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A ratiometric fluorescent pH probe 4-((1E, 3E)-4-(benzo[d]thiazol-2-yl)buta-1, 3-dienyl)-N, N-
dimethylbenzenamine (BTDB) was synthesized via ethylene bridging of thiazol and cinnamaldehyde
for extremely acidic sensing. BTDB exhibits ratiometric fluorescence emission (425 nm/I595nm ) Character-
istics with pK, of 2.34 and a large Stokes shift of 177 nm under acidic conditions. The linear response to
pH is in the range of 2.3-4.0. Quantum chemical calculations with the B3LYP exchange functional theory
demonstrated that the ratiometric response of the probe to acidic pH was due to H* binding with the N

Ke}.’ words: of cinnamaldehyde and the induced decreases of the intramolecular charger transfer (ICT) process. The
Thiazole-based probe X . .
pH probe as-prepared probe displayed excellent cell membrane permeability was further applied successfully to

Ratiometric fluorescence monitor pH fluctuations in live cells with excellent lysosomal targeting ability, and extreme acidity in

Intracellular imaging Escherichia coli cells.

Extreme acidity

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Intracellular pH plays an indispensable role in a mass of cellu-
lar events such as defense enzymatic activity [ 1], ion transport and
homeostasis [2,3]. Intracellular pH also couples to processes such
as the cell cycle and apoptosis [4-6]. Maintaining pH homeostasis
is fundamental for all living organisms [7-11]. Abnormal pH val-
ues can cause cardiopulmonary and neurologic problems including
cancer [12] and Alzheimer’s disease [13]. Therefore, the accurate
measurement of pH changes in live cells is critical for comprehend-
ing cellular functions and further understanding physiological and
pathological processes.

Fluorescence spectroscopy has attracted much attention over
other methods in terms of its excellent sensitivity and convenient
operation in many applications. In particular, by combining the use
of fluorescent probes and confocal laser scanning microscopy, flu-
orescent imaging provides a high spatial and temporal resolution
for observation of live cells. In order to quantify the pH, the pK; of
the probes needs to match with the pH range of the research sys-
tem. Nowadays, numerous pH-dependent fluorescent probes with

* Corresponding author.
E-mail address: smshuang@sxu.edu.cn (S.-M. Shuang).
T These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.snb.2016.04.122
0925-4005/© 2016 Elsevier B.V. All rights reserved.

near neutral (pH 6-8) [14-20] or weak acidic (pH 4-6) response
behavior [21-30] have been exploited for applications in biolog-
ical systems. However, relatively less attention was paid on the
fluorescent probes with pH sensitive behavior in extremely acidic
pH region (pH <4). Actually most of the living species could hardly
live in this strongly acidic conditions, while a mass of microor-
ganisms such as “acidophiles” and Helicobacter pylori particularly
favor harsh environments [11,31]. Stomach, which contains gas-
tric acid with acidity pH 2.0-3.0, is the strongly acidic organ of
human beings. In the stomach, pepsinogen activated into pepsin
by gastric acid [32-34], then the enzyme pepsin digests protein.
Also, the extreme acidic environment serves to protect the body
from ingested microorganisms by acting as a barrier for bacte-
ria. Abnormal pH values interfere with the function of stomach,
which results directly in stomach disorders. Therefore, the precise
determination of intracellular pH value under extreme-acidity con-
ditions still faces considerable challenges. Su et. al [35] synthesized
the first extremely acidic ratiometric fluorescent probe with the
pH response in the range of 1.8-3.4. Yang et al. [36] developed a
protein-based pH probe to noninvasively measure the extremely
acidic extracellular pH in Escherichia coli cells. But up till now, very
few pH probes have been applicable for more acidic conditions with
pH below 4 [37-39]. Considering the interference from excitation
light and complication of cellular system, the development of pH
probe with larger Stokes shift for the extreme acidity is desirable.
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Scheme 1. Synthetic scheme of BTDB and its structures in acidic and neutral conditions.

The large Stokes shift can separate the emission and excitation
lights well and increase the sensitivity of fluorescence detection,
since the possible self-quenching as well as fluorescence detection
errors due to the excitation source will be efficiently avoided.
4-((1E,3E)-4-(benzo[d]thiazol-2-yl)buta-1,3-dienyl)-N,N-

dimethylbenzenamine (BTDB) (Scheme 1) was widely used as
an anti-tumor [40] and anti-HIV active agent [41], and have high
non-linear optical effectiveness [42]. From the structure point
of view, BTDB was ethylene bridged with cinnamaldehyde and
benzothiazole, the former can act as an electron donor (D) and
the latter can act as an electron acceptor (A). The D-1r-A structure
type is constantly used as fluorophore to construct intramolecular
charge transfer (ICT) fluorescent probes displaying a large Stokes
shift. Above thinking induces us to extend the optical behavior and
utility of BTDB. We found that BTDB exhibited pronounced pH-
dependent blue-shift properties both in absorption and emission
spectra, because protonation significantly decreased the electron-
acceptor ability of benzothiazole moiety, and further influenced
the D-A interaction with the electron-donating cinnamaldehyde
group. Moreover, BTDB showed ratiometric fluorescence emission
characteristics and large Stokes shift. Additionally, BTDB expanded
to intracellular imaging under extreme acidity with satisfying
results.

2. Experimental
2.1. Materials and apparatus

All reagents and solvents were purchased from com-
mercial sources and used without further purification.
2-Methylbenzothiazole was purchased from Xiya Reagent. 4-
(Dimethylamino) cinnamaldehyde was purchased from Aladdin.
3-(4,5-dimethylthiazol-2-y1)-2,5- diphenyltetrazolium bromide
(MTT) are commercially available from Thermo-Fisher Bio-
chemical Products (Beijing) Co., Ltd. Nigericin (sodium salt) are
obtained from Invitrogen (Carlsbad, CA). All other chemicals were
commercially available from Tianjin Fuyu Fine Chemical Co., Ltd.

TH NMR spectra and '3C NMR were recorded on a Bruker
300 MHz NMR spectrometer (Bruker biospin, Switzerland) in the
solvent deuterated dimethyl sulfoxide (DMSO-dg) with tetram-
ethylsilane (TMS) as an internal standard. Mass spectra were
acquired with an Agilent Accurate-Mass-Q-TOF MS 6520 system
equipped with an electrospray ionization (ESI) source (Agilent,
USA). Elemental analyses were obtained on a FLASH EA1112 ele-
mental analysis recorder. Absorption spectra were performed on
a HiTAChi U-2910 UV-vis spectrophotometer (Beijing Purkinje
General Instrument Co., Ltc., Beijing, China). Fluorescence spectra
measurements were taken on an FLS-920 Edinburgh fluorescence
spectrophotometer (Edinburgh Co., Ltd.). Fluorescent images were
acquired on an FV1000 confocal laser scanning microscope (Olym-
pus Co., Ltd. Japan) with an objective lens (x20). E. coli (E. coli)

cells were incubated in a table concentrator (Shanghai Yiheng
Instruments Co., Ltd., China) and centrifuged on a TGL-12GB-C
High-speed desktop centrifuge (Shanghai Anting Scientific Instru-
ment Factory, China). Deionized water was obtained from a Milli-Q
water purification system (Millipore). pH values were measured
with a Beckman & 50pH meter (Shanghai LeiCi Device Works,
Shanghai, China).

2.2. Synthesis and characterization of fluorescent probe

The synthetic route of BTDB is shown in Scheme 1 [43].
A mixture of 2-Methylbenzothiazole (0.126 mL, 1.0 mmol), 4-
(Dimethylamino)cinnamaldehyde (0.263g, 1.5mmol) and KOH
(0.354 g, 6.25mmol) in DMF (7 mL) were stirred under N, atmo-
sphere for 24 h. After completion, the reaction mixture was filtered
to remove KOH. The solvent was removed under reduced pressure
and the crude product was purified by column chromatography
with methylene chloride/methyl alcohol (20/1, V/V) as eluent to
give an orange solid, yield 0.28 g (64%). "H NMR (300 MHz, DMSO-
d6) &: 2.961-2.976 (s, 6H), 6.674-6.893 (m, 3H), 6.893-7.032 (d,
2H), 7.290-7.476 (m, 5H), 7.890-8.022 (d, 1H), 8.022-8.047(d, 1H).
13C NMR (300 MHz, DMS0-d6) §(ppm): 167.29, 154.11, 151.11,
140.09, 139.37, 134.22, 130.91, 129.08, 128.87, 127.00, 126.88,
125.86, 125.55, 124.69, 124.51, 123.25, 122.64, 122.59, 122.47,
112.64, 112.56, 112.49. MS (ESI-MS): m/z Calcd 307.1264, found
307.1263 for [M+H]*. Elemental Analysis: Calcd C, 74.47; H, 5.92;
N, 9.14, S, 10.46. Found C, 72.98; H, 5.68; N, 9.62, S, 10.05.

2.3. UV-vis and fluorescence titrations

Doubly distilled water is used to prepare all the aqueous solu-
tions. The stock solution of BTDB (1.0 mM, ethanol) was diluted to
10.0 uM in ethanol/water (1/2v/v) medium. In the pH titrations
experiments, 2 mL of BTDB solutions were poured into a quartz
optical cell of 1 cm optical path length each time. Variations in the
pH of the solution were adjusted by adding small amounts of HCI
(0.25M, 0.5M and 1.0M) or NaOH (0.5M) and the spectral data
are recorded after 2 min for equilibrating each addition. Excitation
and emission bandwidths are both set at 2.0 nm, and the excitation
wavelengths are 383 nm. All spectroscopic experiments are carried
out at 25 °C. The stock solutions of metal ions for selectivity exper-
iments are prepared from their chloride or nitrate salts in doubly
distilled water.

2.4. Calculation methods

The calculations in this work were performed with the Gaus-
sian 09 program package. The geometric and electronic structures
of molecules were investigated with the density functional theory
(DFT) method. In each optimization, the vibrational frequencies
were calculated and the results showed that all optimized struc-
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Fig 1. (a) Change of the absorption spectra of BTDB with decreasing pH from 7.0 to
1.2.Inset: the color of the solution changed from yellow to colorless with decreasing
pH. (b) Change of the fluorescence spectra of BTDB with decreasing pH from 7.0 to
1.2 (Aex=383 nm). Inset: The fluorescent color of the solution changed from yel-
low to blue with decreasing pH. (c) Sigmoidal fitting of the pH-dependent emission
(Fa25nm/Fs95nm ). Inset: the good linearity in the pH range of 2.3-4.0. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article).

tures were stable geometric structures. All DFT calculations were
performed using the B3LYP functional and the 6-311 + G (d,p) basis
set.

2.5. Cell cytotoxicity assay

According to the literature[44], the MTT assay is used to test
the cytotoxicity of BTDB on HelLa cells. The cells with a density of
1 x 103 cellsmL~! are cultured in a 96-well microplate to a total vol-
ume of 200 pLwell~! at 37°C in a 5% CO, atmosphere. After 24 h,
different concentrations BTDB of 0.01 uM, 0.1 uM, 1 M, 10 pM
and 50 pM are incubated with HelLa cells for 3 h in fresh medium,
respectively. After washing the cells with cold phosphate buffered
saline (PBS, pH 7.4) for 3 times, 10 L of MTT solution (10 mg/ml,
PBS) is added into each well of 96-well microplate for another 4 h.
Then the remaining MTT solution is removed from the wells, and
150 L of DMSO is added into each well to dissolve the intracellu-
lar blue-violet formazan crystals. The absorbance of the solution is
measured at 490 nm wavelength with a microplate reader. The cell
viability is calculated by the following equation:

%viability = [Z(Ai /Acontrol x 100)]/n

where A; is the absorbance of different concentrations probe of
0.01 pM, 0.1 pM, 1 M, 10 wM and 50 M, respectively. Acontrol 1S
the average absorbance of the control well in which the probe was
absent, and n (=3) is the number of the data points.

2.6. Colocalization experiments

Hela cells are cultured in DMEM supplemented with 10% FBS,
and incubated at 37°C in a 5% CO2 atmosphere. Cells are seeded
on 35 mm diameter round glass Petri dish at a density of 1 x 105
for 24 h. BTDB dissolved in DMSO (0.5 L, 10 mM) are added to the
cells medium (500 pL) at 10 wM final concentrations for 10 min,
and then cells were washed with PBS three times. 0.1 wM Lyso
Tracker Green DND-26 was added and co-incubate for another
30min and cell imaging was then carried out after washing cells
with PBS three times. Then fluorescence images are acquired on
an Olympus FV1000 confocal laser scanning microscope with red
channel (Ex=405nm, Em=570-620 nm) for BTDB; Green channel
(Ex=488 nm, Em =500-520 nm) for Lyso Tracker DND-26; respec-
tively.

2.7. Culture of Hela cells for intracellular fluorescent imaging

Hela cells are cultured in DMEM supplemented with 10% FBS,
and incubated at 37°C in a 5% CO, atmosphere. Cells are seeded
on 35 mm diameter round glass Petri dish at a density of 1 x 10°
for 24h. BTDB dissolved in DMSO (0.5 pL, 10 mM) are added
to the cells medium (500 wL) at 10 wM final concentrations for
10 min. Then excess BTDB are removed by gentle rinsing with PBS
(pH 7.4) for three times and treated with nigericin for additional
10 min in PBS buffer at different pH conditions of 7.4, 4.0 and 3.0,
respectively. Then fluorescence images are acquired on an Olym-
pus FV1000 confocal laser scanning microscope with blue channel
(Ex=405nm, Em=425-460 nm) and yellow channel (Ex=405 nm,
Em=570-620 nm), respectively.

2.8. Culture of E. coli cells for intracellular fluorescent imaging

According to the method reported in literature [37], E. coli cells
are incubated at 37°C in Luria-Bertani (LB) culture (yeas textract
5gL-1, Trptone 10gL~!, NaCl 10gL-1) in a table concentrator at
180rpm for 16 h. Then the E. coli cells are collected by centrifug-
ing the culture for 5min at 4500 rpm. The sediment is washed
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Fig. 2. The frontier molecular orbitals (FMOs) involved in the vertical excitation and emission of BTDB and BTDB + H*. CT stands for conformation transformation. Excitation
and radiative processes are represented by solid lines and the nonradiative processes by dotted lines.

with sterile water, and then resuspended in different PBS buffers
for 5min at pH 7.0, 4.0, 2.5, 1.2, respectively. BTDB dissolved in
DMSO is then added into every tube to make the final probe con-
centration of 10 wM. The BTDB-stained E. coli cells are incubated
in a table concentrator for 2 h. Then they are meared on slides and
observed by confocal laser scanning microscope with blue channel
(Ex=405nm, Em=425-460 nm) and yellow channel (Ex=405 nm,
Em=570-620 nm), respectively.

3. Results and discussion
3.1. Spectroscopic properties of BTIDB

The standard pH titrations of absorption spectra and fluores-
cence emission spectra were performed. Fig. 1a shows the UV-vis
absorption spectra of BTDB at varying pH. As the pH decreased
from 7.0 to 1.2, the absorption intensity at 418 nm reduced and,
concomitantly, a new peak at 354 nm appeared. There is a well-
defined isobestic point at 383 nm in the absorption spectra, which
can give a good indication that the solutions were of all similar
ionic strength and it reduced the influence that other ions might
cause on the spectral properties of the probe in relation to protons.
The blue shift in the absorption spectra confirms that ICT effect of
BTDB is reduced with decreasing pH due to the protonation of the
dimethylamino moiety (Scheme 1) in the probe. Another obser-
vation was a notable color change from yellow to colorless with
decreasing pH, which indicated that BTDB could serve as a visual
probe for the determination of H* concentration. Moreover, the
molar extinction coefficient is an important parameter for evalua-
tion of a fluorescent probe. According to Fig. 1a, the molar extinction
coefficient of BTDB could be obtained by use of the Lambert-Beer
law in base form, &1 =54900 Lmol~! cm~! (Amax =418 nm, pH 7.0),
and acid form, £, =77553Lmol~' cm~! (Amax =354 nm, pH 1.2).

The pH titration indicates that the probe exhibits remarkable
pH-dependent behavior in emission spectra (Fig. 1b). The fluores-
cence spectrum of BTDB at pH 7.0 contains an emission band with
amaximum at 595 nm (Aex =383 nm). When the pH was decreased
to 1.2, the fluorescence is reduced gradually and the fluorescence
emission spectra show a large blue-shift of 1770 nm in the emis-

Ratio (£,

Fig. 3. Fluorescence emission ratio (F425nm/Fs95nm) of 10 wM BTDB in ethanol/water
(1/2, V[V) at pH 7.0 and 1.2 in the presence of diverse metal ions: 1, blank; 2, Na*
(150 mM); 3, K* (150 mM); 4, Ca%* (10 mM); 5, Mg?* (2 mM); 6, Co?* (0.2 mM); 7, Cu?*
(0.2mM); 8, Mn?* (0.2 mM); 9, Ni2* (0.2 mM); 10, Ba2* (0.2 mM); 11, AI3* (0.2 mM);
12, Cd** (0.2mM); 13, Fe3* (0.2mM); 14, Pb?* (0.2mM); 15, Cr3* (0.2 mM); 16,
Fe?* (0.2 mM); 17, Zn?* (0.2 mM); glucose (0.2 mM); cysteine (0.2 mM); homocys-
teine (0.2 mM); glutathione (0.2 mM); arginine (0.2 mM); histidine (0.2 mM); lysine
(0.2 mM); vitamin C (0.2 mM)..

sion spectra from 595 nm to 425 nm, which is attributed to the
decreased ICT effect. Accordingly, the solution color changes from
yellow to blue under irradiation of an UV lamp. The emission ratio
(F425nm/Fs95nm ) changes dramatically from 7.27 at pH 7.0-0.05 at
pH 1.2 with a huge value change of 145, indicating that BTDB is
highly sensitive to pH changes (Fig. 1c). What is more important,
BTDB shows significantly large Stokes shifts of 177 nm under acidic
conditions and 71 nm at neutral conditions, respectively, which
could help to reduce the excitation interference. These remarked
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changes of emission spectra and fluorescent color provide a good
opportunity to achieve ratiometric detection.

Nonlinear fit of the sigmoidal curve (emission intensity ratios
(F425nm/Fs95nm) versus pH value) afforded the probe a pK; value
of 2.34. More interestingly, the fluorescence intensity showed a
good linearity with pH in the range of 2.3-4.0 (Fig. 1c), according
to the linear equation: I=8.16-1.89 x pH with a linear coefficient
R? of 0.98. These results indicate that BTDB could be potentially
suitable for monitoring pH variations under the extremely acidic
pH environment by ratiometric fluorescence method.

Considering the application of BTDB in the living cells, UV-vis
and fluorescence titrations were carried out in the presence of
80% cell medium (DMEM) and 20% EtOH as a co-solvent at probes
concentration of 10 uM (Fig. S1). The properties of the probe in
the presence of cell medium are almost consistent with Fig. 1. It
demonstrates that the influences of the cellular environment on
the calibration curve were relatively small.

3.2. Theoretical calculations

To better understand the optical responses of BTDB upon
binding with H*, we carried out density functional theory (DFT)
calculations at the B3LYP/6-311+G(d) level using Gaussian 09
program. Fig. 2 shows the optimized structure and the lowest unoc-
cupied (LUMO) and the highest occupied molecular orbital (HOMO)
plots of the probe and their protonated form.

Protonation of BTDB to form BTDB |y +H* and BTDB gy +H*
(Scheme 1) under the acidic condition is a competitive process.

BTDB

Lyso Tracker Green DND-26

It is worth noting that the natural bond orbital charge distribu-
tions show N1 (—0.480e) with a more negative charge relative
to N4 (-0.468e) (Fig. S2), and that the N1 atom should be pro-
tonated preferentially, which is in accordance with experiments.
As shown in Fig. 2, for both BTDB and BTDB+H*, the Sp-S;
(HOMO-LUMO) transitions are electron density redistributions
from the cinnamaldehyde group to the benzothiazole group, which
cause ICT occurs in both BTDB and BTDB + H*. However, compared
with the electron density distribution in the HOMO and LUMO of
BTDB, with H* binding with the N atom of the cinnamaldehyde
group, no electron density in the HOMO and LUMO of BTDB + H*
located on the N atom. It indicated that N atom got weakened
electron-donating ability, which further decreased the ICT effect.
Furthermore, DFT calculations indicate that the HOMO-LUMO
energy gap of BTDBy + H* (7.46 eV) is significantly higher than that
of BTDB(7.32 eV), which is coincide with the observation that BTDB
exhibits a blue shift under acidic condition (Fig. 1).

3.3. Selectivity studies

Considering the complexity of the intracellular environment, an
important work of the probe was performed to determine whether
other metal ions were potential interferent at pH 7.0 and 1.2,
respectively. As shown in Fig. 3, physiologically ubiquitous metal
ions such as Na*, K*, Ca?* and Mg?2* at their physiological concentra-
tions do not give any obvious emission change on pH measurement.
Other heavy or transition metal ions, such as Co2*, Cu2*, Mn2*, Ni2*,
BaZ*, AI3*, Cd2*, Fe3*, Pb2*, Cr3*, Fe2*, Zn?* also exhibit negligible

Merged

Fig. 4. Pseudo-colour confocal fluorescence image of 10 wM BTDB (a) and image of co-labeled with 0.1 wM Lyso Tracker Green DND-26 (b) in HeLa cells. (c) Merged image.
(d) The correlation of BTDB and Lyso Tracker Green DND-26 intensities (A=0.93). (e) Intensity profile of linear regions across Hela cells. The fluorescence images are acquired
on an Olympus FV1000 confocal laser scanning microscope with red channel (Ex=405 nm, Em =570-620 nm) for BTDB; Green channel (Ex =488 nm, Em =500-520 nm) for
Lyso Tracker DND-26; respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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effect both under neutral and acidic conditions. Furthermore, some
biologically important species (e.g.,) glucose, cysteine, homocys-
teine, glutathione, arginine, histidine, lysine and vitamin C exhibit
negligible effect. These results indicated that BTDB shows excellent
selectivity to H* over representative metal ions.

3.4. Photostability and reversibility studies

Itis well-known that photostability is another important param-
eter to assess the performance of the fluorescent probe. We
performed the photostability of BTDB by measuring the fluorescent
response during 2 h. As shown in Fig. S3, the fluorescence intensity
ratios remained stable at pH 1.2, 2.5 and 7.0, respectively, which
revealed that BTDB could instantly respond to the change of H* con-
centration and our probe can be used to monitor the pH variation
in real time.

Since the reversibility is highly required for monitoring
reversible pH changes in living organs. Subsequently, the pH value
was modulated repeatedly between 1.2 and 7.0 by using concen-
trated hydrochloric acid and aqueous sodium hydroxide, and the
fluorescence intensity ratios of BTDB were recorded. As shown in
Fig. S4, these processes are fully reversible. Meanwhile, the solution
color changed repeatedly between colorless (pH 1.2) and yellow
(pH 7.0).

3.5. Cell cytotoxicity assay

Since intracellular acidification has been reported as an early
feature of apoptosis in cancer cells, if the probe remaining in the
cells induced the cell apoptosis gradually, the pH will be altered
to interrupt the measurement. Therefore, MTT assay is crucial to
evaluate the cytotoxicity of BTDB to live cells. As shown in Fig. S5,
more than 87% of cells are viable at various probe concentrations
from 0.01 wM to 50 wM, showing the low toxicity of the probe to
cultured cells under the experimental conditions of 10 uM.

3.6. Imaging of living cells

Since lysosomes are the typical acidic organelles in cells and
BTDB could be used for extremely acidic sensing. To demonstrate
the lysosomal staining ability of our probe BTDB, we conducted
co-localization experiments with Lyso Tracker Green DND-26, a
well-known green-emissive probe for lysosomes. The image of
BTDB merged well with the Lyso Tracker Green DND-26 image
(Fig. 4a—c). The average Pearson’s co-localization coefficient (A)
was 0.93 (Fig. 4d). Moreover, the changes in the intensity profile
of linear regions of interest (BTDB and Lyso Tracker Green DND-26
co-staining) tended toward synchronization (Fig. 4e). There results
indicated that BTDB has the ability of selective imaging of lyso-
somes.

In order to explore potential applications in imaging of liv-
ing cells, the pH-dependent ratiometric emission fluorescence
response of BTDB in living cells were tested. HeLa cells were
firstly incubated with BTDB (10 M) in DMEM medium for
10min at 37°C. The cells were washed in PBS buffer at differ-
ent pH conditions (pH=7.0, 4.0 and 3.0), and then treated with
nigericin for another 10 min, which could quickly equilibrating
intracellular and extracellular pH. Fluorescence images were col-
lected on a confocal fluorescence microscope with yellow channel
(Ex=405nm, Em=570-620nm) and blue channel (Ex=405nm,
Em=425-460nm). As shown in Fig. 5, BIDB could diffuse into
cells and are well dispersed in the whole cytoplasm region, which
indicated that BTDB had excellent cell membrane permeability.
Moreover, it is obvious that the BTDB-stained HelLa cells display
bright yellow fluorescence (Fig. 5b) and almost no blue fluores-
cence at pH 7.0 (Fig. 5a). Whereas the living HeLa cells are incubated

pH7.0

pH 4.0

pH 3.0

Fig.5. Fluorescence images of 10 wM BTDB in HeLa cells clamped at pH 7.0 (a-d), 4.0
(e-h), 3.0 (i-1). The blue channel images were collected at 425-460 nm (first row,
Aex =405nm) and yellow channel images were collected at 570-620 nm (second
IOW, Aex =405 nm). The third row shows the corresponding bright-field transmission
images. The pseudo ratio images obtained from the blue and yellow channels (fourth
row). The bottom color strip represents the pseudocolor change with pH. Scale bar,
20 pm. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).

with BTDB at pH 4.0, a slight quenching in yellow fluorescence
(Fig. 5f) and very weak blue fluorescence (Fig. 5e) is observed.
Upon the pH are decreased to 3.0, the yellow fluorescence is also
decreased (Fig. 5j); by contrast, the blue fluorescence increased
significantly (Fig. 5i). Bright-field transmission images confirm the
viability of the BTDB-stained HeLa cells (Fig. 5¢, g and k). In addi-
tionally, we obtained the ratio channel based on the blue channel
to yellow channel (Fig. 5d, h and 1), which display a characteristic
pH-dependent signal. These results demonstrate that BTDB could
be employed for ratiometric imaging of pH fluctuations within the
range of pH 7.4-3.0 in living cells.

Although the extreme acidity (pH<4) is fatal for the major-
ity of living species, a large number of microorganisms including
“acidophiles” and Helicobacter pylori have evolved to live under
such harsh conditions. Furthermore, some enteric bacteria such
as Escherichia coli and Salmonella species can survive through
such extreme conditions, causing life-threatening infections. They
remains challenging because of the exceeding difficulty in specifi-
cally locating small molecule fluorophores in this space [36]. Herein
also use confocal laser scanning microscope to visualize the fluo-
rescence change of E. coli cells harboring BTDB in its periplasmic
space. Since the highly permeable outer membrane of E. coli cells,
its periplasmic pH is quickly equilibrated with the extracellular
pH [36]. In order to imaging this periplasmic pH under extreme-
acidity conditions, the extracellular pH values were adjusted under
various pH values of pH 7.0, 4.0, 2.5 and 1.2, respectively. Simi-
lar to BTDB-stained HeLa cells, when pH value is higher than 4.0,
the E. coli cells exhibit the bright yellow fluorescence (Fig. 6a, b)
and very weak blue fluorescence emissions (Fig. 6e, f). However,
upon the extracellular pH is dropped to 1.2, the yellow fluorescence
decreases sharply (Fig. 6¢, d) and blue fluorescence increases grad-
ually (Fig. 6g, h). Furthermore, from histogram of fluorescence ratio
(Fbiue/Fyellow) versus pH by use of commercial software (Fig. 6m),
it is seen that over 125-fold ratio increase is noted with the pH
decreasing from 7.0 to 1.2. In particular, a small pH fluctuation sur-
rounding E. coli cells under the extreme-acidity condition (pH <4.0)
can give rise to a significant change of fluorescence ratio. The result
is perfectly in agreement with the ratiometric emission behavior
in Fig. 1c and further confirm that E. coli cells could live under such
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Fig. 6. Fluorescence images of 10 WM BTDB in E. coli cells clamped at pH 7.0 (a, e and
i),4.0 (b, fandj), 2.5 (c,gand k), pH 1.2 (d, h and 1). The yellow channel images were
collected at 570-620 nm (first row, Aex =405nm), and blue channel images were
collected at 425-460 nm (second row, Aex =405 nm). The third row shows the cor-
responding bright-field transmission images. (m) Intracellular pH calibration curve
of BTDB. Ratio indicates the pseudo ratio generated by Olympus software. Scale bar,
5 wm. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).

extremely acidic conditions (i.e. pH 1.2-4.0), which may result in
infections. Additionally, our probe BTDB is able to monitor such
acidic extracellular pH changes in bacteria or other biological sys-
tems with characteristic ratiometric emission response.

4. Conclusions

In summary, we have synthesized a thiazole-based ratiometric
emission fluorescent probe BTDB and its photophysical properties
are investigated as a function of pH. This probe exhibits ratiometric
response (F425nm/Fs95nm) to pH and can detect pH changes in the
extreme acidity range of 2.3-4.0 with a pKj; of 2.34. It is highly sig-
nificant that BTDB displays a large Stokes shift of 177 nm under
acidic conditions, which can reduce the excitation interference.
Moreover, other favorable features of BTDB include good reversibil-
ity, high selectivity, and excellent cell membrane permeability, all
of which are favorable for intracellular pH imaging. Application of
BTDB in Hela cells and E. coli cells are also achieved successfully,
indicating that BTDB can be employed as a ratiometric fluorescent
pH probe for imaging pH fluctuations in the physiological pH with
excellent lysosomal targeting ability, especially under extreme-
acidity condition in bacteria. Thus, it is anticipate for BTDB and its
derivatives would be potential application for cell imaging in the
biomedical and biological fields, and the development of extreme

acidic pH probe would also promote biology study on special bio-
logical systems.
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