, while 3b had a relative higher
pK, at 9.2. Further optical tests in alternating pH 8.0 and 10.8 indicated that the
absorptions and emissions of probes 3a—c were reversible (Fig. S3).

Table 1.

The nitrogroups in 3a and 3c have electron withdrawing conjugative and
inductive effects towards the attached amino groups, while only inductive effect
between nitrogroup and amino group exists in 3b, the optical properties of 3a—c with
different nitrophenyl groups disclosed that the strong electron withdrawing
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N-substituted groups enhance the deprotonated processes of phenoxazinium.
Compared with the reported benzo[a]phenoxazine, the phenoxazinium derivatives
with N-nitrophenyl groups exhibit the higher pKss, which indicates the pH response
ranges are greatly influenced by the benzo[a]phenoxazine heterocycles, and the
smaller conjugated system of phenoxazinium gives less chance of the deprotonation.
The photochemical properties of the three probes were summarized in Table 1.
Although the phenoxazinium with nitrophenyl groups give nearly OFF-ON emission
towards pH, the weak fluorescent intensities and the high pK,s are rather
unfavorable to lysosomal probes for cancer cells. Therefore, the optimization
measure is still required to improve their photochemical properties.

3.3. Preparation of phenoxazinium with pyridinyl group (7a-b)

Phenoxazinium with pyridinyl group (7a) was designed to improve the optical
properties, because the introduction of pyridinyl group will renders reduction of pK,
value and at the same time as electron-withdraw group similar with compound 3a-c.
The preparation of probe 7a is shown in Scheme 2. Compound 5a was synthesized by
one-step procedure from 1-iodo-3-methoxybenzene and 3-aminopyridine,[34] and
then compound 6a was prepared by nitrosification of compound 5a. The final
product (probe 7a) was synthesized by the condensation of compound 6a and
m-(diethylamino)-phenol in acidic isopropanol solution. Probe 7b was obtained by
the similar way to verify the protonated and deprotonated mechanism, a methylated
step from 5a to 5b was added to obtain the desired compound. The structures of all
compounds were confirmed by 'HNMR, 3CNMR and high resolution mass (ESIY)
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spectroscopies.
Scheme 2.

3.4. Absorption and emission properties of probes 7a-b

Absorption and fluorescence pH titration experiments of 7a=b (10 uM) were
performed in various hydrochloric acid-citric acid buffer (pH = 1.2), disodium
hydrogen phosphate-citric acid buffer (pH = 1.6-9.2), and disodium hydrogen
phosphate-sodium carbonate buffer (pH = 9.4-11.2) containing 10% DMSO. From Fig.
2(a), when pH reduced from 11.2 to 1.2, the absorption maximum of probe 7a at 636
nm decreased, and a new absorption maximum at 580 nm gradually increased,
accompanied by light blue changed to dark blue of test solution (10 mL) which
contain 1 mL stock solution. The excitation wavelength was selected at 585 nm
according to excitation spectra (Fig. 2(c)), probe 7a showed two-stage changes at pH
1.2-6.4 and pH 6.4-11.2 (Fig. 2(b), Fig. S4). When pH decreased from 6.4 to 1.2,
emission spectra of dye 7a towards pH showed a nearly OFF-ON fluorescence
response, the result could attributed to protonation of pyridine (from 7a to 7a+H",
Scheme 2, and the PET process from the pyridine group to the phenoxazinium ring is
prohibited, and nearly OFF—ON type response of probe 7a towards pH (Fig. 2b) could
be detected. The deprotonation process of 7a was happened in basic condition,
emission peak of probe 7a slightly reduced from pH 6.4 to pH 11.2 (Fig. S4(a)). The
calculated pK; values of probe 7a towards pH were 3.71 and 9.68 at pH 1.2-6.4 and
pH 6.4-11.2 respectively (Fig. 3(d), Fig. S4(c)). To further verify the deprotonation of
phenoxazinium in pH range of 6.4-11.2, probe 7b was prepared for the evaluation of
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pH related emission response.

From Fig. 3(a), the absorption maximum of probe 7b at 643 nm was gradually
blue-sifted to 592 nm when pH reduced from 6.4 to 1.2. The excitation wavelength
was selected at 595 nm according to excitation spectra (Fig. 3(c)), only one step
fluorescent response was found in emission spectra. The calculated pK, value of
probe 7b was 2.75 (Fig. 3d). A summary of optical changes of probes 7a and 7b
towards pH were listed in Table 2. Compared the properties of probes 3a—c in Table 1,
fluorescence quantum yields of probe 7a and 7b in their protonated forms have been
significantly improved. The results indicated that pyridinyl groups have advantage
over anilino groups in probe design.

Fig. 2.
Fig. 3.
Table 2.

Probes 7a and 7b possess the lower pK,s and will be suitable for living cell
detection. Therefore, the reversibility of probes 7a and 7b was evaluated. When
solution of probe 7a was changed to acidity or basic conditions and that of probe 7b
was alternated to acidity or neutral conditions for five cycles, the emission spectra
have no significant changes (Fig. S5). It can be deduced that probes 7a and 7b have
good reversibility.

The selectivity of probes 7a—b for other potential interferents under biological
conditions was also investigated at different pH conditions. As shown in Fig. S6 and
Fig. S7, no significant changes were observed in fluorescence intensity of probes 7a
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and 7b (10 uM) in the presence of common cations such as K*, Na*, Ca** and Mg*", as
well as heavy or transition-metal ions, such as Cd**, Cu®*, Co**, Hg**, Mn%, and Ni*".
Moreover, bioactive amino acids, such as Lys, Phe, Gly, Glu, Arg, Cys, Pro, Try, and His.
The results illustrated that probes 7a and 7b with good selectivity response to H* in
the presence of common cations, metal ions and amino acids.

The photostability of probe 7a in acetonitrile and buffers with different pH
values (pH = 2, 7 and 11) containing 10% DMSO was investigated respectively for
representative due to all dyes were based on the same fluorophore, and Oxazine 1
also studied as standard samples in acetonitrile and buffers for comparison. As
shown in Fig. S8, the remaining absorptions of probe 7a and Oxazine 1 both were
more than 97% in acetonitrile after 5 hours of irradiation while the remaining
absorptions of probe 7a and Oxazine 1 were only 41% in buffers of pH = 11. The
results indicated that probe 7a is more stable in acetonitrile than strong alkaline
buffers, and the phenoxazinium fluorophore has excellent light stability in
acetonitrile and weak base conditions.

3.5. CCK-8 assay for the cell cytotoxicity

The CCK-8 assay of probes 7a—b in V79 and Hela cells were first studied. As
shown in Fig. 4, after 6 hours of cellular internalization of the probe at a
concentration of 12 uM, more than 92% cells were viable with 7a-b. With the
concentration increased to 20 uM, the cell viability remained more than 72%. The
results indicate the low cytotoxicity of 7a—b, which is more suitable for fluorescence
imaging of living cells.
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Fig. 4.

3.6. Fluorescence imaging of living cells with probes 7a-b

Fluorescence confocal images of V79 cells and Hela cells with probe 7a were
performed firstly. The V79 cells (Fig. 5(a—d)) and Hela cells (Fig. 5(e—h)) were
incubated with probe 7a (10 uM) and LysoTracker Green DND-26 (50 nM) for 15 min
respectively. As shown in Fig. 4, green channel images (Fig. 5(b, f)) from LysoTracker
Green DND-26 gave the location of lysosomes, and red channel images (Fig. 5(c, g))
from probe 7a were also obtained. From the overlay images of green channels and
red channels (Fig. 5(d, h)), it indicated that probe 7a was a lysosomal targetable
probe. The fluorescence intensities of the regions of interest (ROIs, Fig. 5(i) from Fig.
5(b) and Fig. 5(c) across V79 cells, Fig. 5(j) from Fig. 5(f) and Fig. 5(g) across Hela cells)
also confirmed that the red channel of probe 7a was well overlapped with the green
channel of LysoTracker Green. The results illustrate that probe 7a was a good
lysosome-targetable pH probe. Probe 7b was also used for the staining of V79 and
Hela cells (Fig. S9), however, only slightly background emission was detected, and
probe 7b was thus not suit for a biomarker, which assumed that the smaller pK; value
of probe 7b was not suitable been applied for lysosome of V79 and Hela cells.

Fig. 5.

4. Conclusion

Phenoxazinium with nitrophenyl groups (3a—-c) were prepared, they have pH
achievable NIR emission responses by equilibrium between phenoxazinium and
phenoxazine; these dyes have higher pK;s in the alkaline environment within pH 8.0—
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10.8. Phenoxazinium with pyridinyl group (7a-b) were prepared to improve the
emission properties, the equilibrium between phenoxazine and phenoxazinium gave
responsible emission at pH 6.4-12.0; the protonated process of pyridinyl group gave
responsible emission at pH 1.2-6.4, and exhibited the relative strong emission. All
the probes are reversible to pHs, and probe 7a and 7b possess good selectivity,
excellent photostability and low cell cytotoxicity. Probe 7a is a lysosome biomarker
for V79 and Hela cells. Of course, the pH working interval of fluorescence pH probes
can be expanded by molecular design so as to be used for biological detection.
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Figure caption:
Scheme 1. Preparation and the protonated and deprotonated processes of probes 3a-c.
Scheme 2. Preparation and the protonated and deprotonated processes of probes 7a-b.

Figure 1. pH promoted absorption and emission properties of probes 3a—c (10 uM) in
disodium hydrogen phosphate-citric acid buffers (8.0-9.2) and sodium carbonate-sodium
bicarbonate buffers (9.4-10.8) containing 10% DMSO: (a) absorption spectra of dye 3a, the
insert is pH-dependent photograph of the sample; (b) emission spectra of 3a (A, = 633 nm);
(c) excitation spectra of probe 3a (A, = 688 nm, slit: 5 nm/5 nm) in pH 8.0 and 10.8; (d)
normalized fluorescence intensities of probes 3a—c in different pHs at 676 nm (probe 3a), 685
nm (probe 3b), and 693 nm (probe 3c).

Figure 2. Optical responses of probe 7a (10 uM) towards various pHs with buffer solution
containing 10% DMSO: (a) absorption spectra; (b) emission spectra (A, = 585 nm, slit: 3 nm/5
nm,); (c) excitation spectra (Aem = 688 nm, slit: 3 nm/5 nm); (e) fluorescence intensity changes
towards pHs at maximum emission peak. Details of probe 7a in pH 6.4-12.0 were shown in
Fig. S4.

Figure 3. Optical responses of probe 7b (10 uM) towards various pHs with buffer solution
containing 10% DMSO: (a) absorption spectra; (b) emission spectra (A, = 595 nm, slit: 3 nm/5
nm); (c) excitation spectra (Aem = 688 nm, slit: 5 nm/5 nm); (e) fluorescence intensity changes
towards pHs at maximum emission peak.

Figure 4. Percentages of Hela cell viabilities remaining after cell treatment with probes 7a-b
(untreated cells were considered to have 100% survival). (a) Probe 7a. (b) Probe 7b. Cell
viabilities were assayed by the CCK-8 method.

Figure 5. Fluorescence confocal images of V79 and Hela cells with LysoTracker Green DND-26
(50 nM) and probe 7a (10 uM). (a—d) V79 cells; (e-h) Hela cells; (a, e) bright-field images; (b,
f) green channel emission, collected in 505-550 nm upon excitation at 488 nm; (c, g) red
channel emission, collected in 590-790 nm upon excitation at 581 nm; (d) overlay of (b) and
(c); (h) overlay of (f) and (g); (i) fluorescence intensities of the ROI across V79 cells; (j)
fluorescence intensities of the ROl across Hela cells.

Table 1. Photochemical properties of probes 3a—c.

Table 2. Photochemical properties of probes 7a—b.



Table 1. Photochemical properties of probes 3a—c.

Entry A bs, max Aem, max Stokes Be (0% pK; °

/nm /nm shift/nm /Mtem? /%

3a-H' 560 646 86 1.79x10* 0.08° 8.7
3a 630 676 46 3.27x10* 0.12°¢

3b-H* 583 648 65 1.76x10* 0.07° 9.2
3b 638 685 47 4.82x10* 0.17 €

3c-H* 602 652 50 2.09x10* 0.07° 8.9
3c 640 693 53 5.83x10* 0.10°¢

? Oxazine 1 (® = 0.14, ethanol) was used as the reference for fluorescence quantum yields. °
The deprotonated forms were tested in buffer solution (pH = 10.8) containing 10% DMSO. ¢
Tested in buffer solution (pH = 8.0) containing 10% DMSO. ¢ Calculated by emission spectra.



Table 1. Photochemical properties of probes 7a—b.

Entry Aabs, max Akm, max Stokes

e O} pK,
/nm /nm shift/nm /M1-cm-1 /%
7a-H' 636 689 53 8.48x10" 0.07° 3.71,9.68
7a+H' 580 664 84 6.22x10* 0.83°
7b 643 675 32 4.50x10* 0.17¢ 2.75
7b +H" 592 667 75 2.67x10" 0.43°

? Oxazine 1 (® = 0.14, ethanol) was used as the reference for fluorescence quantum yields. °
The deprotonated forms were tested in buffer solution (pH = 11.2) containing 10% DMSO. ¢
The protonated forms were tested in buffer solution (pH = 1.2) containing 10% DMSO. ¢ Test
in buffer solution (pH = 6.4) containing 10% DMSO. ° Calculated by emission spectra.
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Fig. 1. pH promoted absorption and emission properties of probes 3a—c (10 uM) in disodium
hydrogen phosphate-citric acid buffers (8.0-9.2) and sodium carbonate-sodium bicarbonate
buffers (9.4-10.8) containing 10% DMSO: (a) absorption spectra of dye 3a, the insert is
pH-dependent photograph of the sample; (b) emission spectra of 3a (A = 633 nm); (c)
excitation spectra of probe 3a (Aer, = 688 nm, slit: 5 nm/5 nm) in pH 8.0 and 10.8; (d)
normalized fluorescence intensities of probes 3a—c in different pHs at 676 nm (probe 3a), 685

nm (probe 3b), and 693 nm (probe 3c).
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Fig. 2. Optical responses of probe 7a (10 uM) towards various pHs with buffer solution
containing 10% DMSO: (a) absorption spectra; (b) emission spectra (A = 585 nm, slit: 3 nm/5
nm,); (c) excitation spectra (Aem = 688 nm, slit: 3 nm/5 nm); (e) fluorescence intensity changes
towards pHs at maximum emission peak. Details of probe 7a in pH 6.4—12.0 were shown in
Fig. S4.
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Fig. 3. Optical responses of probe 7b (10 uM) towards various pHs with buffer solution
containing 10% DMSO: (a) absorption spectra; (b) emission spectra (A = 595 nm, slit: 3 nm/5
nm); (c) excitation spectra (Aem = 688 nm, slit: 5 nm/5 nm); (e) fluorescence intensity changes

towards pHs at maximum emission peak.
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Fig. 4. Percentages of Hela cell viabilities remaining after cell treatment with probes 7a—b

(untreated cells were considered to have 100% survival). (a) Probe 7a. (b) Probe 7b. Cell
viabilities were assayed by the CCK-8 method.
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Fig. 5. Fluorescence confocal images of V79 and Hela cells with LysoTracker Green DND-26
(50 nM) and probe 7a (10 uM). (a—d) V79 cells; (e-h) Hela cells; (a, e) bright-field images; (b,
f) green channel emission, collected in 505-550 nm upon excitation at 488 nm; (c, g) red
channel emission, collected in 590—-790 nm upon excitation at 581 nm; (d) overlay of (b) and
(c); (h) overlay of (f) and (g); (i) fluorescence intensities of the ROI across V79 cells; (j)

fluorescence intensities of the ROl across Hela cells.



Highlights:

v The evaluation of equilibrium between phenoxazinium and phenoxazine
skeletons indicated the deprotonated-protonated processes were under
basic conditions.

v" Comparative study of the influence of nitrophenyl and pyridinyl groups.

v One of the compounds shows the ability of lysosome biomarker.



