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ABSTRACT: Many aspects of cell metabolism are controlled by
acidic pH. We report a new family of small molecule and ratiometric
two photon (TP) probes derived from benzimidazole (BH1−3 and
BH1L) for monitoring acidic pH values. These probes are
characterized by a strong two-photon excited fluorescence, a marked
blue-to-green emission color change in response to pH, pKa values
ranging from 4.9 to 6.1, a distinctive isoemissive point, negligible
cytotoxicity, and high photostability, thereby allowing quantitative
analysis of acidic pH. Moreover, we show that BH1L optimized as a
lysosomal-targeted probe allows for direct, real-time estimation of the
pH values inside lysosomal compartments in live cells as well as in
living mouse brain tissues through the use of two-photon microscopy.
These findings demonstrate that these probes will find useful
applications in biomedical research.

■ INTRODUCTION

Many cellular metabolic pathways are regulated by pH values in
the acidic range, including endocytic processes, signaling,
apoptosis, and defense. An acidic environment can serve to
activate enzyme functions and protein degradation.1 In
eukaryotic cells, acidic organelles including lysosomes (pH
4.5−5.5) and endosomes (pH 4.5−6.8) contain numerous
enzymes and secretory proteins exhibiting a variety of activities
and functions.2 In contrast, abnormal pH values in these
organelles could be related to cellular dysfunctions, which are
associated with many diseases such as cancer and neuro-
degenerative disorders.3 To extend our understanding of the
roles of acidic environments in biology and pathology, it is
crucial to monitor subcellular pH values and their fluctuation at
the cell, tissue, and organism level.
Molecular imaging with fluorescence microscopy has become

an indispensable tool in the study of pH, with respect to spatial-
temporal patterns. Two main classes of pH sensitive fluorescent
probes have been developed. The first is a turn-on probe based
on a photoinduced electron transfer system.4 The second is a
ratiometric probe based on a spectral shift in the absorption
and/or emission during proton binding.5,6 Of these two types
of probes, the emission ratiometric probes have been mostly
used for quantitative analysis, because a turn-on response
within a single detection window can vary depending on the
experimental conditions such as incident laser power and probe
distribution. To monitor acidic pH, green fluorescent proteins
(GFPs) and small molecule probes (such as LysoSensor DND-
160 and fluorescein derivatives) have been widely used as
ratiometric one-photon probes.5b,7 GFPs, however, become
denatured in an acidic environment (pH < 5).8 Small molecule

probes have the advantage of not requiring transfection as do
its protein counterparts. In addition, use of these probes with
one-photon microscopy requires a rather short excitation
wavelength, which limits their application in live tissue imaging
owing to the shortcomings of shallow penetration depth (<100
μm), photobleaching, photodamage, and cellular autofluor-
escence.
An attractive approach to the detection of pH values in live

cells and tissues is ratiometric imaging with two-photon
microscopy (TPM). TPM, which employs two near-infrared
photons as the excitation source, offers a number of advantages
including greater penetration depth (>500 μm), localization of
excitation, and longer observation times.9,10 Combined with
appropriate TP probes, TPM can visualize biological events
within live cells and intact tissues with minimum interference
from background emissions and minimum photodamage.
Recently, a ratiometric TP probe derived from 2-amino-

fluorene has been reported for assessing near neutral pH (pKa =
7.0) in cells.11 A small molecule TP probe as an analogue of
DND-160 (NP1, pKa = 4.4) has also been reported to estimate
acidic pH in live tissues by ratiometric TPM imaging.12

However, NP1, possessing pyridine as its proton binding site,
has low fluorescent quantum yield (<0.1), especially under
acidic conditions. Moreover, for precisely assessing the acidic
environments, there is a critical need for the TP probes with
pKa values in the range of 4.5−6.5.5a In addition, to detect the
pH inside a specific organelle, one must find a pH sensitive dye
that can be easily modified by introducing the targeting moiety.
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Toward this end, we report a series of ratiometric TP probes
for acidic pH derived from benzimidazole (BH1−3, Scheme 1)
that can quantitatively analyze subcellular pH values. Moreover,
we present a lysosomal-targeted probe (BH1L, Scheme 1) that
allows for direct, real-time estimation of the pH values within
lysosomal compartments in live cells and living tissues using
TPM.

■ RESULTS AND DISCUSSION
Design and Preparation of BH Series. Histidine is an

essential amino acid containing imidazole, which is a titratable
group that contributes to the buffering capacity of biological
systems (Scheme 1).13 Benzimidazole is a derivative of
imidazole, which has an ideal pKa value (pKa ≈ 5.5) for acidic
organelles.14 We therefore designed a small molecule probe
possessing benzimidazole substituents as a proton binding site
at the 6-position of 2-aminonaphthalene (BH1−3). We
undertook these studies with two aims in mind. First, the
ratiometric detection of pH would be possible if protonation at

the nitrogen in the benzimidazole resulted in a red-shifted
emission. In addition, its own pKa value can be easily modified
by introducing electron donating or electron withdrawing
groups on the benzimidazole. Second, we have utilized a
naphthalene core because similar derivatives showed a
significant TP action cross section (ΦδTPA) which is the
product of the fluorescence quantum yield (Φ) and the two-
photon absorption cross sections (δTPA), which have been
successfully applied to TPM in live tissues and living mice.15

Compounds BH1−3 were synthesized by condensation of
the 6-formyl-2-(N-methylamino)naphthalene with o-phenyl-
enediamine derivatives. The detailed synthetic procedure is
described in the Supporting Information. BH1L was designed
by introducing the tertiary amine substituent (pKa ≈ 10) to
BH1 through an amide linkage, with the expectation that BH1L
will accumulate in acidic organelles as the protonated form.5b,16

We also prepared a counterpart (P1) containing pyridine (pKa
≈ 5.0) as the protonation site because these compounds are
commonly used as fluorescent probes for acidic pH.5b,12,17

Scheme 1. (a) Design Strategy of BH Series;(b) Structures of BH1−3, BH1L, and P1

Table 1. Photophysical Data for BH Series and P1a

probe pH λmax
(1) (10−4 ε)b λmax

fl c Φd pKa
e λmax

(2) f δg Φδ

BH1 pH 3.5 368(1.94) 494 0.76 5.91 (5.89) 750 185 140
pH 7.2 337(2.53) 455 1.00 740 40 40
pH 10 337(2.76) 453 1.00 740 35 35

BH2 pH 3.5 370(1.96) 499 0.76 4.92 (4.88) 750 200 155
pH 7.2 339(2.84) 457 1.00 740 50 50
pH 10 338(2.84) 457 1.00 740 45 45

BH3 pH 3.5 365(2.25) 488 0.79 6.11 (6.10) 750 80 65
pH 7.2 345(2.98) 451 0.93 750 20 20
pH 10 345(2.96) 448 0.94 750 20 20

BH1L pH 3.5 368(2.98) 490 0.72 5.82 (5.86) 750 390 280
pH 7.2 341(3.03) 448 1.00 750 95 95
pH 10 341(3.05) 446 1.00 750 80 80

P1 pH 3.5 395(1.61) ndh ndh ndh ndh ndh ndh

pH 7.2 333(1.52) 485 0.008 ndh ndh ndh

pH 10 330(1.67) 492 0.009 ndh ndh ndh

aAll the measurement were performed in universal buffer solution (0.1 M citric acid, 0.1 M KH2PO4, 0.1 M Na2B4O7, 0.1 M
tris(hydroxymethyl)aminomethane, 0.1 M KCl). bλmax of the one-photon absorption spectra in nm. The numbers in parentheses are molar
extinction coefficients in M−1cm−1. cλmax of the one-photon emission spectra in nm. dFluorescence quantum yield. epKa values measured by one-
photon mode. The values in parentheses are measured by two-photon mode. fλmax of the two-photon excitation spectra in nm. gTwo-photon action
cross-section in 10−50 cm4 s/photon (GM units). hNot determined. The one- and two-photon excited fluorescence signals were too small to
determine the values.
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Photophysical Properties of BH Series in One-Photon
Mode. The solubility of BH1 in universal buffer solution (pH
7.2) was 4 μM, which is 2-times more soluble than BH2 (2
μM), but less than half as soluble as BH3 (>10 μM). The
solubility values of BH1L and P1 were >10 and 2 μM,
respectively (Figure S1). Under these conditions (pH 7.2),
BH1 has an absorption maximum (λabs) at 337 nm and a
fluorescence emission maximum (λfl) at 455 nm with a large
Stokes shift of 118 nm (Table 1). Under basic condition (pH
10), nearly identical results were observed as at pH 7.2 (Table
1). On the other hand, when the pH was changed from neutral
(7.2) to acidic (3.5), the λabs and λfl of BH1 were shifted to a
longer wavelength at 368 and 494 nm, respectively (Figure 1a
and Table 1). These spectral red-shifts might be a result of
protonation at the benzimidazolyl nitrogen (BH1-H+), thereby
enhancing the intramolecular charge transfer (ICT).18 It is
worth noting that both of BH1 (Φ = 1.00) and BH1-H+ (Φ =
0.76) show the largest fluorescent quantum yield reported to
date among pH probes in physiological buffer. Further, a sharp
isoemission point at 474 nm was observed between two fully
resolved λfl at 455 and 494 nm (Figure 1a). Similar spectral
results were observed for BH2 and BH3 (Table 1 and Figure
S2). As expected, these spectral data for BH1L was nearly
identical to those of BH1 (Figure 1b and Table 1). In contrast,
P1 showed negligible fluorescence (Φ = 0.008) in pH 7.2 and
no fluorescence in pH 3.5, while the λabs gradually shifted from
333 to 395 nm (Table 1 and Figure S3). Consequently, the BH
series showed a marked blue-to-green emission color change in
response to a change in pH from neutral to acidic and the
largest Φ in physiological buffer.

pKa Values of BH Series. The pKa of the conjugate acids of
BH1−3 were derived from the titration curve of emission ratios
(Igreen/Iiso) at isoemission point (Iiso) and 500−550 nm (Igreen).
The pKa values ranging from 4.92 to 6.11 (Table 1) indicated
that the BH compounds are suitable for assessing acidic media
(Figure 1c and Table 1). Their pKa shifts are likely due to the
electron withdrawing (F for BH2) or donating groups (OMe
for BH3) within the protonating site. Here again, the pKa value
for BH1L was almost identical to that of BH1 (Table 1).

Photophysical Properties of BH Series in Two-Photon
Mode. We then evaluated the abilities of the BH series to
determine the pH value in a TP mode. The TP action spectra
(Φδ) of BH1 at pH 7.2 and 3.5 indicated Φδmax values of 40
and 140 GM, respectively (Figure 2a and Table 1). The 3.5-fold
larger Φδmax value of BH1-H+, possessing a stronger electron-
withdrawing group than that of BH1, can be attributed to the
enhanced ICT between the donor and acceptor.18 Similar
results were obtained for BH2 and its protonated form, while
BH3 displayed approximately 2-fold smaller Φδmax values than
that of BH1 (Table 1 and Figure S4). Interestingly, both BH1L
and protonated form showed 2-fold larger δmax values than
those of BH1 (Table 1 and Figure S4). Although the origin is
unclear, this increment might be due to the peripheral group.
Moreover, the characterizations of the TP excited fluorescence
(TPEF) spectra of BH1 with pH exhibited similar behaviors to
those obtained from the one-photon process, in terms of Δλfl ≈
50 nm, a distinctive isoemissive point, and pKa values (Figure
2b,c and Table 1). On the other hand, TP emission ratio
(Igreen/Iiso) increased by 10-fold as the pH value was changed
from 7.2 to 3.5, and this value was >2-fold larger than that
obtained from the one-photon process. Because the Φδmax

Figure 1. (a and b) The changes in one-photon fluorescence spectra of (a) BH1 and (b) BH1L with pH in universal buffer. (c) Plots of Igreen/Iiso
versus pH for BH1−3 and BH1L determined by one-photon mode. The excitation wavelength is 360 nm.

Figure 2. (a) Two-photon action (δΦ) spectra of BH1 in universal buffer solutions at pH 3.5, 7.2, and 10, respectively. (b) The changes in two-
photon excited fluorescence spectra of BH1 with pH in universal buffer. (c) Plots of Igreen/Iiso versus pH for BH1−3 and BH1L determined by two-
photon mode. Data in (c) is normalized at the maximum Igreen/Iiso. The excitation wavelength for two-photon mode is 740 nm.
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Figure 3. Viability of HeLa cells in the presence of (a) BH1, (b) BH2, (c) BH3, and (d) BH1L as measured by using MTS assay. The cells were
incubated with probe for 24 h.

Figure 4. (a) Two-photon excited fluorescence spectra of ionophore-treated HeLa cells labeled with 3 μM BH1 at pH 3.5 and pH 8.0. (b) Two-
photon Igreen/IIR titration with pH in HeLa cells. (c) Pseudocolored ratiometric TPM images (Igreen/IIR) of HeLa cells incubated with 3 μM BH1. (d)
Higher magnification of boxed areas in (c). The numbers in (d) are the estimated pH values at the region of interest indicated by white arrows.
Excitation wavelength is 740 nm. Scale bars are (c) 30 μm and (d) 5 μm. Cells shown are representative images from replicate experiments (n = 10).
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value of the protonated form of BH1 is >3-fold larger than that
of deprotonated form (Figure 2a), this result can be attributed
to the larger TPEF enhancement at 500−550 nm (Igreen) in
comparison with the one-photon process (Figures 1a and 2b).
Similar results were observed for BH2, BH3 and BH1L (Figure
S2).
The TPM images of HeLa cells labeled with the BH series

probes were bright (Figures S5), presumably because of the
significant Φδmax values, whereas the images of P1-labeled HeLa
cells showed no TPEF (Figure S6). In addition, BH series show
high photostability as revealed by the negligible changes in the
TPEF intensity in the HeLa cells over 60 min (Figure S5) and
negligible cytotoxicity as measured by a MTS assay (Figure 3).
These outcomes establish that the BH series can serve as
ratiometric TP probes that can estimate the pH value in acidic
environments through the use of TPM with reasonable
accuracy, and minimum interference from photostability and
cytotoxicity issues.
Live Cell Calibration with BH1. We next sought to utilize

BH1 as a TP probe to determine the pH value in cells with
TPM. Using 740 nm TP excitation in scanning lambda (xyλ)
mode, ionophore-treated HeLa cells labeled with BH1 at pH
8.0 and pH 3.5 emitted TPEF spectra with λfl of 445 and 490
nm, respectively (Figure 4a). Importantly, they are nearly
identical to those of BH1 in the buffer solution (Figure 2b),
except that both λfl are slightly blue-shifted within 10 nm. Since
the emission spectra of BH1 showed gradual red shifts with
increasing solvent polarity (Figure S7 and Table S1), this
observation indicates that the probe environment in cells is
rather homogeneous and slightly more hydrophobic than in
buffer, which is similar to EtOH:buffer (1:1). This outcome
allowed ratiometric imaging (Igreen/IIR) for intracellular pH by
using 440−460 nm (IIR) as an internal reference window and
500−550 nm (Igreen) as a pH recognition window (Figure 4a).
Moreover, a pH calibration curve was generated by Igreen/IIR of
ionophore-treated and BH1-labeled HeLa cells (Figure 4b).
The pKa value is of 5.34 ± 0.04, which is slightly lower than
that measured in buffer (5.91), as previously reported.6e

Furthermore, the plots of Igreen/IIR versus the pH value are
linear at pH 4.0−7.0, indicating that BH1 is suitable to
determine pH values in this range (Figure 4b). More
importantly, the ratiometric TPM image (Igreen/IIR) of HeLa
cells labeled with BH1 revealed the various pH values ranging

from 5.6 to 7.4 throughout the subcellular compartments
(Figures 4d and S8).

Estimation of Lysosomal pH Values with BH1L. We
then sought to utilize BH1L as a lysosome-targeted TP probe
to estimate the pH values. To assess whether BH1L can
selectively locate in lysosomes, the HeLa cells were co-labeled
with BH1L and Lysotracker Red DND-99 (LTR), a well-
known one-photon probe for the lysosome. The TPM and
OPM images overlapped well with the Pearson’s colocalization
coefficient = 0.95 (Figure 5). Moreover, ionophore-treated
HeLa cells labeled with BH1L at pH 8.0 and pH 3.5 emitted
TPEF spectra with λfl of 445 and 485 nm, respectively (Figure
6a), which are nearly identical to the values obtained from
buffer (Figure S2).16 Consistently, the pKa value derived from
ionophore-treated and BH1L-labeled HeLa cells was of 5.63 ±
0.08, a result similar to that measured in buffer (Figure 6b).
The ratiometric TPM image (Igreen/IIR) of BH1L-labeled

HeLa cells showed the various pH values in the lysosomal
compartment (Figure 6). It is worth noting that the individual
pH values of individual spots ranging from 4.6 to 5.9 was clearly
visualized (Figure S9) along with the average value of 5.1 ± 0.2
(n = 25). We next monitored the pH changes inside of
lysosomes in real-time. Upon addition of 5 mM NH4Cl, a weak
base that increase intralysosomal pH,19 the pH values began to
rise in 2.3 min and reached a maximum value of 6.5−6.7 after 4
min (Figure 6g and S10). Most importantly, the small
fluctuation in 0.1 pH unit was clearly visualized with their
active movements (Figure S10). Therefore, BH1L is clearly
capable of monitoring the change of intralysosomal pH values
along with their transportation in live cells.

Mapping the pH Values in Live Rat Brain Tissues. We
further investigated the utility of BH1L in a fresh slice of rat
hippocampus, a region of the brain that is important for
learning and memory. Because the structure of the brain tissue
is known to be nonhomogeneous, we accumulated 120
ratiometric TPM images (Igreen/IIR) at 90−180 μm depth
(Figure S11). They showed the overall pH distribution in the
regions of CA1, CA3 and the dentate gyrus (DG) (Figure 7a),
in which the acidic pH is more distributed in the DG than in
CA regions. It has been well established that the DG region
differs from CA regions, in particular, the cell type and the
functions including neurogenesis and gene expression.20 The
abundance of acidic pH in the DG might be linked to the
metabolic processes in this region, thus pointing to the need for

Figure 5. (a) TPM and (b) OPM images of HeLa cells co-labeled with BH1L and LysoTracker Red. (c) Merged image from (a), (b), and the
corresponding contrast image. Excitation wavelengths for TPM and OPM are 740 and 543 nm, respectively. Scale bar = 20 μm. Cells shown are
representative images from replicate experiments (n = 10).
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future studies to investigate its biological function. Moreover,

the image at a higher magnification clearly showed the acidic

compartments in the individual cells in the DG at a depth of

about 100 μm (Figures 7b and S12). A similar result was

observed for BH1-labeled tissue (Figure 7c,d), except that the

acidic spots in Figure 7a are clearer than those stained with

BH1. The combined results confirm that BH1L is clearly

capable of estimating the pH values of subcellular acidic

compartments in live cells and living tissues by using TPM.

■ CONCLUDING REMARKS

In conclusion, we have developed a new family of small
molecule and ratiometric TP probes (BH series) for acidic pH.
These benzimidazole derivatives, designed by a simple and
flexible strategy, have pKa values ranging from 4.9 to 6.1, and
show a bright two-photon excited fluorescence. Their spectra
are characterized by a marked blue-to-green emission color
change in response to a decrease in pH from 7.5 to 4.0 and a
distinctive isoemissive region. They exhibit easy loading and
low cytotoxicity, thereby allowing quantitative analysis of acidic

Figure 6. (a) Two-photon excited fluorescence spectra of ionophore-treated HeLa cells labeled with 3 μM BH1L at pH 3.5 and pH 8.0. (b) Two-
photon Igreen/IIR titration with pH in ionophore-treated and BH1L-labeled HeLa cells. (c and e) Pseudocolored ratiometric TPM images (Igreen/IIR)
of HeLa cells incubated with 3 μM BH1L before (c) and after (5 min) (e) addition of 5 mM NH4Cl to the imaging solution, and (d and f) merged
images with the corresponding DIC images. (g) Enlargement of a white box in (c) showing the changes of pH with time. The numbers in (g) are the
estimated pH values at the region of interest indicated by white arrows. Excitation wavelength is 740 nm. Scale bars are (c) 20 μm and (g) 8 μm.
Cells shown are representative images from replicate experiments (n = 25).
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pH. Moreover, ratiometric TPM imaging revealed that BH1L
allows for direct, real-time estimation of the pH values inside
lysosomal compartments in live cells as well as in living mouse
brain tissues. These findings demonstrate that these probes will
find useful applications in biomedical research.

■ EXPERIMENTAL SECTION
Spectroscopic Measurements. Absorption spectra were re-

corded on a S-3100 UV−vis spectrophotometer and fluorescence
spectra were obtained with FluoroMate FS-2 fluorescence spectropho-
tometer with a 1 cm standard quartz cell. The fluorescence quantum
yield was determined by using 9,10-diphenylanthracene (Φ = 0.93 in
cyclohexane) as the reference by the literature method.21

pKa Value. A 3.0 μL of the stock solution of probe in DMSO (1.0
× 10−3 M) was added to a cuvette containing 3.0 mL of universal
buffer solution by using a micro syringe to prepare 1.0 μM of probe
solution and the spectral changes in the fluorescence were measured as
a function of the pH (3.5−10.0). pKa values of BH1−3 and BH1L
were calculated by linear regression analysis of the fluorescence data to
fit eq 1.

= +
−

−
+

⎡
⎣⎢

⎤
⎦⎥K c

R R
R R

I
I

pH p log loga
min

max

a

b
(1)

where R is the observed ratios (Igreen/Iiso) at isoemission point (Iiso)
and 500−550 nm (Igreen) at a given pH. Rmax and Rmin are maximum
and minimum limiting value of R, respectively, and c is the slope.22 Ia/
Ib is the ratio of the fluorescent intensity in acid (pH 3.5) to the
intensity in base (pH 10.0) at the wavelength chosen for the
denominator of R. In this case, this correction vanishes by using the
sharp isoemission point. To determine the pKa

TP in a two-photon
mode, the TPEF spectra were obtained by a CCD detector (Monora
320 spectrograph set with Andor iDus DV401A-BV). They were
excited by a mode-locked titanium-sapphire laser source (Mai Tai HP,
Spectra Physics, 80 MHz pulse frequency, 100 fs pulse width) set at
wavelength 740 nm and output power 2510 mW, which corresponded
to approximately 200 mW average power in the focal plane.
Measurement of Two-Photon Cross Section. The two-photon

cross section (δ) was determined by using femtosecond (fs)

fluorescence measurement technique as described.23 Probe (1.0 ×
10−6 M) was dissolved in universal buffer solutions at pH = 3.5, 7.2
and 10, respectively, and the two-photon induced fluorescence
intensity was measured at 720−880 nm by using rhodamine 6G as
the reference, whose two-photon property has been well characterized
in the literature.24 The intensities of the two-photon induced
fluorescence spectra of the reference and sample emitted at the
same excitation wavelength were determined. The TPA cross section
was calculated by using δ = δr(SsΦrϕrcr)/(SrΦsϕscs), where the
subscripts s and r stand for the sample and reference molecules. The
intensity of the signal collected by a CCD detector was denoted as S.
Φ is the fluorescence quantum yield. ϕ is the overall fluorescence
collection efficiency of the experimental apparatus. The number
density of the molecules in solution was denoted as c. δr is the TPA
cross section of the reference molecule.

Cell Culture. HeLa human cervical carcinoma cells (ATCC,
Manassas, VA, USA) were cultured in DMEM (WelGene, Inc., Seoul,
Korea) supplemented with 10% FBS (WelGene), penicillin (100
units/mL), and streptomycin (100 μg/mL). Two days before imaging,
the cells were passed and plated on glass-bottomed dishes (NEST). All
the cells were maintained in a humidified atmosphere of 5/95 (v/v) of
CO2/air at 37 °C. For labeling, the growth medium was removed and
changed with serum-free DMEM. The cells were treated and incubated
with 3.0 μM probe at 37 °C under 5% CO2 for 30 min.

Two-Photon Fluorescence Microscopy. Two-photon fluores-
cence microscopy images of probe-labeled cells and tissues were
obtained with spectral confocal and multiphoton microscopes (Leica
TCS SP8MP) with ×10 dry, ×40 oil, × 63 oil, and ×100 oil objectives,
numerical aperture (NA) = 0.30, 1.30, 1.40, and 1.30, respectively. The
two-photon fluorescence microscopy images were obtained with a
DMI6000B Microscope (Leica) by exciting the probes with a mode-
locked titanium-sapphire laser source (Mai Tai HP; Spectra Physics,
80 MHz pulse frequency, 100 fs pulse width) set at wavelength 740
nm and output power 2510 mW, which corresponded to
approximately 10 mW average power in the focal plane. To obtain
images at 440−460 nm (IR) and 500−550 nm (green) range, internal
PMTs were used to collect the signals in an 8 bit unsigned 512 × 512
and 1024 × 1024 pixels at 400 and 200 Hz scan speed, respectively.

Figure 7. Pseudocolored ratiometric TPM images (Igreen/IIR) of a rat hippocampal slice stained with 30 μM (a and b) BH1L and (c and d) BH1. (a
and c) 120 TPM images along the z-direction at the depths of approximately 90−180 μm were accumulated to visualize the overall pH distribution
with 10× magnification. (b and d) Higher magnification images (63×) at the regions of DG. Excitation wavelength is 740 nm. Scale bars are (a and
c) 300 μm and (b and d) 47 μm.
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Ratiometric image processing and analysis was carried out using
MetaMorph software.
Cell Calibration. A pH calibration curve was generated by Igreen/IIR

of ionophore-treated and BH1- or BH1L-labeled HeLa cells. The cells
were treated and incubated with 3.0 μL of 1 mM BH1 or 1 mM BH1L
in DMSO stock solution (3.0 μM BH1 and 3.0 μM BH1L) at 37 °C
under 5% CO2 for 30 min, and then the extracellular media was
replaced with 1 mL of calibration buffer (125 mM KCl, 20 mM NaCl,
0.5 mM CaCl2, 0.5 mM MgCl2, 5 μM nigericin, 5 μM monensin, and
25 mM buffer; acetate for pH 3.5, 4.0, 4.3, 5.0, 5.2; MES for pH 5.5,
6.0; HEPES for pH 6.5, 7.0, 8.0).6e The cells were treated with the
calibration buffer for 15−20 min at room temperature. The TPEF
intensity at 440−460 nm (IIR) and 500−550 nm (Igreen) of BH1 or
BH1L is well changed with pH, and we obtained pH calibration curve
by the plots of Igreen/IIR versus pH value.
Photostability. Photostability of BH1−3 and BH1L was

determined by monitoring the changes in TPEF intensity with time
at three designated positions of probe-labeled HeLa cells chosen
without bias (Figure S5). The TPEF intensity remained nearly the
same for 1 h, indicating their high photostability.
Cell Viability. To confirm that the probe could not affect the

viability of HeLa cells in our incubation condition, we used MTS assay
(Cell Titer 96H; Promega, Madison, WI, USA) according to the
manufacture’s protocol. The results are shown in Figure 3.
Preparation and Staining of Fresh Rat Hippocampal Slices.

Slices were prepared from the hippocampi of 2-weeks-old rat (SD).
Coronal slices were cut into 400 μm thickness using a vibrating-blade
microtome in artificial cerebrospinal fluid (ACSF; 138.6 mM NaCl, 3.5
mM KCl, 21 mM NaHCO3, 0.6 mM NaH2PO4, 9.9 mM D-glucose, 1
mM CaCl2, and 3 mM MgCl2). Slices were incubated with 30 μL of 10
mM stock solution of BH1 and BH1L in DMSO (total 30 μM BH1
and 30 μM BH1L) in ACSF bubbled with 95% O2 and 5% CO2 for 1 h
at 37 °C. Slices were then washed three times with ACSF and
transferred to glass-bottomed dishes (NEST) and observed in a
spectral confocal multiphoton microscope. The TPM images were
obtained at about 90−180 μm depth.
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