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ABSTRACT: The development of new functional fluorescent dyes has
attracted great attention. Herein we have described a novel strategy to design
a unique type of cyanine dyes by attaching two indolium moieties at the
a-positions of the pyrrole core. The new type of cyanine dyes is named as
PyCy fluorophores. Importantly, PyCy dyes can exhibit an exceptional feature,
fluorescence turn-on response at pH varying from acidic to near-neutral
conditions, and a ratiometric fluorescence response at pH varying from near-
neutral to basic conditions. By taking advantage of the fluorescence turn-on
response of PyCy2 at pH varying from acidic to near-neutral conditions and
emission properties of PyCy2, we have demonstrated that a small-molecule
fluorescent probe can image pH variations in living cells. Furthermore, we have
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demonstrated that PyCy2 can sense real-time pH changes under alkaline conditions induced by enzymes based on the
ratiometric fluorescence response of PyCy2 at pH varying from near-neutral to basic conditions. We expect that the new design
strategy for PyCy fluorophores may prompt the development of a wide variety of cyanine derivatives with desirable properties.
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1. INTRODUCTION

Pyrrole is often used as a building block for diverse array of
dyes such as BODIPY, porphyrin, and carbazole (Scheme 1a).'
Although pyrrole can be protonated and deprotonated with pK,y
and pK, at —4.0 and 16.5," respectively (Scheme 1b), these pKy
and pK, values may render pyrrole-based dyes unsuitable for
sensing pH in many settings. However, it has been reported that
the pK, values of 2-nitropyrrole and 2,5-dinitropyrrole are 13.66
and 10.32,> respectively, indicating that electron-withdrawing
groups at the a-positions of pyrrole could significantly decrease
the pK,. On the other hand, the indolium moiety is a typical
electron-withdrawing group involved in many hemicyanine or
cyanine fluorophores.®™”

Thus, we envisioned that attaching two indolium moieties at
the a-positions of the pyrrole core may afford a new type of
cyanine dyes, pyrrole-based cyanine (PyCy) fluorophores, and
a representative example, PyCyl, is illustrated in Scheme lc.
We reasoned that this unique type of PyCy dyes may have a
much higher pK and lower pK, when compared to the
unmodified pyrrole due to the electron-withdrawing effects
of two indolium moieties with positive charges. Obviously,
like classic pyrroles, these novel PyCy dyes may exist in three
different forms, protonated PyCy, PyCy, and deprotonated
PyCy under different pH conditions. Importantly, we envisioned
that the emission properties of three different forms of PyCy
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dyes may exhibit distinctive emission features. As shown in
Scheme 1c, under near-neutral conditions, PyCyl may display
strong fluorescence in light of its acceptor—donor—acceptor
(A-D-A) conjugated system.'”"" However, under protonation
conditions, the nitrogen atom of the pyrrole core is protonated, and
the A-D-A conjugated system is destroyed. We thus anticipated
that the protonated PyCyl may show much weaker fluorescence
when compared to PyCyl. Under deprotonation conditions, the
deprotonated PyCyl has enhanced intramolecular charge transfer
(ICT) character relative to PyCy1. Thus, the deprotonated PyCy1
may exhibit a redshift in emission with respect to PyCyl. In other
words, the fluorescence intensities and wavelengths of PyCy
could be tuned under different pH conditions. From acidic to
near-neutral conditions, we may observe a fluorescence turn-on
signal, while from near-neutral to basic conditions, a ratiometric
fluorescence signal may be detected. PyCy may exhibit this
unique and advantageous feature. In sharp contrast, most small-
molecule-based pH fluorescent probes show either a turn-on or
ratiometric fluorescence signal over all the pH regions.
Intracellular pH regulates many cellular behaviors including
ion transport,12 endocytosis,13 apoptosis,14 and enzyme activity.15
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Scheme 1. Rational Design of a New Type of Pyrrole-Based Cyanine (PyCy) Dyes”
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“(a) Structures of some typical pyrrole-based dyes. (b) Pyrrole exists in three different forms. (c) PyCyl, a representative example of the novel class
of PyCy dyes, may exist in three different forms, protonated PyCy1, PyCyl, and deprotonated PyCy1 under different pH conditions. Notably, these

three different forms may have distinct emission profiles.

Intracellular pH values of mammalian cells range from acidic in
lysosomes to slightly basic in mitochondria. However, abnormal
variations of pH in subcellular organelles, for instance, in
mitochondria, may induce mitochondrial disorders'® and cardiac
dysfunction.'” Unlike mammalian cells, extremophilic microbes
are capable of survival in highly alkaline environments (pH
roughly 7.0—12.0). They are classified in two broad categories:
alkaline-tolerant organisms, which optimally grow in the pH
range of 7.0—9.0, and alkalophilic organisms, which are ideally
cultivated in the pH range of 10.0—12.0."% Alkaline enzymes
produced by alkalophiles are also active in high pH environ-
ments. Alkaline cellulase, produced by alkalophilic bacillus sp.
KSM-635, is most active at pH 9.5." Fluorescent probes have
attracted great attention, as they can be used as 2powerful tools for
detection of biologically relevant analytes.”® > A large number
of fluorescent probes suitable for sensing pH under typical
physiological conditions have been developed. ¢ However,
few of them are capable of sensing pH under alkaline conditions,
especially monitoring pH changes induced by alkaline enzymes.
Thus, to expand the utility of the fluorescent probes, pH probes
need to be developed that cover not only the typical
physiological regions but also the basic regions.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments. Pyrrole-2,5-dicarbaldehyde®
(1) and S5,6,6-trimethyl-1,2,3,6-tetrahydropyrolo[3,2,1-ij]-
quinolinium®® (3) were synthesized according to previous work.
Unless otherwise stated, all reagents were purchased from commercial
suppliers and used without further purification. Solvents used were
purified by standard methods prior to use. Twice-distilled water was
used throughout all experiments. High resolution mass spectrometric
(HRMS) analyses were performed on a Finnigan MAT 95 XP
spectrometer, NMR spectra were recorded on an INOVA-400 spectro-
meter, using TMS as an internal standard, electronic absorption
spectra were obtained on a LabTech UV Power spectrometer, photo-
luminescent spectra were recorded with a Hitachi F4600 fluorescence
spectrophotometer with a 1 cm standard quartz cell, the fluorescence
imaging of cells was performed with an Olympus FV1000 (TY1318)
confocal microscope, the fluorescence imaging of solutions was
performed with an IVIS Lumina XR (IS1241N6071) in vivo imaging
system, the pH measurements were carried out on a Mettler-Toledo
Delta 320 pH meter, TLC analysis was performed on silica gel plates,
and column chromatography was conducted over silica gel (mesh
200—300) (silica gel and silica gel plates were obtained from Qingdao
Ocean Chemicals).

2.2, Preparation of the Stock and Test Solution. The stock
solution of compounds PyCyl—3 was prepared at 500 yuM in MeOH.
The test solution of compounds PyCyl—3 was prepared by mixing 60 uL
of stock solution (500 uM), 2.85 mL of PBS, and 90 uL of MeOH.

The stock solution of p-nitrophenyl phosphate (PNPP) was prepared
at 100 mM in twice-distilled water. The test solution of PNPP was
prepared by mixing 150 4L of stock solution (100 mM) and 2.70 mL of
Tris buffer. The stock solutions of metal ions for selectivity experiments
were prepared, respectively, by dissolving NaCl, KCl, CaCl,, ZnCl,,
AICLy-6H,0, HgCl,, AgNO;, MgCl,-6H,0, FeCl,-4H,0, FeCL-6H,0,
MnCl,-4H,0, CuCl,-2H,0, PbCl,, NiCl,-6H,0, and CdCl,-'/,H,0
in twice-distilled water. The slight pH variations of the solutions
were achieved by adding minimum volumes of NaOH (0.1 M) or
HCI (0.2 M).

2.3. Determination of the Fluorescence Quantum Yield.
Fluorescence quantum yields for PyCyl—3 were determined by using
rhodamine B (®; = 0.31 in water) in acetone or ICG (®; = 0.13 in
DMSO) in ethanol as a fluorescence standard.***° The quantum yield
was calculated using the following eq 1:

(DF(X) = q)F(s)(f‘lst/f‘les)(”x/"s)2 (1)

where @ is the fluorescence quantum yield, A is the absorbance at the
excitation wavelength, F is the area under the corrected emission
curve, and 7 is the refractive index of the solvents used. Subscripts
S and X refer to the standard and to the unknown, respectively.

2.4. Calculation of pK, and pK,, Values. pK, values of PyCy
dyes at acidic to near-neutral pH regions were calculated by regression
analysis of the fluorescence data to fit eq 2, and pK,y values of PyCy
dyes at the basic pH region were calculated by eq 3:*'

— F)/(F = Ey,) )

where F is the area under the corrected emission curve, and F,,,, and
Fin are maximum and minimum limiting values of F, respectively.

PH - PKaH = C[lOg(R - Rmin)/(Rmax - R)] + log(Ia/Ib) (3)

where R is the ratio of emission intensity at two wavelengths, R, and
Riin are maximum and minimum limiting values of R, ¢ is the slope
(positive for the basic forms of the dyes and negative for the acidic
forms), and L/, is the ratio of the absorption intensity in acid to
the absorption intensity in base at the wavelength chosen for the
denominator of R.

2.5. EC 109 Cell Culture and Imaging of pH Variations Using
Probe PyCy2. EC109 cells were cultured in DMEM (Dulbecco’s
modified Eagle medium) supplemented with 10% FBS (fetal bovine
serum) in an atmosphere of 5% CO, and 95% air at 37 °C. For
detection of pH, EC109 cells were incubated with 5.0 uM PyCy2 for
20 min in an atmosphere of 5% CO, and 95% air and then washed with
PBS medium of varying pH values (pH 4.0—8.0) containing nigericin
(1 pg/mlL) three times, followed by incubating with the corresponding
PBS for another 15 min. Subsequently, the cells were imaged using an
Olympus FV1000 (TY1318) confocal microscope with an excitation
filter of 559 nm and emission collection between 610 and 665 nm.

2.6. Detection of pH Changes Induced by Escherichia coli
Alkaline Phosphatase in Alkaline Aqueous Solution. The enzymatic
reaction was carried out in 10 mM Tris buffer (pH 10.0, 0.5 M NaCl).

pH — pK, = log(E,,,
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Two units of Escherichia coli alkaline phosphatase was added to
the Tris buffer containing 10 uM PyCy2 and 5 mM p-nitrophenyl
phosphate to start the hydrolysis reaction. The changes of fluorescence
were recorded within 10 min using a Hitachi F4600 fluorescence
spectrophotometer with excitation at 598 nm.

2.7. Cytotoxicity Assays. HeLa cells were grown in modified
Eagle’s medium (MEM) supplemented with 10% FBS (fetal bovine
serum) in an atmosphere of 5% CO, and 95% air at 37 °C.
Immediately before the experiments, the cells were placed in a 96-well
plate, followed by addition of increasing concentrations of dyes
PyCy1-3 (99% MEM and 1% DMSO). The final concentrations of
PyCy1—3 were S, 10, 20 uM (n = S), respectively. The cells were then
incubated at 37 °C in an atmosphere of 5% CO, and 95% air at 37 °C
for 24 h, followed by MTT assays. An untreated assay with MEM (n = S)
was also conducted under the same conditions.

2.8. Synthesis of Compounds PyCy1—3. A mixture of pyrrole-
2,5-dicarbaldehyde (20 mg, 0.16 mmol), indolium iodate 2, 3, or 4
(0.64 mmol), and sodium acetate (39 mg, 0.48 mmol) in acetic
anhydride (3 mL) was refluxed at 80 °C for 2.0 h. Then water (3 mL)
was added to the reaction mixture to quench the reaction. The solvent
was removed under reduced pressure to give the crude products,
which were purified by silica gel flash chromatography using CH,Cl,
to CH,Cl,/ethanol (50:1 to S:1) as eluent to afford the corresponding
PyCy compounds (99.1 mg, 86.4% yield for PyCyl, 97.6 mg, 82.3%
yield for PyCy2, and 114.8 mg, 87.8% yield for PyCy3) as dark purple
solids. PyCy1: '"H NMR (400 MHz, CDCL,): 1.63 (t, J = 6.8 Hz, 6H),
191 (s, 12H), 4.91—4.93 (4H), 7.54—7.58 (m, 7H), 7.71 (s, 2H),
8.16—8.20 (d, ] = 15.6 Hz, 2H), 8.30—8.37 (m, 1H), 8.41-8.47 (2H),
13.24 (s, 1H); 3C NMR (100 MHz, CDCL,): 14.52, 27.02, 43.36,
52.17, 113.86, 123.00, 129.47, 129.52, 140.34, 141.14, 143.95, 180.53,

Scheme 2. Synthesis of Pyrrole-Based Cyanine Dyes PyCyl—3
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MS (ESI) m/z 4622 [M']. HRMS (ESI) m/z caled for C;,HyN,
(M*): 462.2904. Found 462.2887. PyCy2: 'H NMR (400 MHz,
CDClLy): 1.91 (s, 12H), 2.42 (4H), 3.01 (4H), 4.93 (4H), 7.29 (s, 2H),
7.34—7.36 (d, ] = 7.2 Hz, 2H), 7.39—-7.43 (t, ] = 7.2 Hz, 2H), 7.62 (s,
2H), 8.05—8.09 (d, ] = 16.0 Hz, 2H), 8.35—8.39 (d, ] = 16.0 Hz, 2H),
12.85 (s, 1H); *C NMR (100 MHz, CDCl;): 21.72, 23.56, 26.67,
48.95, 53.03, 53.52, 111.91, 120.42, 127.57, 127.96, 129.29, 137.60,
138.72, 139.38, 142.58, 178.68. MS (EI) m/z 486.2[M*]. HRMS (EI)
m/z caled for Cy,H,6N; (M*): 486.2904, Found 486.2887. PyCy3: 'H
NMR (400 MHz, CDCly): 1.69—1.72 (t, ] = 6.8 Hz, 6H), 2.21 (s,
12H), 5.09-5.11 (4H), 7.65-7.69 (t, ] = 8.4 Hz, 4H), 7.75-7.78 (t,
] = 6.8 Hz, 2H), 7.90 (s, 2H), 8.05 (d, J = 8.0 Hz, 2H), 8.10 (d, J = 8.8
Hz, 2H), 8.19—-8.23 (d, ] = 16.0 Hz, 2H), 8.29 (d, ] = 8.4 Hz, 2H),
8.65—8.68 (d, ] = 14.8 Hz, 2H), 13.12 (s, 1H). *C NMR (100 MHz,
CDClLy): 14.92, 27.01, 43.80, 53.79, 99.99, 108.26, 111.51, 123.05,
127.57, 128.72, 130.23, 131.72, 133.54, 137.62, 139.19, 140.02, 181.25.
MS (EI) m/z 562.3 [M*]. HRMS (EI) m/z caled for CyoH, N5 (M¥):
562.3217. Found 562.3204.

3. RESULTS AND DISCUSSION
3.1. Design and Synthesis of Compounds PyCy1-3.

To demonstrate the feasibility of the aforementioned strategy
for development of PyCy dyes as unique candidates for fluore-
scent pH probes, we decided to construct PyCyl—3 dyes,
which contain indolium, tetrahydropyrroloquinolinium, or
benzindolium moieties, respectively (Scheme 2). Pyrrole-2,5-
dicarbaldehyde (1) reacted with I-ethyl-2,3,3-trimethyl-3H-
indolium (2), 5,6,6-trimethyl-1,2,3,6-tetrahydropyrolo[3,2,1-ij]-
quinolinium (3), or 3-ethyl-1,1,2-trimethyl-1H-benzo[e]-
indolium (4) in acetic anhydride, affording PyCyl, PyCy2,
or PyCy3, respectively. The structures of PyCyl—3 were
characterized by '"H NMR, 3C NMR, MS, and HRMS (see the
Supporting Information).

3.2. Optical Properties of PyCy1—3. With the desired com-
pounds in hand, we first proceeded to examine their absorption
and emission properties in organic solvents such as MeOH,
EtOH, CH,Cl,, CH,CN, CH,COCH, DMEF, and DMSO.
The absorption and emission profiles are shown in Figure 1 and
Figures S1 and S2, Supporting Information, and the
corresponding photophysical data are compiled in Tables S1
and S2. Both the absorption and emission wavelengths are
solvent-dependent. We then preliminarily investigated their
optical properties in PBS buffer solutions at three different
pH values. In the case of PyCyl, at pH 7.4, the dye displayed
intense emission at 638 nm (Figure 2b). However, at pH 4.5,
a marked drop in the emission in the same wavelength was
observed. In sharp contrast, at pH 10.5, a new intense emission
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Figure 1. Absorption (a) and fluorescence (b) spectra of compound PyCyl (10 uM) in distinct organic solvents such as DMF (H), DMSO (@),

acetone (A), DCM (@), MeOH (%), EtOH (O), and MeCN (O).
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Figure 2. Absorption (a) and fluorescence (b) spectra of compound PyCyl (10 uM) in various PBS solutions (5% MeOH, pH 4.5 (W), 7.4 (@),

and 10.5 (A), respectively). The excitation wavelength is at 594 nm.
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Figure 3. Fluorescence spectra of 10 uM PyCy2 in 25 mM PBS (containing 5% MeOH) with pH varying (a) from 2.0 to 8.0 and (b) from 8.0 to
11.0 upon excitation at 598 nm. Insets: (a) Plot of (I — I,)/I, versus pH. I, and I denote the intensities of the emission peak at pH 2.0 and at any pH
from 2.0 to 8.0. (b) Plot of Ig;y/I;14 versus pH. Iy and I, denote the emission intensities at 639 and 714 nm, respectively.

Figure 4. Visual pictures and fluorescent images of 10 M PyCy2 (PBS containing 5% MeOH) at different pH values. (a) The visual colors of
PyCy2 at pH 4.0 to 11.0 under natural light. (b) The fluorescent images of PyCy2 at pH 4.0 to 8.0 upon excitation at 535 nm. The fluorescent
images of PyCy2 at pH 8.5 to 10.5 were collected via (c) a DsRed filter (excited at 535 nm) and (d) a CyS.S filter (excited at 640 nm), respectively.
(e) Pseudocolored ratiometric images (IDsRed/ICyS.S) of PyCy2 at pH from 8.5 to 10.5. The number indicates the pH value of the corresponding

solution.

peak at 714 nm appeared. Similar phenomena were also observed
for the PyCy2 and -3 dyes (Figure S3 and S4, Supporting
Information), indicating that PyCy dyes may exhibit different
patterns of fluorescence signals (variations in fluorescence
intensity or wavelength) at different pH regions.

Encouraged by the above promising preliminary results, we
then decided to examine the patterns of fluorescence signals of
PyCy dyes by titrating the dyes in more detail. As shown in
Figure 3a, the emission intensity of PyCy2 increased gradually
from pH 2.0 to 8.0 at 639 nm in 25 mM PBS. Thus, a
fluorescence turn-on signal was observed. However, when PyCy2

22329

was titrated with pH varying from 8.0 to 11.0, the fluorescence
intensity of the peak at 639 nm decreased and simultaneously
a new strong peak at 714 nm appeared (Figure 3b). Notably, a
distinct isoemissive point at 685 nm was observed, reinforc-
ing the observation that PyCy2 displayed a ratiometric signal
under basic conditions. The changes in the absorption profiles
(Figure SSb, Supporting Information) are in good agreement
with the variations in the emission profiles.

The visual color and fluorescence images of the PyCy2
solution under different pH values are displayed in Figure 4.
The PyCy2 solution exhibited a pink color under acidic and

dx.doi.org/10.1021/am506322h | ACS Appl. Mater. Interfaces 2014, 6, 22326—22333
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near-neutral conditions; however, it turned blue under alkaline
conditions (Figure 4a). As illustrated in Figure 4b, the fluores-
cence became brighter with pH increasing from 4.0 to 8.0
(as indicated by the scale bar beside the images). In contrast,
a ratiometric pattern for the images was noted under basic
conditions (pH 8.5—10.5) (Figure 4c—e). The changes in the
fluorescence images are in accordance with the above spectral
results, suggesting that, as designed, PyCy2 could show turn-on
and ratiometric signals at different regions of pH.

The selectivity of sensor PyCy2 to H" over metal ions was
investigated. When some physiologically important metal ions,
such as K', Na*, Ca**, Mg**, Cu®’, and Fe**, were added to the
solution of sensor PyCy2, only negligible changes of emission

200

150

Fl. internsity (a.u.)
g 3

12345678 910111213141516171819

Figure 5. Fluorescence intensity (at 638 nm) of sensor PyCy2
(10 uM) in the presence of various analytes in PBS buffer (pH 7.4,
containing 5% MeOH as a cosolvent). 1, blank; 2, H* (pH = 4.5); 3,
K* (50 mM); 4, Na* (50 mM); 5, Ag* (200 uM); 6, Ca** (2 mM); 7,
Cd** (200 uM); 8, Fe** (200 uM); 9, Ni** (200 uM); 10, Cu**
(200 uM); 11, Mg** (2 mM); 12, Mn?* (200 uM); 13, Zn** (200 uM);
14, Pb* (200 uM); 15, Hg* (200 uM); 16, Fe** (2 mM); 17, AP*
(200 uM); 18, Cys (200 uM); 19, GSH (200 uM).

intensity were observed (Figure S). In addition, common
nucleophilic agents such as Cys and GSH also have little effect
on PyCy2. In contrast, H" induced a clear increase in emission
intensity at 638 nm, indicating that the sensor PyCy2 has a
moderate selectivity for H* over other analytes. We then
examined the reversibility of PyCy2 for sensing pH. Alternative
addition of NaOH and HCI was employed to adjust the pH
values of the aqueous solution. The emission at 639 nm decreased
from pH 80 to 4.5, but the emission recovered with pH
increasing from 4.5 to 8.0 (Figure S6a, Supporting Information).
Under basic conditions, the ratio (Ig3/I;;,) decreased from
pH 8.0 to 10.5, but the ratio recovered when pH dropped from
10.5 to 8.0 (Figure S6b, Supporting Information). The processes
can be repeated for at least five cycles.

Like PyCy2, PyCyl and PyCy3 also exhibited a turn-on
pattern from acidic to near-neutral conditions and a ratiometric
pattern from near-neutral to basic conditions (Figure S7,
Supporting Information). However, the changes in ratios for
PyCy3 are inferior to those for PyCyl and PyCy2. On the basis
of the data in Figure S7, the pK,yy and pK, values for PyCyl,
PyCy2, and PyCy3 were determined as 5.18/9.35, 5.74/9.39,
and 3.89/9.66, respectively. Both the pK,; and pK, values for
PyCy?2 are slightly higher than those for PyCyl. For these two
reasons, we decided to select PyCy2 as a pH probe candidate to
further evaluate its potential use in living cells and alkaline
enzymes.

3.3. Fluorescence pH Imaging in Living Cells. The
standard MTT assays indicate that PyCy2 has negligible
cytotoxicity to living cells (Figure S8, Supporting Information),
suggesting that PyCy2 may be suitable for cell imaging. EC 109
cells were colabeled with PyCy2 and Mito Tracker Green,
a commercial labeling dye specific for mitochondria. As shown
in Figure 6, the red and green fluorescent images overlapped
well with a Pearson’s colocalization coefficient = 0.90,
indicating that PyCy2 primarily located in the mitochondria
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Figure 6. Confocal fluorescence images of EC 109 cells stained with (a) PyCy2 (S uM) collected between 610 and 665 nm upon excitation at
559 nm and (b) Mito Tracker Green (2 uM) collected between S09 and 556 nm upon excitation at 488 nm. (c) Merged image of a and b.
(d) Merged image of c and bright-field image. (e) Intensity profile of the region of interest (indicated by the white color line in a and b) across the EC
109 cells. Red line for a and green line for b. (f) Correlation plot of PyCy2 and Mito Tracker Green intensities. Scale bar = 10 ym.
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pH=4.0

5.0
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Figure 7. Confocal fluorescence images of EC 109 cells stained with PyCy2 (S M) in a PBS medium of varying pH (pH 4.0—8.0) with the addition
of nigericin (1 ug/mL). The top row images of fluorescence emission were collected between 610 to 665 nm upon excitation at 559 nm. The bottom
row images are the result of merging the top images and the corresponding bright-field images. Scale bar = 10 ym.

likely due to its positively charged structure.> We thus then
monitored the pH changes in the mitochondria. Nigericin is
often used to promote equilibration of external and internal
mitochondrion pH.>*** After incubation with PyCy2 (5.0 4M)
for 20 min, the EC 109 cells were washed in PBS medium of
varying pH (pH 4.0—8.0) containing nigericin (1 yg/mL). The
dye-stained cells displayed the weakest fluorescence at pH 4.0
and the brightest fluorescence at pH 8.0 (Figure 7), which is in
good agreement with the fluorescence spectra of PyCy2 in
aqueous solution at a similar pH region (Figure 3a).

3.4. Real-Time Sensing of pH Changes in Enzymes
under Alkaline Conditions. We further proceeded to examine
the possibility of PyCy2 for sensing real-time pH changes
under alkaline conditions induced by enzymes. Escherichia coli
alkaline phosphatase (EC 3.1.3.1), most effective in an alkaline
environment, can catalyze hydrolysis of aryl phosphate
substrates, for instance, p-nitrophenyl phosphate (PNPP),
to produce inorganic phosphate and p-nitrophenol.>>*® This
enzymatic hydrolysis may induce a slight pH decrease. Thus,
we wondered whether PyCy2 could detect the real-time minor
pH changes elicited by the hydrolysis of PNPP. Toward this
end, a stock solution of PNPP (S mM) was added into a Tris
buffer (25 mM, pH 10.0, 0.5 M NaCl) containing PyCy2
(10 uM), followed by addition of 2 U of alkaline phosphatase
to start the enzymatic hydrolysis. As shown in Figure 8, the
ratiometric changes in the emission spectra were time-
dependent. With the enhancement of the incubation time, a
drop of the emission peak at 714 nm and a simultaneous increase
of the emission peak at 639 nm were observed. Notably, a clear
isoemissive point appeared at 683 nm (Figure 8), which is in
good agreement with that observed for titrating PyCy2 under
basic conditions (Figure 3b), indicating that, even in the
presence of the Escherichia coli alkaline phosphatase, the probe
continued to function in a similar ratiometric fashion. The real-
time changes of the emission intensity ratios at 639 and 714 nm
(inset of Figure 8) are consistent with the fact that the hydrolysis
of PNPP to inorganic phosphate and phenol can induce
a decrease of pH. The final pH value of the reaction mixture
was calculated as 9.70 via the linear relationship obtained in the

22331

.

OS 0.9 —
100 4 A o8
0.7
;:‘ 0.6
s 05
b "0 100 200 300 400 500 600
®
c
]
£
T
0 T T T T M
650 700 750 800 850
Wavelength, nm
Figure 8. Incubation time-dependent changes of the fluorescence

spectra of 10 yM PyCy2 in Tris solution (25 mM, pH 10.0)
containing S mM PNPP and 2 U of Escherichia coli alkaline
phosphatase. The excitation wavelength is at 598 nm. Inset: Plot of
Ig30/1514 versus the incubation time. I and I;;, denote the emission
intensities at 639 and 714 nm, respectively.

alkaline buffers, which is almost identical to 9.65 + 0.04
measured by a pH meter. Thus, the probe PyCy2 can detect very
minor pH variations under alkaline conditions in real-time,
suggesting that the probe could be a potential molecular tool not
only for assaying alkaline enzyme activities but also for detecting

pH changes in alkaline microorganisms.

4. CONCLUSION

In summary, we have introduced a new strategy to construct a
unique class of pyrrole-based cyanine dyes, PyCy fluorophores,
by attaching two indolium moieties at the a-positions of
the pyrrole core. Importantly, PyCy dyes could exhibit
a fluorescence turn-on response at pH varying from acidic to
near-neutral conditions, and a ratiometric fluorescence response
at pH varying from near-neutral to basic conditions.
Interestingly, this is the first class of fluorescent pH probes
with this fascinating property. We further demonstrated that this
remarkable feature of these novel dyes rendered them suitable
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for monitoring pH variations in living cells and animals with a
turn-on mode and real-time sensing of pH changes induced by
alkaline phosphatase with a ratiometric mode. We expect that
the design strategy of PyCy fluorophores may prompt the
development of a wide variety of cyanine derivatives with unique
properties.
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