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A B S T R A C T

A novel pH-sensitive fluorescent probe termed ER-H for visualization of ER acidification during ER stress in live
cells and in vivo was presented. ER-H consists of a piperazine-linked 1,8-naphthalimide as a fluorescence turn-on
signaling unit, a 4-methyl benzenesulphonamide moiety for ER anchoring, and a thiol reactive benzyl chloride
subunit for biomacromolecules fixation at the ER. ER-H displays sensitive fluorescence enhancement under
acidic condition, thus enabling it to monitor ER acidification. Meanwhile, ER-H shows negligible response to
common species, high photostability and low cytotoxicity. In biological experiments, the probe ER-H can solely
accumulate into ER and track the acidification during ER stress. By combining ER-H with calcium ion sensor
Fluo-3 AM, we achieved the simultaneous fluorescence imaging of decrease of ER pH and increase of cytoplasmic
calcium ion. Additionally, the probe was also utilized for fluorescence imaging of the acidification in zebrafish
and mice model successfully. We thus believe that ER-H has great potential as a practical tool for real-time
monitoring of the acidification of ER, contributing to revealing the pathogenesis of ER stress associated diseases.

1. Introduction

Endoplasmic reticulum (ER) as an essential organelle is central in
calcium homeostasis, lipid synthesis and folding as well as maturation
of membrane and secretory proteins [1–3]. When normal functions of
the ER was disturbed by various conditions, such as glucotoxicity, ER
Ca2+ disequilibrium, ischemia and hypoxia, free radicals, increased
protein synthesis, ER stress will appear [4–6]. Recently, a number of
studies have demonstrated the crucial role of ER stress in the devel-
opment of many metabolic diseases, including obesity, insulin re-
sistance, and diabetes [7,8]. For instance, the markers of ER stress are
elevated in diabetic animals and therapeutic strategies that manipulate
components of the ER stress response will improve normal function in
the setting of diabetes. This indicates that targeting ER stress may be a
viable treatment option to prevent or attenuate the development of
corresponding diseases.

Intracellular pH plays a vital role in many cellular events, such as
cell growth, apoptosis, ion transport, autophagy, enzymatic activities,
homeostasis and other cellular processes [9–11]. In particular, the pH
of ER as a vital parameter is important for regulating the normal phy-
siological function of this organelle [12]. Numerous studies showed
that ER stress can trigger autophagy, leading to the acidification of ER

[13–15]. As a perturbation of homeostasis, the ER acidification process
is closely related to the progress of ER stress induced diseases [16].
Therefore, owing to the physiological significance of ER pH and acid-
ification, it’s of great importance to real-timely visualize the pH
changes inside ER during stress for elucidating cellular metabolisms
and gaining insights into pathogenesis of associated diseases.

Fluorescence imaging is emerging as a promising and powerful
means for monitoring various bioactive molecules in living systems,
which thanks to its remarkable advantages, such as easy operation, high
sensitivity and high temporal-spatial resolution [17,18]. Specifically,
two-photon fluorescence microscopy imaging is a fascinating approach
utilizing near-infrared laser pulses, which exhibits lots of merits in-
cluding deeper tissue penetration, higher spatial resolution with
minimum background emission, and longer observation time. There-
fore, many fluorescent probes with one- or two-photon property for
various bioactive molecules have been reported in recent years, which
has facilitated progress in cell biology and therapeutics imaging
[19–27]. Among them, many pH-responsive sensors have been pre-
sented, which has uncovered the chemical biology of pH to some extent
[28–42]. However, up to now, fluorescent probe suitable for imaging of
pH in ER, especially visualizing the ER acidification in real-time hasn’t
been presented.
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To solve this issue, new pH-sensitive fluorescent probe should be
explored. Motivated to meet this need, specific conditions must be
considered: 1) the probe should have a turn-on fluorescence response to
acidic pH value; 2) the probe must possess outstanding ER-targetable
ability; 3) the probe should have two-photon property that can be
beneficial to deep tissue or in vivo imaging. We herein designed and
synthesized a new ER-targetable fluorescent probe, ER-H for imaging of
ER acidification during stress in live cells and in vivo. As shown in
Scheme 1, ER-H contains a 1,8-naphthalimide as a highly sensitive
fluorescent group, a piperazine moiety as a pH-responsive unit, a 4-
methyl benzenesulphonamide moiety for ER anchoring, and a thiol
reactive benzyl chloride subunit for further fixation at the ER. Under
neutral pH the fluorescence of ER-H is quenched by photoinduced
electron transfer (PET). Conversely, at acidic pH, through protonation-
induced inhibition of PET, ER-H provides a turn-on fluorescence re-
sponse. The 4-methyl benzenesulphonamide moiety endowed ER-H
excellent ER targeting ability by combining with the sulfanilamide re-
ceptor in ER. Experiments demonstrated that ER-H is highly sensitive
and selective to pH, and possesses high photostability and low cyto-
toxicity. Confocal fluorescence imaging results demonstrate that ER-H
can precisely target ER and trace the acidification of ER during stress.
Furthermore, due to the ideal two-photon character of 1,8-naphthali-
mide, by virtue of two-photon fluorescence microscope, ER-H was
successfully applied for fluorescence imaging of the acidification in
zebrafish and mice model.

2. Experimental

2.1. Reagents and instruments

All the reagents (purity over 99.9%) were purchased from com-
mercial source (Sigma Aldrich, China) and used without further pur-
ification unless specified. The solvents were purified by conventional
methods before use. Calcium ion sensor Fluo-3 AM, ER-Tracker Red,
Mito-Tracker Green, Lyso-Tracker Deep Red, and Golgi-Tracker Red
were purchased from Invitrogen (USA). 3-(4, 5-dimethylthiazol-2-yl) 2,
5-diphenyl tetrazolium bromide (MTT), tunicamycin (Tm), thapsi-
gargin (Tg) were purchased from Sigma. Silica gel (200–300 mesh) used
for flash column chromatography was purchased from Qingdao
Haiyang Chemical Co., Ltd. 1H NMR and 13C NMR spectra were de-
termined by 400MHz and 100MHz using Bruker NMR spectrometers.
The mass spectra were obtained by Bruker maxis ultra-high resolution-
TOF MS system. The fluorescence spectra measurements were per-
formed using Hitachi F-4600 or FLS-980 Edinburgh fluorescence spec-
trometer. UV–vis absorption spectra were made with a TU-1900. All pH
measurements were carried out on pHS-3C pH meter. The zebrafish
were purchased from Eze-Rinka Company (Nanjing, China). The adult

KM mice (female, 6–8 week-old, 20 ± 2 g) were purchased from the
laboratory animal center of Shandong University (Jinan, China). All
animal experiments were conducted at the laboratory of Shandong
Normal University in compliance with the Guidelines of Shandong
Normal University for the Care and Use of Laboratory Animals.
Confocal fluorescence imaging in cells, zebrafish or mice were per-
formed with Leica TCS SP8 (one-photon) or Zeiss LSM 880 NLO (two-
photon) Confocal Laser Scanning Microscope. The laser power of con-
focal imaging is 5.0mW for 405, and 15mW for 488 nm, 561 nm and
633 nm laser. The two-photon excitation wavelength is 800 nm. The
hepatoma carcinoma cell (HepG2) was purchased from Cell Bank of the
Chinese Academy of Sciences (Shanghai, China).

2.2. Synthesis of probe ER-H

Synthesis of compound ER-NapPZ. Under argon atmosphere, com-
pound ER-NapBr (474mg, 1.0mmol), piperazine (860mg, 10mmol)
and triethylamine (0.50mL) were successively added to the stirred
solution of 2-methoxyethanol (15mL) in a round-bottomed flask. After
heating at 100 °C for 12 h, the mixture was cooled to room temperature
and poured into diethyl ether. The resulting precipitate was filtered and
purified by silica gel chromatography with CH2Cl2:CH3OH (v/v, 5:1) as
the eluent to yield ER-NapPZ as a yellow solid (250mg, 52%). 1H NMR
(400MHz, d6-DMSO) δ (ppm): 1.876 (s, 1 H), 2.249 (s, 3 H),
3.013–3.061 (m, 4 H), 3.604 (s, 8 H), 7.232 (d, J=8.0 Hz, 3 H), 7.598
(d, d, J=8.0 Hz, 2 H), 7.724 (t, J=8.0 Hz, 2 H), 8.272 (d, J=8.0 Hz,
1 H), 8.338–8.373 (m, 2 H). 13C NMR (100MHz, d6-DMSO) δ (ppm):
21.34, 45.96, 54.32, 115.22, 115.75, 122.95, 125.64, 126.20, 126.83,
129.63, 129.93, 130.91, 132.56, 138.04, 142.91, 156.57, 163.46,
164.03. MS m/z calcd. for C25H26N4O4S [M+H+]: 479.1747, found
479.1706.

Synthesis of ER-H. Under argon atmosphere, ER-NapPZ (240mg,
0.5 mmol), dichloro-p-xylene (875 g, 5.0mmol), and K2CO3 (695 g,
5.0 mmol) were dissolved in CH3CN (20mL). The reaction mixture was
then stirred and heated at reflux for 15 h before being allowed to cool to
room temperature. The white precipitates (excess dichloro-p-xylene and
KCl) were filtered off and the yellow colored filtrate was reduced in
volume on the rotary evaporator. It was then purified over silica gel
using CH2Cl2:CH3OH (v/v, 10:1) as the eluent. This gave ER-H as a
yellow solid (123mg, 40%). 1H NMR (400MHz, d6-DMSO) δ (ppm):
2.259 (s, 3 H), 2.706 (s, 4 H), 3.063 (q, J=6.0 Hz, 2 H), 3.2423 (s, 4 H),
3.634 (s, 2 H), 4.084 (t, J=6.0 Hz, 2 H), 4.771 (s, 2 H), 7.240 (d,
J=8.0 Hz, 2 H), 7.308 (d, J=8.0 Hz, 1 H), 7.376–7.442 (m, 3 H),
7.598 (d, J=8.0 Hz, 2 H), 7.728–7.792 (m, 2 H), 8.331 (d, J=8.0 Hz,
1 H), 8.411 (d, J=7.2 Hz, 2 H). 13C NMR (100MHz, d6-DMSO) δ
(ppm): 21.35, 46.52, 53.00, 53.37, 62.01, 62.23, 115.42, 116.09,
123.07, 125.69, 126.41, 126.82, 129.30, 129.65, 129.72, 129.94,
130.88, 131.00, 132.54, 136.90, 138.05, 138.74, 142.92, 156.01,
163.52, 164.08. MS m/z calcd. for C33H33ClN4O4S [M+H+]: 617.1984,
found 617.1984.

2.3. Preparation of other active species

In all the in vitro experiments, the metal ions were presented in the
chloride. H2O2 was diluted appropriately in double-distilled water. The
concentration of H2O2 was determined based on the molar extinction
coefficient at 240 nm (43.6 M−1 cm−1). NaOCl solution was diluted
appropriately in 0.1M NaOH aq. The concentration of OCl− was de-
termined based on the molar extinction coefficient at 292 nm (350
M−1 cm−1). Glutathione (GSH), cysteine (Cys), and homocysteine
(HCys) were dissolved in double-distilled water.

2.4. Procedure for fluorescence measurement

ER-H was dissolved in dimethyl sulfoxide (DMSO) to produce a
stock solution (1.0 mM). The solutions were diluted in PBS buffer

Scheme 1. The structure of ER-H and proposed sensing mechanism for pH.
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(20mM, containing 10% DMSO) with different pH values to the lowest
concentration of 10 μM. For the selectivity experiment, relevant active
molecules were prepared as stock solution in water. Appropriate
amounts of biologically relevant analytes were added to separate por-
tions of the solution and mixed thoroughly with 10 μMER-H at pH 7.4.
Hitachi F-4600 fluorescence spectrometer was used to acquire the
fluorescence spectra. The slit width was set to 5.0 nm. For the fluores-
cence photostability and kinetic assays, fluorescence intensity at
528 nm was collected in FLS-980 fluorescence spectrophotometer im-
mediately upon ER-H was added to different pH values.

2.5. Cells culture and imaging

HepG2 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM, Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), 1.0% penicillin and 1.0% streptomycin. The cells were
seeded in confocal culture dishes and then incubated for 24 h at 37 °C
under a humidified atmosphere containing 5.0% CO2. For colocaliza-
tion cell imaging experiments, the cells were seeded onto glass plates
for 24 h for adherence, then washed by PBS and incubated with the
probe ER-H or corresponding commercial dyes before fluorescence
imaging. For ER stress experiments, the HepG2 cells were incubated
with ER-H (or with Fluo-3 AM) for 30min, then washed with PBS for
three times, and Tm or Tg was added. The fluorescence images were
collected at different times. To test the cytotoxicity of ER-H, the cell
viability of HepG2 cells was determined by MTT assay. Fluorescence
imaging in cells with ER-H were performed on Leica TCS SP8 one-
photon Confocal Laser Scanning microscope.

2.6. Zebrafish and live mice imaging

Zebrafish were incubated with ER-H (20 μM) at different pH values
for 40min. Then the zebrafish were washed with PBS (pH 7.4) for three
times. And the fluorescence images were captured with Zeiss LSM 880
NLO Confocal Laser Scanning Microscope by a 800 nm two-photon
laser. For time-dependent fluorescence imaging, zebrafish were in-
cubated with ER-H (20 μM). Then the zebrafish were acidified with
buffer (pH 4.0), then the two-photon fluorescence images were ac-
quired at different time. For live mice imaging, the mice were in-
traperitoneally injected with different pH buffer after anesthetization,
and ER-H (100 μM) was injected subsequently. Then the abdominal
tissues were imaged with a 800 nm two-photon laser. For time-depen-
dent fluorescence imaging, mice tissues were incubated with ER-H
(100 μM). Then the abdominal tissues were acidified with buffer (pH
4.0), and the two-photon fluorescence images were acquire at different
time. For visualization of the intrinsic acidification, mice were treated
with PBS or tunicamycin for 6 h, then the two-photon fluorescence
images were acquired.

3. Results and discussion

3.1. Synthesis of the probe ER-H

As shown in Scheme 2, ER-H was easily synthesized by two steps.
ER-NapBr has been synthesized and reported by our previous work
[43,44]. Reaction of compound ER-NapBr and piperazine produced ER-
NapPZ. Subsequently, ER-H was obtained from ER-NapPZ with di-
chloro-p-xylene in CH3CN. The final structures of ER-NapPZ and ER-H
were well characterized with 1H NMR, 13C NMR and HRMS.

3.2. The spectroscopic response of ER-H to pH

We first test whether ER-H can respond to different pH values. As
shown in Fig. 1A, at acidic condition (pH < 4.0), the probe ER-H
displayed an absorption maximum centered at about 395 nm. However,
when the pH increase from 3.0 to 9.0, the absorption maximum shifted

to about 415 nm, exhibiting almost no changes in the absorption in-
tensity. Meanwhile, the fluorescence spectra of probe ER-H at different
pH values were detected (Fig. 1B). Upon excited at 400 nm, the probe
displayed almost no fluorescence at neutral and alkaline pH. Along with
the pH varied from 9.5 to 2.5, an emission peak evolved at 528 nm and
the fluorescence intensity increased gradually (Fig. 1C). This result
indicated that the acidic pH indeed inhibited the PET in ER-H and re-
covered the fluorescence of 1,8-naphthalimide, suggesting that ER-H
has a turn-on fluorescence response to acidic pH. More data displayed
that the fluorescence emission intensity at 528 nm showed a good linear
relationship with the pH values ranging from 4.0 to 5.0 (Fig. 1D). And
the pKa of the probe was calculated to be 4.58 (Fig. S1), which further
illustrated that the probe was a sensitive acid-responsive sensor. Con-
sidering that ER stress will cause ER autophagy, the pH of ER will de-
crease to acidic condition. The results manifested that probe ER-H was
expected to be suitable for imaging the acidification of ER.

3.3. Selectivity of ER-H to pH

Next, in order to examine whether ER-H can specifically respond to
pH, we detected the fluorescence spectra of ER-H in the presence of
various bioactive molecules, including common metal ions, reactive
oxygen species (ROS), thiols. Under physiological condition (pH 7.4),
ER-H alone displayed weak fluorescence, and after addition of above-
mentioned analytes, the fluorescence spectra of ER-H showed almost no
changes compared to that of ER-H alone. In sharp contrast, the fluor-
escence of ER-H exhibited significant enhancement under acidic con-
dition at pH 4.0 (Fig. 2A and B). In addition, MTT assay demonstrated
that ER-H was almost non-cytotoxic (Fig. S2). Therefore, all these data
demonstrated that ER-H displayed excellent selectivity for pH over
other species had favorable biocompatibility, which may be applied for
detection of acidification in complex biological system.

3.4. Photostability and kinetic studies

We next tested the photostability of ER-H at different pH values. The
fluorescence intensity of ER-H for 528 nm at pH 7.0 and 3.0 was re-
corded continuously under 400 nm laser. As shown in Fig. S3A, ER-H
exhibited obvious higher fluorescence intensity at 528 nm under pH
3.0, and the fluorescence intensity of ER-H was almost changeless under
continuous 600 s irradiation. To further confirm the pH dependence of
ER-H, real-time fluorescence variations of ER-H in different pH en-
vironments were recorded. As shown in Fig. S3B, the fluorescence in-
tensity of ER-H increased immediately in an acidic buffer solution after
addition of HCl solution. However, when the acidic solution was ad-
justed to neutral or alkaline conditions by addition of NaOH solution,
the fluorescence intensity instantly decreased. Again, after the solution
was adjusted back to acidic conditions, the fluorescence emission con-
tinued to increase at once. All these experiments demonstrated that ER-
H was photostable and can real-timely respond to acidic pH values.

3.5. Cell imaging experiments

With this excellent probe in hand, we next intended to test the ap-
plication of ER-H in live cells fluorescence imaging. We first tested the
ER targetable ability of ER-H. HepG2 cells were incubated with ER-H
and ER-Tracker Red, a commercial ER dye for 30min. After washed
with PBS for three times, the HepG2 cells were imaged with confocal
fluorescence microscope. As shown in Fig. 3B, ER-H displayed distin-
guishable fluorescence in green channel. Meanwhile, the colocalization
experiment results within these HepG2 cells suggested that the green
fluorescence of ER-H overlapped well with the red fluorescence of ER-
tracker Red (Fig. 3D), with a high colocalization coefficient of 0.90. The
local magnification imaging data implied that ER-H indeed solely ac-
cumulated into ER (Fig. 3A1–D1). Further colocalization experiments
implied that ER-H rarely located in mitochondria, lysosomes, and Golgi
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apparatus (Fig. S4). All the above data illustrated that ER-H is mem-
brane-permeable and can exclusively target ER, which is prone to re-
porting the pH fluctuations.

When cells undergo persistent ER stress, autophagy will initiate
[13]. The ER will be engulfed by lysosomes and the pH of ER will be-
come acidic. To further explore the bioapplication of ER-H, we want to
utilize ER-H to visualize the acidification of ER during stress in real-
time. After incubated with ER-H (10 μM) for 30min, HepG2 cells were
stimulated with tunicamycin (Tm, 10 μg/mL) that is an inhibitor of
protein N-glycosylation and can a trigger ER stress [45]. The time-

dependent fluorescence images of HepG2 cells were exhibited in
Fig. 4A. It showed that the fluorescence intensity of ER-H rised ob-
viously (Fig. 4B), indicating the acidification of ER under autophagy.
Additionally, when cells were stimulated with thapsigargin (Tg, 1.0 μg/
mL), an inhibitor of the ubiquitous ER Ca2+-ATPases in mammalian
cells, which can also cause ER stress [46], the pH of ER also decreased
dramatically (Fig. 4C and D). In contrast, the fluorescence of ER-H
showed no increase without ER stress, suggesting the pH of ER didn’t
change under this condition (Fig. S5). Further, we performed the co-
localization experiment between ER and lysosome in the condition of

Scheme 2. The facile synthesis of ER-H.

Fig. 1. (A) The absorption spectra of ER-H (10 μM) at different pH values. (B) The fluorescence spectra of ER-H (10 μM) at different pH values. Inset: Fluorescence
images of ER-H under a 365 nm laser. (C) The relationship of fluorescence intensity at 528 nm and different pH values. (D) The linear relationship of fluorescence
intensity at 528 nm and pH values ranging from 4.0 to 5.0. Ex=400 nm.
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ER stress. As shown in Fig. S6, under normal physiological condition,
the fluorescence of ER-H and Lyso-Tracker Deep Red (the commercial
lysosomes dye) displayed almost no overlay, however, in the Tg-treated
cells, they exhibited some correlation. The data manifest that during ER
stress, autophagy can occur and contribute to the acidification of ER.
The level fluctuations of pH under such conditions can be monitored by
ER-H, which confirmed that ER-H is capable of real-time imaging ER
acidification in living cells.

It was reported that Tg could block Ca2+-ATPase in the ER and thus
depletes ER calcium ion and elevate the cytoplasmic calcium ion [47].
To further visualize the synergetic variation of ER pH and cytoplasmic
calcium ion, we utilized ER-H and a calcium ion sensor Fluo-3 AM [48]
for simultaneous imaging during Tg-induced ER stress. After incubated
with ER-H and Fluo-3 AM for 30min, HepG2 cells were stimulated with
Tg. The real-time fluorescence imaging results were displayed in
Fig. 5A. As expected, during treated with Tg, HepG2 cells stained with
ER-H and Fluo-3 AM displayed a successive increment of the fluores-
cence intensity, indicating the decrease of ER pH and rise of

cytoplasmic calcium ion. All these data confirmed that ER-H combining
with Fluo-3 AM can realize the simultaneous fluorescence imaging of
ER acidification and calcium ion release from ER during stress.

3.6. Zebrafish and mice imaging experiments

Having established the ability of ER-H to detect ER acidification in
live cells, we next investigated its capability to determinate pH differ-
ence in vivo. Considering the fluorophore 1,8-naphthalimide in ER-H is
an ideal two-photon dye [49,50], we firstly took advantage of two-
photon microscope for imaging different pH values in zebrafish. For this
purpose, the zebrafish were incubated with different pH buffer solution
containing 20 μMER-H for 40min. After removed the solution, the two-
photon fluorescence imaging of zebrafish were carried out by using
two-photon fluorescence microscope with a 800 nm laser. As shown in
Fig. 6, ER-H exhibited weak fluorescence in neutral condition at pH 7.0.
In sharp contrast, with the decrease of pH from 7.0 to 3.0, ER-H dis-
played enhancive fluorescence. Moreover, the time-course two-photon

Fig. 2. (A) The fluorescence spectra of ER-H (10 μM) with various analytes at pH 7.4 and the fluorescence spectrum of ER-H at pH 4.0. (B) The fluorescence intensity
of ER-H at 528 nm after addition of various analytes. 1: blank; 2: Na+, 10mM; 3: K+, 10mM; 4: Ca2+, 500 μM; 5: Mg2+, 500 μM; 6: Zn2+, 500 μM; 7: Al3+, 100 μM;
8: Cu2+, 100 μM; 9: Fe3+, 100 μM; 10: GSH, 5.0 mM; 11: Cys, 5.0 mM; 12: HCys, 5.0 mM; 13: H2O2, 10mM; 14: NaClO, 100 μM; 15: pH 4.0. Ex= 400 nm.
Fluorescence profiles were obtained with a Hitachi F-4600 fluorometer, and the slits were 3.0 and 3.0 nm.

Fig. 3. Confocal fluorescence imaging of HepG2 cells stained with ER-H and ER-Tracker Red. (A) The bright-field image. (B) The fluorescence image from ER-H
(10 μM, Ex=405 nm, collected 500–550 nm). (C) The fluorescence image from ER-Tracker Red (500 nM, Ex=561 nm, collected 600–650 nm). (D) The overlay
image between B and C. (A1–D1) The magnification images from the white boxes in A–D. Scale bar: 10 μm. (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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fluorescence imaging of zebrafish verified the pH-dependence and
availability of ER-H (Fig. S7). This result suggested that ER-H can be
used to two-photon fluorescence imaging and can distinguish the pH
difference in zebrafish.

We subsequently explored the application of ER-H for visualization
of pH difference in mice. For this purpose, the left and right sides of the
abdomen of Kunming mice were incubated with different buffer solu-
tions at pH 7.4 and pH 4.0, respectively. Next, ER-H (100 μM, 100 μL)
was injected into the abdomen (Fig. 7A). Confocal fluorescence imaging
was performed immediately. As shown in Fig. 7B, ER-H within pH 7.4
emitted weak fluorescence in different depths of the left abdomen. On
the contrary, after acidification in the right abdomen, ER-H displayed
intense fluorescence. The 3D stack images further verified the obvious
higher fluorescence of ER-H in the acidic condition. Similarly, the time-
course two-photon fluorescence imaging of mice tissue indicated the
excellent availability of ER-H (Fig. S8). Additionally, two-photon
fluorescence images of pH difference in normal or Tm-stimulated ab-
dominal tissues indicated that ER-H can monitor the intrinsic acid-
ification of ER under stress (Fig. S9). All these data demonstrate that

ER-H is an ideal sensor for visualization of the pH difference in ab-
domen tissues of mice.

4. Conclusions

In conclusion, we have designed and synthesized a new ER-targe-
table pH-responsive fluorescent probe ER-H for real-time imaging of ER
acidification in live cells and in vivo. ER-H can respond to acidic pH
condition by protonation-induced inhibition of PET. ER-H is able to
distinguish pH from other interferents with high selectivity, rapid re-
sponse, excellent sensitivity. The probe ER-H could exclusively ag-
gregate into ER and visualize the acidification process in HepG2 cells
during ER stress. Moreover, the decrease of ER pH value and increase of
cytoplasmic calcium ion was also imaged by simultaneous fluorescence
imaging with ER-H and Fluo-3 AM. Additionally, by utilizing two-
photon fluorescence microscope, we imaged the pH difference with ER-
H in zebrafish and abdominal tissues of live mice. We expect that ER-H
might be developed to a good pH-sensitive fluorescent probe for real-
time visualization of ER acidification, which will help to elucidate the

Fig. 4. The time-dependent fluorescence imaging of HepG2 cells incubated with ER-H during ER stress. (A) The fluorescence images of HepG2 cells incubated with
ER-H (10 μM) for 30min then treated with 10 μg/mL Tm. (B) The output of normalized average fluorescence intensity from A. (C) The fluorescence images of HepG2
cells incubated with ER-H (10 μM) for 30min then treated with 1.0 μg/mL Tg. (D) The output of normalized average fluorescence intensity from C. Ex=405 nm,
Em=500–550 nm. Scale bar: 25 μm.

Fig. 5. The time-dependent fluorescence imaging of HepG2 cells incubated with ER-H and Fluo-3 AM during Tg-induced ER stress. (A) The fluorescence images of
HepG2 cells incubated with ER-H (10 μM) and Fluo-3 AM (100 nM) for 30min then treated with 1.0 μM Tg. Green channel: images for ER-H, Ex= 405 nm,
Em=500–550 nm. Red channel: images for Fluo-3 AM, Ex= 488 nm, Em=500–550 nm. Scale bar: 25 μm. (B) The output of normalized average fluorescence
intensity from A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

H. Xiao et al. Sensors & Actuators: B. Chemical 273 (2018) 1754–1761

1759



vital role of pH changes in occurrence and development of ER stress
associated diseases.
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