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Abstract: A near-neutral pH near-infrared (NIR) fluorescent probe utilizing a fluorophore-spacer- receptor
molecular framework that can modulate the fluorescence emission intensity through a fast photoinduced
electron-transfer process was developed. Our strategy was to choose tricarbocyanine (Cy), a NIR fluorescent
dye with high extinction coefficients, as a fluorophore, and 4'-(aminomethylphenyl)-2,2":6',2" -terpyridine
(Tpy) as a receptor. The pH titration indicated that Tpy-Cy can monitor the minor physiological pH fluctuations
with a pK, of ~7.10 near physiological pH, which is valuable for intracellular pH researches. The probe
responds linearly and rapidly to minor pH fluctuations within the range of 6.70—7.90 and exhibits strong
dependence on pH changes. As expected, the real-time imaging of cellular pH and the detection of pH in
situ was achieved successfully in living HepG2 and HL-7702 cells by this probe. It is shown that the probe
effectively avoids the influence of autofluorescence and native cellular species in biological systems and
meanwhile exhibits high sensitivity, good photostability, and excellent cell membrane permeability.

Introduction

Intracellular pH plays a pivotal role in many cellular events,
including receptor-mediated signal transduction, enzymatic
activity,' cell growth and apoptosis,” ion transport and homeo-
stasis,® calcium regulation, endocytosis, chemotaxis, and cell
adhesion.* Under normal physiological conditions extracellular
hydrogen ion concentration is maintained within very narrow
limits. The normal value is about 40 nmol/L (pH 7.40) and varies
by about 5 nmol/L (pH 7.35—7.45). Deviation by 0.10—0.20
pH units in either direction can cause cardiopulmonary and
neurologic problems (e.g., Alzheimer’s disease),”® and more
extreme variations can be fatal.® Hence, H' is one of the most
important targets among the species of interests in vivo. Despite
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its significance in many essential cellular processes, in vivo pH
gradient has not been studied as much as other ions (e.g., Zn*",
Ca?™) by optical fluorescence probes.” Additionally, since
fluorescence emission from an indwelling patch can be detected
without direct contact, in situ pH measurements can be made
noninvasively.® Moreover, the fluorescence microscopy provides
greater sensitivity and convenience than other invasive methods.
These advantages have made fluorescent intracellular pH probes
exceptionally suitable for both confocal laser scanning micros-
copy and flow cytometry.

The requirements of pH sensing have driven the development
of several pH probes in the past, such as 1,4-dihydroxyphtha-
lonitrile (1,4-DHPN), 5-(and 6)-carboxyfluorescein, 5-(and 6)-
carboxy-4',5'-dimethylfluorescein, 2',7'-bis-(2-carboxyethyl)-5-
(and 6)-carboxyfluorescein (BCECF), 2',7'-bis-(2-carboxypropyl)-
5-(and 6)-carboxyfluorescein (BCPCF),’HPTS (1-hydroxypyrene-
3,6,8-trisulfonate),'® SNAFL (seminaphthofluoresceins),'' and
SNARF (seminaphthorhodafluors).'> However, the fluorescent
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Scheme 1

pH probes usually suffer from unobvious optical changes in
terms of emission spectra variation and fluorescence intensity.
The pH probes, reported recently, do not significantly alter the
emission spectra too, and the change of fluorescence intensity
based on the various pH is no more than 7-fold mostly.” 37!
These biological pH probes can be divided into two types: one
type is for cytosol which works at a pH of about 6.80—7.40;
the other type is for the acidic organelles such as lysosomes
and endosomes which functions over the pH range of about
4.50—6.00. Whether the near-neutral ones or the acidic ones,
the desirable probes should respond remarkably to a minor pH
change, give dependable results, and meanwhile avoid interfer-
ence from native cellular species particularly. All these will
require the fluorescent probe to show good selectivity, high
sensitivity, good photostability, and the ability to work within
the appropriate pH range. Thus, the focus on this study is to
design a near-infrared (NIR, around 650—900 nm) fluorescent
pH probe, which can lead to minimum photo damage and can
avoid the influence of cell autofluorescence. As far as we know,
there is few report on NIR pH fluorescent probes.'® An acidic
NIR pH fluorescent probe had been reported by our group,'”
but no NIR fluorescent probes whose pK, near neutrality have
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been found for monitoring pH changes in vivo. Therefore, it is
urgent to develop a near-neutral pH NIR fluorescent probe for
intracellular pH researches, which is really a bottleneck in cell
biological or medical studies. These above reasons have
motivated us to develop a new NIR fluorescent intracellular pH
probe for sensitively monitoring the near-neutral physiological
pH fluctuations to investigate the cellular functions of the
compartments.

For solving the problem, our overall strategy is that to choose
tricarbocyanine (Cy), a NIR fluorescent dye with high extinction
coefficients,'” as a fluorophore, and 4'-(aminomethylphenyl)-
2,2":6',2"-terpyridine (Tpy) as a receptor that responds sensi-
tively to H' near neutrality.'® We designed and synthesized a
new NIR fluorescent probe (Scheme 1) to detect pH in biological
systems through a fast photoinduced electron-transfer process
(PET). The fluorescence of Tpy-Cy is quenched due to PET
between the receptor and the fluorophore, whereas upon N atoms
protonation the quenching process is rendered and the fluores-
cence emission is “switched on”.

The pH titration indicates that Tpy-Cy can monitor the minor
pH fluctuations with a pK, of ~7.10 near physiological pH. The
probe responds linearly and rapidly to minor pH fluctuations
within the range of 6.70—7.90 and exhibits strong dependence
on pH changes. As expected, the real-time imaging of cellular
pH and the detection of pH in situ was achieved successfully
in living HepG2 and HL-7702 cells by this probe. In addition,
the probe effectively avoids the influence of autofluorescence
and native cellular species in biological systems and meanwhile,
exhibits high sensitivity, good photostability, and excellent cell
membrane permeability.

Experimental Section

Apparatus. Fluorescence spectra were obtained with FLS-920
Edinburgh Fluorescence Spectrometer with a Xenon lamp and 1.0-
cm quartz cells at the slits of 2.0 /2.0 nm. Absorption spectra were
measured on a pharmaspect UV-1700 UV —visible spectrophotom-
eter (SHIMADZU). All pH measurements were performed with a
pH-3c digital pH-meter (Shanghai Lei Ci Device Works, Shanghai,
China) with a combined glass-calomel electrode. 'H and '*C NMR
spectra were taken on a Bruker 300-MHz spectrometer. Determi-
nation of organic elements was obtained with Model PE-2400(1I)
element analyzer. Infrared spectrum was measured with Bruker
infrared spectrometer.

Materials. 2-[4-Chloro-7-(1-ethyl-3,3-dimethyl(indolin-2-ylidene)]-
3,5-(propane-1,3-diyl)-1,3,5-heptatrien-1-yl)-1-ethyl-3,3-dimethyl-
3H-indolium (Cy.7.Cl) was synthesized in our laboratory. 4-Me-
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Figure 1. Fluorescence spcetra of Tpy-Cy. The figure shows Ay of
fluorescence excitation and emission lies in 648 nm (a) and 750 nm (b),
respectively.

thylbenzaldehyde, 2-acetylpyridine, and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich Co. All other chemicals were from commercial
sources and of analytical reagent grade, unless indicated otherwise.
HepG2 and HL-7702 cells were purchased from the Committee
on type Culture Collection of Chinese Academy of Sciences.
Ultrapure water was used throughout.

Absorption Analysis. Absorption spectra were obtained with
1.0-cm glass cells. The probe Tpy-Cy (0.10 mL, 0.10 mM) was
added to a 10.0-mL color comparison tube. After dilution to 1.0
uM with 40 mM HEPES buffers at various pH values, the mixture
was equilibrated for 1 min before measurement. All performancess
were carried out in the presence of 0.10 M NaCl to maintain a
constant ionic strength.

Fluorescence Analysis. Fluorescence emission spectra were
obtained with a Xenon lamp and 1.0-cm quartz cells. The probe
Tpy-Cy (0.10 mL, 0.10 mM) was added to a 10.0-mL color
comparison tube. After dilution to 1.0 uM with 40 mM HEPES
buffers at various pH values, the mixture was equilibrated for 1
min before measurement. The fluorescence intensity was measured
simultaneously at Aexerm = 648/750 nm. The excitation and emission

NaOH CH;CH,OH

slits were set to 2.0 and 2.0 nm, respectively. All performs were
made in the presence of 0.10 M NaCl to maintain a constant ionic
strength.

In Vivo pH Calibration. In one set of experiments in Cl™-free
solutions, cells were treated with 0.10 mM ouabain for 30 min to
increase cellular cytosolic molar sodium ion concentration ([Na*t].)
to high levels. Subsequently these cells in a Na'-free Ringer’s
solution (to generate [Na™]. > [Na'],) caused cells to acidify rapidly
(t» = 60 s) from pHc & 7.15 to pHe ~ 6.55. Subsequent addition
of 100 mM Na™, but not K*, caused cells rapidly to increase pH
(ty, =~ 10 s) toward the control value. These changes of pH were
blocked when ouabain-treated cells had been pre-equilibrated for
10 min with 1 mM amiloride, and this block was overcome by
adding 10 #M monensin (an ionophore that artificially exchanges
Na®™ for HY). In another set of experiments in Cl -containing
Ringer’s solution, when ammonium chloride (NH4Cl 20 mM) was
used, 20 mM NaCl was removed from the medium in order to avoid
any change of osmotic force. NH4Cl was added to solutions shortly
before use. Addition and then (about 4 min) removal of NH4CI
was used to induce an acid load in order to activate the pH-
regulatory mechanisms. Calibration solutions used in this study have
been described elsewhere.>'®

MTT Assay. HL-7702 cells (10° cell mL™") were dispersed
within replicate 96-well microtiter plates to a total volume of 200
uL well !, Plates were maintained at 37 °C in a 5% C04/95% air
incubator for 4 h. HL-7702 cells were then incubated for 24 h upon
different concentrations probe of 1073, 107, 107>, 107°, 1077, and
1078 M, respectively. MTT (Sigma) solution (5.0 mg mL™',
HEPES) was then added to each well. After 4 h, the remaining
MTT solution was removed, and 150 uL. of DMSO was added to
each well to dissolve the formazan crystals. Absorbance was
measured at 490 nm in a TRITURUS microplate reader. Calculation
of IC50 values was done according to Huber and Koella.?°

Confocal Imaging. Florescent images were acquired on a
LSMS510 confocal laser-scanning microscope (Carl Zeiss Co., Ltd.)
with an objective lens ( x40). The excitation wavelength was 633

Scheme 2
S
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Figure 2. Time course of the Tpy-Cy were measured by spectrofluorometer
(Aex = 648 nm and A, = 750 nm). The concentration of Tpy-Cy was 3.0
uM in 40 mM HEPES buffer pH 7.00, 7.40, and 7.80, respectively.

nm. Prior to imaging, the medium was removed. Cell imaging was
carried out after washing cells with HEPES (0.10 M) for three times.

Cell Culture. Human hepatocellular liver carcinoma cell line
(HepG2) and human hepatocyte cell line (HL-7702) were main-
tained following protocols provided by the American type Tissue
Culture Collection. Cells were seeded at a density of 1 x 10° cells
mL™! for confocal imaging in RPMI 1640 Medium supplemented
with 10% fetal bovine serum (FBS), NaHCO; (2 g/L), and 1%
antibiotics (penicillin /streptomycin, 100 U/ml). Cultures were
maintained at 37 °C under a humidified atmosphere containing 5%
CO..

Synthesis and Characterization of Tpy Cy. Our optimization
of the one-step reaction started from readily available aryl aldehydes
and 2-acetylpyridine (Scheme 2). The enolate of 2-acetylpyridine
can be generated by NaOH under mild conditions.?' The following
aldol condensation and Michael addition proceeded smoothly at
room temperature. The soluble diketone intermediate was then
allowed to form the central pyridine ring with an aqueous ammonia
nitrogen source. In theory, ammonia can undergo the SN2 reaction
with alkyl halides to produce a range of primary, secondary, and
tertiary amines. The synthesis of 4'-(aminomethylphenyl)-2,2":6',2" -
terpyridine (3) (Scheme 2) was very straightforward using this mild
condition.

4'-(Aminomethylphenyl)-2,2':6',2" -terpyridine (1). 2-Acetylpy-
ridine (4.84 g, 40 mmol) was added into a solution of 4-methyl-
benzaldehy (2.40 g, 20 mmol) in EtOH (100 mL). KOH pellets
(3.08 g, 85%, 40 mmol) and aq NH; (60 mL, 29.3%) were then
added to the solution. The solution was stirred at 34 °C for 24 h.
The mixture was cold to 20 °C, and then the off-white solid was
collected by filtration and washed with ice-cold EtOH (10 mL).
Recrystallization from EtOH afforded white crystalline solid 1 (4.2
g, 13.0 mmol, 65%). mp 164—165 °C. 'H NMR (300 MHz, CDCl;):
O(ppm) = 2.44 (s, 3 H), 7.37 (dd,2 H), 7.54 (d,), 7.90 (mc, 4 H),
8.68 (d), 8.74 (mc, 4 H). '3C NMR (CDCl;, 75 MHz) S(ppm):
156.2, 155.6, 150.3, 148.9, 139.1, 137.0, 135.4, 129.6, 127.2, 123.8,
121.5, 118.8, 21.2. Elemental Analysis: Calcd C, 81.7; H, 5.3; N,
13.0. Found C, 81.7; H, 5.3; N, 13.0.

4'-(4-Bromomethylphenyl)-[2,2":6',2" Jterpyridine (2). A mix-
ture of 4'-(methylphenyl)-2,2":6',2" -terpyridine (5.0 g, 15.5 mmol),
N-bromsuccinimide (NBS, 3.3 g, 18.5 mmol), and a,0'-azoisobu-
tyroniltrile (AIBN, 0.2 g, 1.2 mmol) in dry CCly (50 mL) was
refluxed for 2 h. The warm reaction mixture was filtered to remove
the succinimide, and the solvent was evaporated. The crude product
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Sci. 1998, 95, 6803-6808.
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was recrystallized from EtOH to give 2 as a pale-yellow solid (yield:
5.59 g, 90%). mp 152—153 °C. 'H NMR (CDCl;, 300 MHz)
d(ppm): 4.75 (s, 2 H), 7.37 (dd, 2 H), 7.54 (d,), 7.90 (mc, 4 H),
8.68 (d), 8.74 (mc, 4 H). '3C NMR(CDCl;, 75 MHz) d(ppm): 155.3,
149.6, 148.9, 148.6, 138.7, 138.4, 138.2, 137.6, 137.3, 129.6, 129.2,
128.1, 127.8, 121.7, 121.5, 119.2, 29.7. Elemental Analysis: Calcd
C, 65.7; H, 4.0; Br, 19.9; N, 10.6. Found C, 65.7; H, 4.0; Br, 19.9;
N, 10.6.

4'-(Aminomethylphenyl)-2,2':6',2" -terpyridine (3). THF (40
mL) and NH;3 (80 mL, 29.3%) were added in a 250-mL round-
bottom flask. Then the mixture was stirred at 25 °C. 2 (1 g, 2.5
mmol) was dissolved in 80 mL of THF and was added in the flask
drop by drop within 4 h by constant pressure funnel; the reaction
was continued for another 4 h. The organic phase was dried over
MgSO,. The solvent was evaporated, and the product 3 (yield:
0.79 g, 93%) was given as a light yellow solid, and the crude
product need not further purification. mp 99—100 °C. 'H NMR
(CDCl;, 300 MHz) d(ppm): 4.36(s,2H), 7.37 (dd,2 H), 7.54 (d,),
7.90 (mc, 4 H), 8.61(s,2H), 8.68 (d), 8.74 (mc, 4 H). *C NMR
(CDCls, 75 MHz) d(ppm): 156.3, 156.1, 155.9, 150.0, 149.5, 149.1,
140.7, 140.2, 138.2, 137.2, 136.8, 129.9, 128.8, 128.6, 128.3, 127.9,
127.8, 127.3, 123.7, 121.3, 118.8, 51.2. GC-MS (API-ES): m/z
Calcd 338.4, found 338.1 [M]". Elemental Analysis: Calcd C, 78.0;
H, 5.4; N, 16.6. Found C, 77.8; H, 5.5; N, 16.5.

2-{4-[4'-(Aminomethylphenyl)-2,2':6',2" -terpyridinyl]-7-(1-
ethyl-3,3-dimethyl(indolin-2-ylidene)}-3,5-(propane-1,3-diyl)-
1,3,5-heptatrien-1-yl)-1-ethyl-3,3-dimethyl-3H-indolium (Tpy-
Cy). 1.00 g (0.156 mmol) of Cy and 0.5279 g (1.56 mmol) of 3
were dissolved in 20 mL of anhydrous DMF in a 50-mL round-
bottom flask (Scheme 3). The mixture was stirred at 90 °C under
Ar for 24 h.'” Then the solvent was evaporated on a rotary
evaporator until dry. The solid was purified on silica gel chroma-
tography eluted with ethyl acetate/methanol (1:3 v/v). 'H NMR
(300 MHz, DMSO-Dg) d(ppm): 1.38—1.54(m, 22H), 1.98(s, 1H),
2.71(s, 2H), 2.87(s, 2H), 3.84(s, 2H), 4.41(d, 2H), 5.17(s, 1H),
5.64(s, 1H), 5.80(m, 1H), 6.23(m, 1H), 7.52—8.18(m, 14H),
8.51—8.76(m, 7H), 10.12(s, 1H). 3*C NMR (DMSO-D¢, 75 MHz)
d(ppm): 162.8, 161.7, 156.1, 155.4, 149.7, 141.6, 140.9, 140.3,
137.9, 136.5, 130.8, 130.1, 128.7, 128.2, 127.3, 127.1 125.0, 121.4,
118.6,118.2, 82.4, 60.8, 58.4, 54.3, 49.0, 42.2, 40.7,40.2,40.0, 39.1,
36.2, 32.6, 31.2, 29.1, 28.2, 11.7. GC-MS (API-ES): m/z Calcd
813.5, found 813.6 [M]*. Elemental Analysis: Calcd C, 71.4; H,
6.1; 1, 13.4; N, 8.93. Found C, 71.5; H, 6.1; I, 13.5; N, 8.9.

Results and Discussion

Fluorescence Spectra. Fluorescence spectral property of Tpy-
Cy was examined in buffered aqueous solution (40 mM HEPES,
Tpy-Cy 3.0 uM, pH 7.40). The probe showed A, of excitation
and emission lies in 648 and 750 nm respectively.

Kinetic Assays. The stability of the probe was tested by
measuring the fluorescent response during 1 h. Figure 2 shows
the time courses of fluorescence intensity of the probe (3.0 uM)
in 40 mM buffer solution with pH 7.00, 7.40, and 7.80 at room
temperature. The fluorescence intensity was measured simul-
taneously at Aexier = 648/750 nm. The experiment indicates that
the probe can instantly respond to the change of H* concentra-
tion, and the probe solution is stable to the medium, light, and
air.

Standard Fluorescence pH Titrations. Standard fluorescence
pH titrations were performed in buffer solution at a probe
concentration of 1.0 uM. It is interesting that Tpy-Cy undergoes
distinct color change from blue to green (Scheme 1 and Figure
3c). Parts a and b of Figure 3 show the pH dependence on the
emission spectrum of Tpy-Cy that now displays fluorescent pH-
sensing activity in the physiological pH range. Furthermore the
change of fluorescence intensity based on the pH variation is
over 30-fold (Figure 3b). Compared with the reported ones,”'* '
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Figure 3. (a) The fluorescence emission changes at 750 nm with the pH
titration curve of Tpy-Cy (1.0 uM), pH 6.00, 6.60, 6.70, 6.80, 6.90, 7.00,
7.10, 7.20, 7.30, 7.40, 7.50, 7.60, 7.70, 7.80, 7.90, 8.00, 9.00, and 10.00
(40 mM buffer solution, 0.10 M NaCl). (b) Fluorescence responses of Tpy-
Cy (1.0 uM) to different pH: 4.00, 5.00, 6.00, 6.60, 6.70, 6.80, 6.90, 7.00,
7.10, 7.20, 7.30, 7.40, 7.50, 7.60, 7.70, 7.80, 7.90, 8.00, 9.00, 10.00, and
11.00. Spectras were obtained with excitation at 648 nm and emission at
750 nm in buffered aqueous solution (40 mM HEPES). Inset: Ratiometric
calibration curve of I750 nm/Iseo nm (intensity at 750 nm vs intensity at 860
nm). (¢) Dependence on pH of the absorption in buffered aqueous solution
(from acidic to basic conditions: pH 6.00, 6.60, 6.80, 7.00, 7.20, 7.40, 7.60,
7.80, 8.00, 9.00, 10.00). Inset: nonlinear fitting of the pH-dependent
extinction coefficient €792,m.
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Figure 4. Fluorescence responses of Tpy-Cy (1.0 uM) to different pH:
6.70, 6.80, 6.90, 7.00, 7.10, 7.20, 7.30, 7.40, 7.50, 7.60, 7.70, 7.80, and
7.90. Spectra were obtained with excitation at 648 nm ranging from 680 to
900 nm in buffered aqueous solution. Inset 1: The relationship between
fluorescence intensity and pH. Inset 2: The relationship of fluorescence
intensity ratio (/750 nm/Ise0 nm) and pH.

our NIR probe wins out in responding highly sensitively to a
minor pH change and possessing a near-neutral pK, of 7.10.
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Figure 5. (a) Fluorescence responses of 1.0 uM Tpy-Cy in HEPES (40
mM pH 7.40) to diverse ions. 1, blank; 2, K (120 mM); 3, Na* (120 mM);
4, Ca>* (0.5 mM); 5, Mg>" (0.5 mM); 6, Zn** (0.3 mM); 7, Pb*>* (0.3 mM);
8, Cu”" (0.3 mM); 9, Mn>* (0.3 mM); 10, Hg?>" (0.3 mM); 11, Ag" (0.3
mM); 12, Co*" (0.3 mM); 13, Ni** (0.3 mM); 14,Cd** (0.3 mM). All data
were obtained after incubation at room temperature for 20 min. (b)
Fluorescence responses of 1.0 uM Tpy-Cy in HEPES (40 mM pH 7.40) to
proteins and bioactive small molecules. 1, blank; 2, glutathione (100 xM);
3, L-cysteine (100 uM); 4, vitamin C (100 uM); 5, glycine (100 uM); 6,:
proline (100 u4M); 7, tyrosine (100 uM); 8, tryptophan (100 4M); 9, glutamic
acid (100 uM); 10, histidine (100 #M); 11, arginine (100 xM); 12, dopamine
(100 uM); 13, L-adrenaline (100 uM); 14, HQ (100 uM); 15, uric acid
(100 uM); 16, thioredoxin (50 uM); 17, glutathione reductase (50 U/mg
protein); 18, metallothionein (100 uM). All data were obtained after
incubation at room temperature for 20 min.

With changing the fluorescence intensity, there is hardly
influence on A = 860 nm. Therefore, the ratio of the fluorescence
intensity at peak wavelength (A = 750 nm) vs wavelength A =
860 nm is constant regardless of the change of fluorophore
concentration by photobleaching or change of the external
environment.?® The ratiometric data in various pH are provided
(Figure 3b). According to Figure 3c, the molar extinction
coefficient € can now be obtained by using Lambert—Beer’s
law. Acid form: €, = 121000 L mol ~! cm™ (Apax = 650 nm
pH 6.00). Alkaline form: €, = 218000 L mol ~! cm™ (A =
792 nm pH 10.00). The fluorescence quantum yield of Tpy-Cy
was also studied. In pH 10.00 buffer, the fluorescence intensity
was very low @ = 0.008, which was determined in methanol
in reference to rhodamine B (®; = 0.69 in methanol).?* The
low quantum yield of Tpy-Cy resulted from PET quenching of
the Cy emission by lone pair electrons of Tpy. Whereas upon
N atoms protonation the quenching process was rendered, strong
fluorescence was obtained immediately. The fluorescence
quantum yield increased to 0.13.

Determination of K, from Fluorimetric Titration. In view of
the structure of the probe, the molecule contains three basic
sites, probably with close protonation constants from Figure 3,
which are expected to electrostatically interact at the considered

(22) (a) Whitaker, J. E.; Haugland, R. P.; Prendergast, F. G. Anal. Biochem.
1991, 194, 330-344. (b) Baruah, M.; Qin, W. W.; Basarié, N.; De
Borggraeve, W. M.; Boens, N. J. Org. Chem. 2005, 70, 4152-4157.

(23) Yao, S.; Schafer-Hales, K. J.; Belfield, K. D. Org. Lett. 2007, 9, 5645—
5648.

(24) Velapoldi, R. A.; Tgnnesen, H. H. J. Fluoresc. 2004, 14, 465-472.
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Figure 6. Confocal fluorescence images of HepG2 cells. (1) HepG2 cells incubated with Tpy-Cy (1.0 uM) and AO (10 ug/mL) for 10 min pH 7.40, (a) and
(c) were collected at 4., = 633 and 488 nm respectively; (b) merged images of red (a) and green (c) channels; (f) bright-field image of (a). (2) HepG2 cells
incubated with Tpy-Cy (1.0 uM): (d) 10 min pH 7.00; (g) bright-field image of (d); (¢) 10 min pH 7.80. (3) HepG2 cells incubated with Tpy-Cy (1.0 uM)
for 1 h at pH 7.40 and then incubated with AO for 10 min. (h) Collected at Ax = 488 nm; (i) bright-field image of (h); (j) bright-field image of (e).

ionic strength. So more pH titrations in buffer solution at
different ionic strengths were performed (NaCl: 0.05, 0.10, 0.15,
0.20 M). The results showed that there was no evident change
in fluorescence emission intensity and wavelength (see Sup-
porting Information). The analysis of fluorescence intensity
changes indicated that the three basic sites of the probe shared
the same value of the protonation constant and were indepen-
dent, which based on molecular structure information.

The pH-dependent absorption spectra are presented in Figure
3c. With the increasing in peak of the alkaline form at 792 nm
evolved with a well defined isosbestic point at 700 nm. The
inset in Figure 3¢ shows the results of the nonlinear regression
of the A at 792 nm according to a literature method,?>?>
affording a pK, value of ~7.10. The pK, value may also be
calculated from the pH dependence of the total integrated
fluorescence emission of Tpy-Cy excited at 648 nm.

The constants K, of Tpy-Cy was determined in aqueous
buffered solution by fluorimetric titration as a function of pH

(25) Billo, E. J. Excel for Chemists, A Comprehensive Guide; Wiley-VCH:
New York, 1997; p 303.

using the fluorescence emission spectra. The expression of the
steady-state fluorescence signal F as a function of the H
concentration has been derived for the case of a n:1 complex
between H and a fluorescent indicator,?>2%%7 eq 1

F [HT+F_ K

F= - ’I;ﬂlll a (1)
K,+[H"]

The fluorescence signals Fy,, and Fp,x at minimal and
maximal H*, respectively, and n (the stoichiometry of H
binding to the probe). We get a pK, of 7.10, which is valuable
for studying the near-neutral pH scale.

Response to pH within Near-Neutral Range. The choice of a
fluorescent pH probe depends critically on the pH of the system
one wants to investigate. And the pK, of the pH indicators must
be well matched with the pH range of interest, because indicators
have a usable fluorescence response in the range from ap-

(26) Qin, W. W.; Baruah, M.; Stefan, A.; Auweraer Van der, M.; Boens,
N. Chem. Phys. Chem. 2005, 6, 2343-2351.

(27) Cielen, E.; Tahri, A.; Ver Heyen, A.; Hoornaert, G. J.; De Schryver,
F. C.; Boens, N. J. Chem. Soc., Perkin Trans. 1998, 2, 1573-1580.
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Figure 7. Confocal fluorescence images of HL-7702 cells first cause cells to basify rapidly then acidify step by step; cells were incubated with Tpy-Cy (1.0
uM) and AO (10 ug/mL) for 10 min. (n) image of HL-7702 cells at pH 7.00; (o) image of HL-7702 cells at pH 7.40; (p) image of HL-7702 cells at pH 7.80;
(q) was collected at A, = 488 nm; (r) merged images of red (0) and green (q) channels; (s) merged images of red (0), green (q), and (t) bright-field channels;

(t) bright-field image of (o).

Table 1. Fluorescence Intensity of Parts n, o, and p of Figure 7 at
Various pH Values

data regions pH 7.00 pH 7.40 pH 7.80
ROI'1 36.04 24.14 10.95
ROI 2 48.53 23.37 11.40

proximately 0.1 to 10 K,. We focus on the near-neutral pH range
because the normal physiological hydrogen ion concentration
within very narrow limits and Tpy-Cy seems to achieve expected
goal.

Standard fluorescence pH titrations were performed. There
was a good linearity between fluorescence intensity and pH in
the range from 6.70 to 7.90 (Figure 4). The regression equation
was F = 8812.2 — 1002.2 x pH (inset 1 of Figure 4) with a
linear coefficient of 0.9997. For the sake of eliminating the
change of fluorophore concentration by photobleaching or
change of the external environment, fluorescence intensity
ratiometric data was provided (inset 2 of Figure 4). The
regression equation was /4, = 259.6 — 28.6 x pH with a linear
coefficient of 0.9901, which indicated that the probe could detect
intracellular pH quantificationally within a narrow near neutrality
scale.

Test for Probe Selectivity. On account that the amines can
bind many metal cations in solution,?® an additional important
work of the probe was performed to determine whether other
ions were potential interferents. Because of the complexity of
the intracellular environment, the effects of adding proteins and
other bioactive small molecules were also carried out. As shown

3022 J. AM. CHEM. SOC. = VOL. 131, NO. 8, 2009

in Figure 5, the Tpy-Cy showed excellent selectivity response
to H' in the presence of metal ions, proteins, and bioactive small
molecules.

MTT Assay. To evaluate cytotoxicity of the probe, we
performed an MTT assay in HL-7702 cells with probe concen-
trations from 0.01 uM to 10.0 mM. The result showed IC50 =
1013 uM, which clearly demonstrated that the probe was of
low toxicity to cultured cell lines under the experimental
conditions at the concentration of 1.0 M.

Fluorescent Confocal Microscopy Image. We applied Tpy-
Cy to living HepG2 cells (human hepatocellular liver carcinoma
cell line, first cause cells to acidify or basify rapidly and then
incubated with Tpy-Cy 1.0 uM for 10 min at 37 °C and then
washed with HEPES buffers at various pH values) to observe
the changes of fluorescence brightness. The proton pumps in
the cells did not rapidly reverse the effect on pH, and the
buffering capacity of the cytoplasm was not strong enough to
prevent the pH change. As predicted, we found that dye-loaded
HepG2 cells (parts a, d, and e of Figure 6) showed different
fluorescence intensity, which indicated that the probe could
distinguish near-neutral pH fluctuations in cells. Bright-field
transmission measurements after Tpy-Cy incubation confirmed
that the cells were viable. Moreover, an acridine orange (AO)
staining (parts ¢ and h of Figure 6) was performed, which
intuitively demonstrated that the probe was of low toxicity. (The

(28) (a) Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley,
A.J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T. E. Chem. Rev.
1997, 97, 1515-1566. (b) Czarnik, A. W. Acc. Chem. Res. 1994, 27,
302-308.
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time-dependence of the probe location in cells; see Supporting
Information.)

Extensive studies had shown the probe Tpy-Cy: low toxicity,
excellent membrane permeability, and good photostability.
Meanwhile, the results proved that the probe located in
cytoplasm and could distinguish near-neutral minor pH fluctua-
tions in cells. We applied Tpy-Cy to living HL-7702 cells
(human normal liver cells first cause cells to basify rapidly then
acidify step by step; the cells were incubated with Tpy-Cy 1.0
uM for 10 min at 37 °C and then washed with HEPES buffers
at various pH) to observe the changes of fluorescence brightness
([arts n, o0 and p of Figure 7). We selected two regions in visual
field (ROI1 and ROI2 in parts n, o, and p of Figure 7), and the
fluorescence intensity was calculated with confocal laser-
scanning microscope respectively at various pH (Table 1). The
data displayed that our probe depended on pH strongly and
sensitively, and it was also showed that the probe, Tpy-Cy, was
an efficient near-neutral fluorescent pH indicator. An AO
staining was performed, which clearly demonstrated that the
probe was of low toxicity to the cultured cell lines under the
experimental conditions at the concentration of 1.0 uM (Figure
7q).

Conclusion

In summary, we have developed a NIR fluorescent neutral-
scale pH probe Tpy-Cy that is highly sensitive within the pH
range of 6.70—7.90. The probe effectively avoids the influence

of autofluorescence in biological systems and gives positive
results when tested the near-neutral pH quantificationally both
in aqueous solution and in living cells. The real-time imaging
of cellular pH and the detection of pH in situ were achieved
successfully. Furthermore, the results have demonstrated that
the probe could be used to visualize intracellular minor pH
changes with negligible background fluorescence. Therefore, the
probe proposed here could be broadly applicable to the detection
and quantification of minor pH changes in biological systems.
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